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Printed by LiU Tryck, Linköping, Sweden 2026
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Abstract
The aviation industry faces the urgent challenge of reconciling

projected traffic growth with stringent climate targets, including the
European Union’s goal of climate neutrality by 2050. While techno-
logical innovations such as sustainable aviation fuels and hydrogen
propulsion are critical for long-term decarbonization, their near-term
impact remains limited. In this thesis, we address the immediate op-
portunity of improving the environmental efficiency of aircraft arrival
operations in Terminal Manoeuvring Areas (TMAs), where congestion
and complex sequencing often lead to excess fuel burn, emissions and
noise.

Existing research has demonstrated the benefits of Continuous
Descent Operations (CDOs) and structured arrival procedures such as
Point Merge (PM). However, for TMA performance evaluations, cur-
rent practices are limited in real-world assessments of environmental
efficiency beyond Carbon Dioxide (CO2). In terms of optimization of
the arrival operations, the exploration of dynamic PM usage and early
speed adjustments as a sequencing tool, integrated within the optimiza-
tion framework, remains relatively unexplored. Furthermore, most
optimization frameworks do not fully integrate arrival and departure
scheduling in mixed-mode runway environments.

The thesis addresses four key research questions: (1) What are
the environmental benefits of using fuel-efficient CDOs within TMA
and how to quantify them? (2) How to evaluate the arrival aircraft
performance within TMAs implementing PM procedures? (3) Can the
performance of current operations in a TMA where PM is implemented
be improved by using optimization? (4) How can speed adjustment
during cruise and descent be used, with or without combining it
with PM procedures, to safely separate and sequence arriving flights?
The overarching aim is to develop methodologies for assessing and
optimizing arrival operations to reduce fuel consumption, emissions
and noise while maintaining safety and capacity.

The research combines data-driven performance evaluation with
mathematical optimization. We use real-world Automatic Dependent
Surveillance Broadcast (ADS-B) trajectory data from the OpenSky
Network, together with meteorological data from ECMWF ERA5 and
the performance modeling capabilities of EUROCONTROL BADA,
to quantify inefficiencies in current operations. For optimization, we
develop a Mixed-Integer Programming (MIP)-based framework to
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assign conflict-free, fuel-efficient arrival routes and descent profiles,
incorporating wake turbulence separation and runway scheduling con-
straints. We perform case studies at Dublin and Oslo-Gardermoen
airports, both operating with PM procedures.

Empirical analysis reveals substantial inefficiencies in current TMA
operations, with level-flight segments contributing significantly to
excess fuel burn. Our studies show that CDOs reduce fuel con-
sumption and noise exposure, although Carbon Monoxide (CO) and
Hydrocarbon (HC) emissions may increase under idle-thrust conditions.
Optimization results demonstrate that dynamic PM usage and early
speed adjustments improve horizontal and vertical efficiency, reduce
time in TMA and decrease fuel burn compared to actual operations.

Operational improvements in arrival management can deliver imme-
diate environmental benefits, complementing long-term technological
solutions. The proposed frameworks support SESAR and NextGen
objectives for greener TMAs and are adaptable to future contexts,
including Urban Air Mobility (UAM). By integrating rigorous per-
formance evaluation with advanced optimization, this thesis provides
actionable insights for reducing aviation’s environmental footprint
while enhancing predictability.



Populärvetenskaplig sammanfattning
Flygindustrin st̊ar inför den akuta utmaningen att förena prognostis-
erad trafikökning med strikta klimatm̊al, inklusive EU:s ambition om
klimatneutralitet till år 2050. Även om tekniska innovationer s̊asom
h̊allbara flygbränslen och vätgasdrift är avgörande för l̊angsiktig avkar-
bonisering, är deras kortsiktiga effekt begränsad. Denna avhandling
adresserar den omedelbara möjligheten att förbättra den miljömässiga
effektiviteten bland ankommande flygplan inom terminalomr̊aden
(TMA), där trängsel och komplex sekvensering ofta leder till ökad
bränsleförbrukning, utsläpp och buller.

Tidigare forskning har visat fördelarna med Continuous Descent
Operations (CDOs) och strukturerade ankomstprocedurer s̊asom Point
Merge (PM). För utvärdering av TMA-prestanda är dock nuvarande
metoder begränsade när det gäller studier av miljöeffektivitet bortom
koldioxid (CO2). Vid optimering av ankomstoperationer är användnin-
gen av dynamisk PM och tidiga hastighetsjusteringar som sekvenser-
ingsverktyg, integrerade i optimeringsramverket, relativt outforskat.
Dessutom saknar de flesta optimeringsramverk en fullständig inte-
grering av ankomst- och avg̊angsschemaläggning i miljöer med blandad
bananvändning.

Avhandlingen behandlar fyra centrala forskningsfr̊agor: (1) Vilka
är de miljömässiga fördelarna med bränsleeffektiva CDO:er inom TMA
och hur kan de kvantifieras? (2) Hur kan prestandan för ankommande
flygplan i TMA med PM-procedurer utvärderas? (3) Kan prestandan
för nuvarande operationer i ett TMA med PM förbättras genom
optimering? (4) Hur kan hastighetsjustering under marsch och sjunk
användas, med eller utan kombination med PM, för att säkert separera
och sekvensera ankommande flyg? Det övergripande målet är att
utveckla metoder för användning till att utvärdera och optimera
ankomstoperationer, för att minska bränsleförbrukning, utsläpp och
buller, samtidigt som säkerhet och kapacitet bibeh̊alls.

Forskningen kombinerar datadriven prestandautvärdering med
matematisk optimering. Vi använder verkliga ADS-B-flygdata fr̊an
OpenSky Network, meteorologiska data fr̊an ECMWF ERA5 samt
EUROCONTROL:s BADA-modell för att kvantifiera ineffektivitet
i nuvarande operationer. För optimering utvecklar vi ett Mixed-
Integer Programming (MIP)-baserat ramverk för att tilldela konflikt-
fria, bränsleeffektiva inflygningsvägar och sjunkprofiler, med hänsyn till
separation p̊a grund av turbulens fr̊an vingspetsvirvlar och begränsnin-
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gar i banschemaläggning. Fallstudier genomförs vid Dublin och Oslo-
Gardermoen, b̊ada med PM-procedurer.

Empiriska analyser visar betydande ineffektivitet i nuvarande
TMA-operationer, där planflygsegment bidrar avsevärt till ökad bränsle-
förbrukning. V̊ara studier visar att CDO:er minskar bränsleförbrukn-
ing och bullerexponering, även om utsläpp av kolmonoxid (CO) och
kolväten (HC) kan öka vid motortomg̊ang. Optimeringsresultaten
visar att dynamisk PM-användning och tidiga hastighetsjusteringar
förbättrar b̊ade horisontell och vertikal effektivitet, minskar tid i TMA
och reducerar bränsleförbrukning jämfört med faktiska operationer.

Operativa förbättringar i ankomsthantering kan ge omedelbara
miljöfördelar och komplettera l̊angsiktiga tekniska lösningar. De
föreslagna ramverken stödjer SESAR- och NextGen-m̊alen för grönare
TMA och är anpassningsbara till framtida kontexter, inklusive Urban
Air Mobility (UAM). Genom att integrera rigorös prestandautvärder-
ing med avancerad optimering ger denna avhandling handlingsbara
insikter för att minska flygets miljöp̊averkan och samtidigt förbättra
förutsägbarheten.
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Chapter 1

Introduction

In the first chapter, we put the research conducted within this thesis
into its context, by introducing the topic, explaining the motivation,
discussing the research gaps, as well as provide the research questions
to be answered. In addition, we present the delimitations, providing
the scope of the thesis.

1.1 Background
The global aviation sector faces a critical challenge in terms of bal-
ancing projected traffic growth with the urgent need to reduce the
environmental impact. Aviation accounts for approximately 2.5%
of the total Carbon Dioxide (CO2) emissions and 12% of the CO2

emissions from the transport sector [1]. A forecast by International
Air Transport Association (IATA) [2] estimates that the number of
passengers globally is expected to increase at an annual rate of 3.8%,
with the Asia Pacific region forecasted to grow most rapidly, at 5.1%.
In contrast, the expected annual passenger increase of the European
market is 2.3%. Given that no revolutionary advancement in aircraft
design is made, a higher passenger demand will directly reflect on the
number of aircraft in the air, with the base scenario of European Union
Aviation Safety Agency (EASA) pointing towards a 40% growth in
flights within European airspace in 2050, compared to 2023 levels [3],
accompanied by increased CO2 emissions.

Although the energy consumption per available seat-kilometer has
decreased by 55%, when comparing state-of-the-art jet aircraft in
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Chapter 1. Introduction

2000 to the first successful jet of the Boeing 707 back in 1960 [4],
greenhouse gas emissions from air transportation has continued to
increase, with almost half of the sector’s global CO2 emissions between
1940 and 2019 having occurred since 2000 [3]. The expected increase in
passengers, flights and emissions calls for an immediate action to meet
the European Union (EU) legislation of achieving climate neutrality
in 2050 and the intermediate goal of reducing the net greenhouse gas
emissions by at least 55% by 2030, compared to 1990 levels [5].

In order to reach the goals, numerous measures must be taken. As
part of the EU Fit for 55 package [6], the RefuelEU legislation has
set out targets for increased demand for and supply of Sustainable
Aviation Fuel (SAF). More specifically, fuel suppliers will have to
incorporate 2% SAF in 2025, 6% in 2030 and 70% in 2050.

In terms of aircraft technology, Airbus has the ambition to bring
a hydrogen-powered commercial aircraft into operation, through the
ZEROe project [7], in which the feasibility of hydrogen propulsion
technologies are explored, and we may see fully electric or hybrid-
electric aircraft start populating the skies already in the next couple
of years [8].

1.2 Motivation
Although the transition towards new propulsion systems and fuels
plays a key role in making aviation more climate friendly, increasing
the Air Traffic Management (ATM) performance is vital both in the
current state of technology, as well as for the future. More efficient
operations will contribute to a reduction of required propulsion energy,
meaning that we can produce less SAF, electricity, hydrogen or any
other source of energy that will power aviation in the future. The
Performance Review Unit (PRU) of EUROCONTROL suggests that
9.3% of CO2 emissions from aviation could be saved by more efficient
ATM practices [9]. Improving Terminal Manoeuvring Area (TMA) op-
erations is targeted in the European ATM Masterplan 2025 [10] by the
SESAR Joint Undertaking, in strategic deployment objectives (SDO)
2 called ’Optimising airport and TMA environmental footprint’. This
includes for example the deployment action of implementing optimized
descent operations using merge to point and implementing capabilities
to better manage arrival constraints between various extended arrival
management (E-AMAN) units in cross-border environments.
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1.3. Research Gaps

It is expected that more than 70.000 new Air Traffic Controllers
(ATCOs) will be needed globally by 2034 to support the growing
aviation industry [11]. Increased ATM efficiency via improved tools,
in order to support the expected growth of traffic in the airspace,
may increase the number of aircraft an ATCO is able to handle
simultaneously, thus helping to meet the demand in case of a shortage
of staff.

Despite the increasing complexity of traffic in TMAs, current
arrival management tools often rely on limited real-time data and
manual decision-making. There is a clear need for advanced decision
support systems that can leverage richer aircraft-derived data, such
as the Extended Projected Profile (EPP) [12], to improve trajectory
prediction and optimize sequencing, spacing and speed control. Today,
many TMAs are often subject to congestion, resulting in inefficient
routing and holdings, and vertically inefficient trajectories.

1.3 Research Gaps
Despite significant advances in the optimization of aircraft arrival
operations, several research gaps remain. First, there is a need for
more comprehensive, real-world assessments of environmental effi-
ciency that go beyond fuel and CO2 to include non-CO2 emissions
(such as Carbon Monoxide (CO), Hydrocarbon (HC), and Nitrogen
Oxide (NOx)) and noise, using real traffic data. Furthermore, the
operational benefits of dynamic and flexible use of Point Merge (PM)
procedures, including the possibility for aircraft to take shortcuts or
bypass sequencing arcs when traffic allows, are underexplored in both
modeling and practice. Another gap lies in the limited investigation
of early, strategic speed adjustments in the pre-sequencing area as a
primary tool for sequencing and separating, especially in comparison
to methods such as PM, and other interventions typically happening
inside the TMA. Additionally, most existing frameworks do not fully
address the challenges of integrated arrival and departure scheduling
in mixed-mode, dual-runway environments. Finally, there is a lack of
multi-objective optimization approaches that explicitly balance fuel,
emissions and delay.
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Chapter 1. Introduction

1.4 Objectives and Research Questions
The overarching objective of this thesis, which is a continuation of a
Licentiate thesis [13], is to contribute to the field of aircraft arrival
optimization, with a particular focus on enhancing the efficiency of
operations within the TMA, from different environmental perspectives.
Special attention is given to scenarios where PM arrival procedures
are implemented (a concept briefly introduced in Section 2.3.1) and
currently operational at approximately 57 airports worldwide [14].
PM is gaining more interest around the world, and is also planned
for implementation in Sweden. To evaluate the potential benefits of
optimization, it is essential to first establish a robust understanding of
current flight performance. This thesis therefore also aims to advance
methodologies for comprehensive and quantitative assessment of TMA
operations. In particular, the environmental efficiency of current
procedures will be assessed by quantifying the impact of operational
inefficiencies on fuel consumption, emissions and noise.

In terms of arrival optimization, the contribution is two-fold.
Firstly, the thesis strives to develop and frame an advanced arrival opti-
mization framework for use with PM procedures, capable of providing
safe inter-aircraft separation. Secondly, the optimization framework
enables the comparison to an optimized solution, providing valuable
insight into and evaluation of the performance of current operations,

To address these goals, the following Research Questions (RQs)
have been formulated.

• RQ-1: What are the environmental benefits of using fuel-efficient
Continuous Descent Operations (CDOs) within TMA and how
to quantify them?

• RQ-2: How to evaluate the arrival aircraft performance within
TMAs implementing PM procedures?

• RQ-3: Can the performance of current operations in a TMA
where PM is implemented be improved by using optimization?

• RQ-4: How can speed adjustment during cruise and descent
be used, with or without combining it with PM procedures, to
safely separate and sequence arriving flights?

In order to reach the set goals and answer the research questions
of this thesis, the following key steps are identified:
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1.4. Objectives and Research Questions

• Implementation of a methodology which enables modeling of an
aircraft descent executed as a CDO at engine idle thrust, as well
as performance modeling of an aircraft in level flight, considering
atmospheric conditions in terms of wind and temperature.

• Implementation of a methodology which enables fuel flow calcu-
lation of both a reference flight executing a modeled CDO profile,
and a real flight based on Automatic Dependent Surveillance
Broadcast (ADS-B) data.

• Development of an optimization framework for automatic decon-
fliction of the aircraft within TMAs implementing PM arrival
procedures, or where speed adjustment is used as a measure for
sequencing and separation. In addition, the framework shall
enable dual-runway operations and integrate safe scheduling of
departing aircraft, in an environment where arrivals and depar-
tures share the runways.

How the different RQs map to the five papers associated with this
thesis, is illustrated in Figure 1.1.

Figure 1.1: Links between RQs and papers.
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1.5 Projects
The work presented in this thesis has been conducted within several
research projects, mainly within the ODESTA (Optimizing Aircraft
Descent for Environmentally Sustainable Aviation) and ODESTA-PM
(Point Merge) projects, but also partially within TMAKPI (Towards
Multidimensional Adaptive Key Performance Indicators), IFWHEN
(Impact of Fleet Diversity and Weather on Emissions, Noise and
Predictability) and FriendlyTMA. The two ODESTA projects have
mainly been lead by Linköping University (LiU), with the Royal
Institute of Technology (KTH) as project partner and LFV providing
an in-kind contribution, and are directly related to methodology
on improving the descent phase of arriving aircraft. FriendlyTMA
targets maturing of the developed optimization methodology, including
more stakeholders as well as proving the feasibility, while the rest
of the projects relate to performance evaluation and development of
Performance Indicators (PIs). The different projects help to support
the double agenda of the thesis, with first part related to flight efficiency
assessment and the second part related to arrival optimization. All
projects, except IFWHEN, which was funded by Transportstyrelsen,
were funded by Trafikverket.

Being an industrial PhD student, the author of this thesis has
shared his time between LFV, a Swedish Air Navigation Service
Provider (ANSP), working as a flight procedure designer, and LiU,
doing research and taking courses. Over the years, the time spent at
LiU is 70-80% and the rest at LFV.

1.6 Delimitations
The work conducted within the scope of this thesis mainly relates
to the arriving aircraft within the TMA, with the main focus on the
phase of operation where most of the sequencing and spacing of the
traffic takes place. This means that we neglect the final approach
part of the trajectory, as we are assuming that an aircraft will follow
a published approach procedure from that point on. Moreover, the
work is mainly focused on arrivals, and departures are generally not
considered, except for the interaction between arrivals and departures
when optimally scheduling the use of a runway.

A majority of the work is related to operations using PM procedures
as the main measure for sequencing and spacing. However, the content
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1.7. Thesis Outline

of this thesis is relevant not only for PM procedures, but can easily
be put into context with other types of arrival procedures.

We consider the aircraft in clean configuration only. That is, we
do not account for the aerodynamic effects of deploying flaps and slats,
or extending the landing gear. As discussed above, our focus is mainly
on the arrival phase of the flight, prior to the final approach, where
a real aircraft would typically fly with a clean configuration, or with
the flaps and slats partially deployed.

For the performance evaluations and the experimental evalua-
tions of the proposed optimization framework, our main focus is on
Stockholm-Arlanda airport (ESSA) and airports implementing arrival
procedures of special interest to our evaluations.

Finally, the concept of CDOs is widely used in this thesis. Although
we are aware that a CDO may be executed in many different ways, for
simplicity, we have adopted as definition for a CDO to be a descent
during which the aircraft engines are constantly operating at idle
thrust and with no speed brakes deployed.

1.7 Thesis Outline
The rest of the thesis is outlined as follows. In chapter 2, we present the
theoretical framework and background, including important concepts
for TMA operations, as well as environmental aspects. In chapter 3, we
review the research methodology of the thesis, covering data collection,
aircraft performance modeling, TMA performance evaluation, arrival
optimization and address the limitations and uncertainties of the
methodology. In chapter 4, we present the main results of the thesis
in terms of summaries of the included papers, as well as state the
contributions. In chapter 5, we provide a summary of the work, with
key take-aways, conclusions and proposal for future work.

This thesis comprises two main parts. The first part deals with
methodology and analysis of flight efficiency, mainly from an environ-
mental point of view, whereas the second part concerns methodology
on arrival optimization, including the comprehensive comparison of
flight efficiency of current operations and the operations scheduled
using the proposed optimization methodology.
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Chapter 2

Theoretical Framework

This chapter provides the fundamental knowledge on different aspects
related to this thesis, in terms of ATM-related topics such as airspace,
routes and arrival flow management, as well as CDOs, flight efficiency
and environmental aspects of aviation.

2.1 Air Traffic Management
International Civil Aviation Organization (ICAO) defines ATM as
”The dynamic, integrated management of air traffic and airspace
including air traffic services, airspace management and air traffic
flow management - safely, economically and efficiently - through the
provision of facilities and seamless services in collaboration with all
parties and involving airborne and ground-based functions” [15]. ATM
encompasses multiple interrelated domains, including Air Traffic Con-
trol (ATC), providing tactical guidance to individual flights and Air
Traffic Flow Management (ATFM), which regulates traffic strategi-
cally to prevent congestion. In addition, Airspace Management (ASM)
is a part of ATM, providing optimization of the allocation of airspace
capacity and routes. The overarching goals of ATM are to maintain
safety, maximize efficiency, manage airspace and airport capacity and
minimize environmental impact, such as emissions and noise expo-
sure [16].

Within this system, arrival operations at airports represent a
critical component where efficiency and safety intersect. Managing
inbound aircraft requires careful coordination to ensure adequate
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separation, minimize delays and accommodate constraints such as
runway capacity, sector workload and weather conditions. Tools such
as Arrival Managers (AMANs) and arrival sequencing algorithms
are deployed to optimize landing sequences, balancing throughput
with operational and environmental constraints. These systems are
particularly important at busy airports where the arrival flow often
exceeds nominal capacity, creating bottlenecks that can propagate
delays throughout the network [17].

2.2 Airspace
The operations of aircraft departing and arriving mainly occur in the
piece of airspace called TMA. The TMA, typically managed by a
Terminal Control Centre (TMC), may be divided into different sectors,
managed by different ATCOs. Figure 2.1 provides an example of TMA
sectorization, on example of Stockholm TMA (the sectors may be
differentiated not only by ATCO assignment, but also by difference
in the lower altitude boundary, meaning that adjacent sectors may
be controlled by the same ATCO). Vertically, the TMA is located
in-between a Control Area (CTA), managing the en-route traffic from
an Air Traffic Control Centre (ATCC), and a Control Zone (CTR),
managing the traffic taking off and landing as well as any traffic in
the vicinity of the aerodrome to which the CTR belongs. The latter
service is conducted either from a control tower physically located at
the airport, or via remote tower service [18]. The vertical limits of the
different airspace blocks may differ, but a typical layout for Swedish
airspace is a CTR between GND-1500 ft, TMA between 1500 ft-FL95
and CTA between FL95-FL660. Outside of the controlled airspace
is the uncontrolled airspace, in which aircraft may fly unrestricted,
without the supervision by ATC. A typical layout of the different
airspace blocks is illustrated in Figure 2.2.

According to EUROCONTROL [20], airspace design shall meet
the operational requirements while ensuring safety, capacity, efficiency
and environmental performance, as well as reflect the present and
forecast traffic demand. It should support both civil and military
requirements through flexible use of airspace, enable efficient service
provision and facilitate seamless operations across borders. The design
must minimize environmental impact and ensure compatibility with
adjacent airspace. It should also be regularly reviewed and adapted
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Figure 2.1: Stockholm TMA sectors (source of data: Swedish
AIP [19]).

in light of evolving traffic patterns, technology and policy objectives.

Figure 2.2: Typical airspace structure with a flight trajectory
depicted by the dashed line.

2.3 TMA Routes and Approach Procedures
In this section, we explain the principles of navigation inside the
TMA, including the use of Standard Instrument Departures (SIDs)
and Standard Arrival Routes (STARs) and mention also briefly the
concept of Instrument Approach Procedures (IAPs).
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2.3.1 Arrival and Departure Routes

In order to facilitate the operations in a TMA, a structure of pre-
defined SIDs and STARs may be implemented. These routes may be
either defined by a set of ground-based Navigational Aids (NAVAIDs),
known as conventional navigation, where the aircraft for instance is
navigating towards a radio beacon. However, with the introduction
of the Area Navigation (RNAV) concept through Performance-Based
Navigation (PBN), the inflexibility of conventional navigation was
resolved, enabling an almost unlimited number of options when design-
ing SIDs and STARs. RNAV is also a fundamental prerequisite for
efficient arrival route optimization process, covered in this thesis, due
to the aforementioned design flexibility, enabling the use of multiple
arrival routes with small variations.

Typically, there are multiple SIDs and STARs associated to an
airport. In case the airport has multiple runways, each runway may
have a set of SIDs and STARs assigned to them, and the selection of
departure or arrival route depends on the waypoint at which an aircraft
is leaving or arriving, respectively, the TMA. A SID typically connects
from the departure end of the runway, while a STAR connects from a
TMA entry point, and may be either open or closed, meaning that it
terminates at an Initial Approach Fix (IAF) or connects directly with
a proceeding approach procedure. In the former case, radar vectoring
by ATC is provided to guide the aircraft towards the final approach.
Figure 2.1 contains the four entry points of Stockholm TMA, depicted
by orange triangles, at which aircraft typically arrive before proceeding
on one of the published STARs. Compared to for instance open-loop
vectoring or open STARs, closed-loop procedures, such as trombone
and PM, facilitate the descent planning of the pilots [21], due to
increased certainty of the remaining distance to fly.

Point Merge

Point merge [14] was originally developed by the EUROCONTROL
Innovation Hub (former Experimental Centre), expected to provide
benefits in terms of safety, environment and capacity. An assessment of
the PM concept in 2007 [22], performed via a series of small-scale exper-
iments, indicated for instance a reduction in ATCO workload and com-
munications, and more predictability and anticipation, although less
flexible than traditional radar vectoring. Moreover, EUROCONTROL
has also made available the Operational Services and Environment

12



2.3.2 Approach Procedures

Definition (OSED) for PM [23], providing ANSPs and stakeholders
the necessary information and guidance on the implementation of PM.

The PM design consists of a merge point and pre-defined sequenc-
ing legs, equidistant from the merge point. The legs may be used to
stretch the path of an aircraft in order to achieve the correct separa-
tion. PM may be designed based on the specific needs of the specific
airspace and airport [24], with fully overlapping, partially overlapping
or dissociated legs, where the latter design provides for the application
of full CDO, without any level-flight requirements. Figure 2.3 depicts
an example layout of a Point Merge System (PMS), with a trombone
structure as reference. The latter is also a common arrival route
structure deployed at several airports world-wide.

Recent development of the PM procedures includes the double
PM [25], where both outer and inner sequencing legs are utilized to
provide a long path extension distance, while at the same time limiting
the space required for the PMS in the airspace. Moreover, optimizing
the design of a PMS has started to gain interest within the ATM
research community. Through a case-study at Leipzig/Halle airport in
Germany [26], the authors generated PMS configurations that would
optimize fuel efficiency, capacity and noise, relying on historical and
forecasted traffic demand. The results were compared to that of the
current trombone procedures currently in use at the airport, showing
that optimized generation of PMSs may outperform the performance
provided by today’s procedures.

2.3.2 Approach Procedures

Although the approach part of a flight is beyond the scope of this
thesis, it is relevant to briefly mention in order not to leave a gap
between the arrival route and the runway. Approach procedures, or
rather IAPs, guide the aircraft during its final approach, starting from
the Final Approach Fix (FAF) or Final Approach Point (FAP), to a
safe landing (or missed approach), providing the necessary clearance
to obstacles on the ground. These procedures allow the pilots to
rely on their instruments instead of navigating visually, enabling an
aircraft to approach and land also in conditions such as low cloud
base and low visibility. Similarly to SIDs and STARs, IAPs may be
based either on ground-based NAVAIDs (conventional navigation) or
a Global Navigation Satellite System (GNSS), such as the Global
Positioning System (GPS). To date, conventional navigation, via
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Figure 2.3: PM (top) and trombone (bottom) procedures, both
with numerous waypoints from which a shortcut may be initiated.

the Instrument Landing System (ILS) Cat IIIC, constitute the most
accurate IAP, enabling zero-visibility landings.

2.4 Arrival Flow Management
In this section, we define some fundamental concepts that govern
how air traffic is managed within the airspace, including capacity,
separation, metering and sequencing.

2.4.1 Capacity

ICAO generally defines capacity as the number of movements per
unit of time that can be accepted during different meteorological
conditions [27]. Several factors affect the capacity of a runway system,
including for instance number and geometric layout of the runways,
visibility, cloud ceiling and precipitation, mix of aircraft using the
airport, mix of movements of each runway and type and location of
taxiway exits from the runway(s) [28], [29]. Figure 2.4 presents the four
fundamental capacity-determining cases used in this thesis, for which a
safe separation must be maintained between an aircraft pair, including
the interaction between both arrivals and departures. Figure 2.4 (a)

14



2.4.2 Separation

illustrates the separation between two consecutive arrivals, governed
by the Wake Turbulence Category (WTC) [30] of either aircraft, while
Figure 2.4 (b) shows the separation between a departure preceding an
arrival, for which the departing aircraft has to cross the departure end
of the runway, or start a turn, until the arriving aircraft is allowed to
touch down on the runway [15]. Figure 2.4 (c) illustrates the separation
between an arrival preceding a departure, for which the arrival has
to vacate the runway onto a taxiway, until the departing aircraft is
allowed to initiate its takeoff roll [28], while Figure 2.4 (d) shows the
separation between two consecutive departures, governed by lateral
separation requirements and WTC [15].

(a) (b)

(c) (d)

Figure 2.4: Separation between two consecutive arrivals (a),
between a departure preceding an arrival (b), between an arrival
preceding a departure (c) and between two consecutive departures
(d).

2.4.2 Separation

Safety is the top-most priority of aircraft operations within the airspace.
Safety, in terms of avoiding collision between two aircraft, is ensured
by maintaining the proper inter-aircraft separation. Typically, within
an airspace under radar surveillance, a minimum separation of 3 NM
and 5 NM is applied, for TMA and en-route airspace, respectively [15].
In addition, due to wake vortex turbulence (governed by weight, speed
and shape of the wing [30]), a preceding aircraft may interfere with
the following aircraft if not enough time is provided for the vortices
to dissipate. This is crucial during the final approach phase, during
which aircraft typically are aligned on one path towards the runway,
but is also considered during takeoff and initial climb. In order to
mitigate the effects of wake vortex turbulence, ICAO has determined
requirements for minimum separation between two aircraft [15]. Based
on the maximum takeoff mass, an aircraft type is classified into
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a specific category, that, in combination with the category of the
preceding or following aircraft, determines the required separation.
These requirements are one of the factors that contribute to the
landing capacity of an airport [28], as illustrated in Figure 2.4 (a). To
increase landing rates during strong headwind conditions, when slower
ground speeds create longer gaps between arrivals, London Heathrow
introduced the world’s first Time-Based Separation (TBS) system in
2015. This innovation is projected to save nearly 100,000 minutes of
flight time and 23,000 tons of fuel by 2030 [31], [32].

The demand is high for airport capacity and efficiency at some
European airports, and in particular for increased runway through-
put [33]. Recent years have seen significant advances in understanding
wake vortex behavior in operational environments, driven by improved
measurement data and deeper insight into the underlying physical
processes. This enhanced knowledge has enabled the revision of wake
turbulence categories and the corresponding separation minima ap-
plied in air traffic operations. EUROCONTROL, in collaboration with
stakeholders, has developed RECAT-EU [33], a re-categorization of
ICAO wake turbulence separation minima for approach and departure.
RECAT-EU compares wake generation and wake resistance between
aircraft types, subdividing the traditional ICAO Heavy and Medium
categories into ‘Upper’ and ‘Lower’ groups based on aircraft char-
acteristics. This refinement enables reduced separation minima for
certain aircraft pairs, increasing runway throughput and operational
efficiency. In addition to the horizontal separation, safety margins may
be assured by vertical separation. A typical vertical separation is 1000
ft, or 2000 ft, depending on the altitude and type of airspace [34], [35].

2.4.3 Arrival Metering and Sequencing

In order to control the number of aircraft arriving into the TMA at
a certain time, metering may be applied. Metering may regulate the
flow of aircraft by assigning a Required Time of Arrival (RTA) at a
specific waypoint, which, in the arrival phase, can be achieved for
instance by speed adjustments and holding patterns. Metering of the
arrival flow is typically followed by a sequencing phase inside the TMA,
during which the ATCOs try to organize the traffic into an optimal,
sequenced stream towards one or several runways. Sequencing may be
performed by speed adjustment or path adjustment, where the latter
may be accomplished by radar vectoring, PM procedures or trombone
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procedures.
The arrival sequence may be calculated by an AMAN, a concept

within ATM designed to coordinate converging streams of inbound
traffic to ensure a safe, orderly and efficient flow into a TMA [36].
AMAN may facilitate the delivery of aircraft in a well-sequenced and
time-separated manner, contributing to optimization of the runway ca-
pacity, regulation of the traffic entering TMAs, enhanced predictability
and environmental performance. AMANs systems may have different
level of sophistication and are designed to generate advisories like time
to gain/lose, speed adjustments and turn instructions [37]. This proac-
tive management reduces reliance on holding patterns and minimizes
unnecessary fuel consumption, contributing to both operational and
environmental efficiency. These systems rely on inputs such as [37]:

• Flight plan data

• Radar data, correlated with flight plan data

• Aircraft performance models

• Airspace and flight constraints, such as speed restrictions

• Wake turbulence category information

• Weather data (e.g. wind conditions)

• Manual inputs, such as landing rates, runway slots and optimiza-
tion criteria

Arrival optimization has long been a central focus within the ATM
research community, driven by the need to enhance efficiency, reduce
environmental impact and maintain safety in increasingly congested
airspace. The Common Project One (CP1) Regulation [38], adopted
by the European Commission, mandates the implementation of Ex-
tended AMAN functionality at the 20 busiest airports within the EU.
Specifically, Extended AMAN must be operational within a radius of
180 NM (approximately 333 kilometers or 45 minutes of flight time)
from these airports. This requirement entails the deployment of spe-
cialized ATC procedures, enhanced cross-border coordination between
ATC centers and supporting technological infrastructure. To facili-
tate timely implementation, the European Commission has set two
key milestones: Extended AMAN should be supported using legacy
communication networks by the end of 2024 and fully integrated with
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modern messaging protocols, notably those aligned with System-Wide
Information Management (SWIM), by the end of 2025.

Within the xStream project (Cross-border SESAR Trials for En-
hanced Arrival Management) [39], funded by the Single European Sky
ATM Research Joint Undertaking (SESAR JU), large-scale live trials
of Extended AMAN systems were conducted at major European hubs
including Frankfurt, London, Paris and Zurich. These trials demon-
strated significant operational benefits. The core concept involves
calculating the arrival sequence earlier in the en-route phase, enabling
timely speed adjustments. In principal, arrival management may ex-
tend beyond the Flight Information Region (FIR) of the destination
airport, involving coordination across neighboring states’ ATC sectors.

The concept of Long-Range Air Traffic Flow Management (LRATFM)
is elaborated on in [40], where the authors present implementation
recommendations based on operational trials. Emphasis is put on a
time-based management approach and the integration of LRATFM
with AMAN systems. This work provides guidance for Air Naviga-
tion Service Providers (ANSPs) in developing LRATFM strategies,
contributing to the broader adoption of time-based ATFM solutions.

A dynamic and online approach to arrival management is proposed
in [41], addressing real-time control decisions based on continuously
updated aircraft trajectory predictions. By adjusting en-route speeds
and modifying flight paths, the method aims to optimize arrival
sequencing, reduce delays and improve traffic flow, particularly under
high traffic volumes and capacity constraints.

In [42], an optimization framework is introduced to ensure safe
inter-aircraft separation within TMAs. Using a high-traffic scenario at
Stockholm Arlanda Airport, the study demonstrates that all scheduled
arrivals within a one-hour window can be accommodated as CDOs,
given a ±5-minute flexibility at TMA entry points. This results in
significant reductions in time and distance flown. The methodology
is further extended in [43], where a detailed Concept of Operations
(CONOPS) is presented and validated across diverse traffic scenarios.

Point Merge (PM) systems have been proposed and evaluated in
various contexts. In [44], automatic scheduling is explored using a
proposed PM layout for Palma de Mallorca Airport, with simulation
results indicating reduced holding times and increased feasibility for
CDOs. Similarly, [45] introduces a PM design for Beijing Capital
International Airport, integrating an autonomous arrival management
system. This work is expanded in [46] through the development
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of a Multi-layer PM (ML-PM) system, incorporating altitude and
speed adjustments. For Amsterdam-Schiphol Airport, [47] proposes
a PMS tailored for single-runway operations, managed via a Mixed-
Integer Programming (MIP) scheduling algorithm. MIP techniques
are also employed in [48] to maximize neutral CDOs in Frankfurt-Main
Airport’s trombone procedures.

Further contributions include [49], which presents a MIP formula-
tion for safely merging flight flows into the TMA at Paris Charles De
Gaulle Airport, aiming to minimize unachievable Controlled Times
of Arrival (CTAs). Alternative sequencing strategies have also been
explored. For example, [50] demonstrates that deviating from the
traditional First-Come-First-Served (FCFS) approach can increase
throughput in congested terminal airspace. In [51], a two-step opti-
mization process is proposed for merging traffic flows at a fixed point,
ensuring adequate separation between arrival streams.

In [52], a comprehensive framework is presented for aircraft schedul-
ing across both arrivals and departures, with objectives such as min-
imizing total travel time and maximum delay. Additionally, [53]
introduces a graph traversal algorithm based on the A* heuristic for
4D trajectory optimization, covering complete gate-to-gate flight paths.
The method demonstrates substantial fuel savings across a range of
real-world scenarios.

2.4.4 Trajectory-Based Operations

According to EUROCONTROL [54], Trajectory-Based Operations
(TBOs) has, for years, been recognized globally as the next major
technical advance in ATM. TBOs are a cornerstone of the Single
European Sky ATM Research (SESAR) vision for future ATM, aim-
ing to enable more predictable and environmentally efficient flight
operations. Within SESAR, the Network TBO project [55] addresses
the coordination and optimization of trajectories at the network level,
facilitating seamless information sharing and collaborative decision-
making among all stakeholders. This project aims to deliver several
solutions to enable trajectory-based operations during the planning
and execution phases, taking a network view. Specifically, solutions
will address flight and flow in a collaborative environment, making use
of downlinked data from the aircraft (EPP [12]). However, for the tac-
tical optimization of aircraft arrivals, such as sequencing, spacing, and
speed adjustments, the SESAR ATC TBO project [56] is particularly
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relevant. This project focuses on the implementation of TBO concepts
within ATC, especially in the TMA, providing the operational tools
and procedures needed to optimize arrivals in real time and support
environmental objectives.

2.5 Continuous Descent Operations
As stated by ICAO [57], CDO is one of several tools available to
aircraft operators and ANSPs to enhance safety, improve flight pre-
dictability and increase airspace capacity, while also reducing noise,
fuel consumption, emissions and controller-pilot communications. In
this thesis, the concept of CDO is a recurring theme and plays a
central role in evaluating the current performance of TMA operations,
as well as in flight trajectory modeling. The most energy-efficient
CDO is performed at idle thrust without the use of speed brakes.
Given a predefined speed profile and a fixed idle thrust setting, the
aircraft continuously adjusts its rate of descent to maintain the target
speed. Factors such as wind, temperature and aircraft weight influ-
ence the vertical descent profile. Figure 2.5 illustrates a comparison
between a step-down descent and a CDO, during which the aircraft is
continuously descending without leveling off. Ideally, the aircraft will
descend continuously from the Top of Descent (TOD) until the start
of the final approach procedure (i.e. FAF/FAP), at which the aircraft
will follow the vertical profile defined by the approach procedure.

Figure 2.5: Continuous descent operation compared to a tradi-
tional step-down descent.

While executing an optimized, continuous descent may seem
straightforward, in reality, aircraft often have to temporarily reduce
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their rate of descent or completely interrupt the descent, deviating
from the optimal descent path. One of the primary challenges in
achieving widespread implementation of CDOs lies in the variability
of aircraft performance characteristics [58]. Optimal descent profiles,
including speed and rate of descent, differ significantly between air-
craft due to factors such as aircraft type, weight and TOD location.
This variability complicates precise sequencing and makes it difficult
for ATC to maintain tight spacing between arrivals, particularly in
high-density traffic environments. Further complicating matters is
the lack of access to aircraft-specific performance data from onboard
Flight Management System (FMS). Without this information, con-
trollers must rely on conservative separation buffers, which can disrupt
the descent and lead to level-offs. For example, in Japan, CDOs are
typically restricted to low-density operations, where the complexity
of sequencing is reduced [58]. Additional operational constraints also
hinder the feasibility of CDOs. Flight crews may need to deviate from
optimal descent paths due to weather avoidance, traffic conflicts, or
airspace restrictions, making it difficult to maintain uninterrupted de-
scent profiles. Moreover, from a flight deck point of view, uncertainty
in remaining distance until the final approach may pose a challenge for
determining the location of TOD, as the optimal vertical trajectory
heavily depends on the remaining distance to cover. Introducing an
AMAN, capable of assigning each arriving flight a fixed trajectory
prior to TOD, would help the pilots in planning an optimal descent
profile, optimized to the specific needs of the flight and the operational
constraints. Figure 2.6 (a) illustrates an unforeseen route change,
showing both a route which was planned for by the pilots and a route
extension assigned to the flight crew close to the airport. Correspond-
ingly, Figure 2.6 (b) illustrates the optimal CDO profile related to the
planned route, as well as the required, additional level-flight segment
due to the assigned route extension, during which additional thrust is
required and the fuel flow will significantly increase. Being assigned
a late route extension may, as illustrated in Figure 2.6 (b), result in
an inefficient descent, due to the additional distance to fly compared
to what was planned for. In the route extension case, the aircraft
needs to level off at the initial altitude of the proceeding approach
procedure, hence, further descent is not possible before commencing
the final approach. This situation could have been avoided by a differ-
ent descent strategy, including a postponed TOD. Moreover, being
assigned a shortcut (meaning that the actual distance to fly is reduced

21



Chapter 2. Theoretical Framework

compared to what was planned for) may require an expedited descent,
during which the aircraft has to lose energy.

Similarly to a CDO, there are Continuous Climb Operations
(CCOs), during which an aircraft is continuously climbing without
any intermediate level-offs. In 2020, EUROCONTROL released the
European Continuous Climb and Descent Operations Action Plan [59],
containing practical advice on how to make CCO/CDO work, with
examples of best practices and how constraints can be overcome.

(a)

(b)

Figure 2.6: Planned route depicted by solid line and extended
route depicted by dashed line (a), and corresponding vertical
profiles (b).

2.6 Flight Efficiency
Different flight efficiency metrics may be used to evaluate the perfor-
mance of current aircraft operations compared to a reference, optimal
execution of the flights, and in the context of arrival optimization, to
evaluate the performance of an optimized solution compared to actual
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operations.
The ICAO Global Air Navigation Plan (GANP) [60] is the world-

wide strategy and roadmap that guides how states modernize and
harmonize their air navigation systems. It provides a common vision,
technical framework and set of upgrade pathways, known as Aviation
System Block Upgrades (ASBUs), to improve safety, capacity, effi-
ciency and environmental performance in a globally coordinated way.
Within the GANP, ICAO includes a set of Key Performance Indica-
tors (KPIs) [34] that allow states and regions to measure how well
their air navigation system is performing. These KPIs track areas such
as flight efficiency, airport and airspace capacity, delays, predictability,
fuel burn and safety occurrences, enabling data-driven planning and
consistent monitoring of progress worldwide.

EUROCONTROL developed the methodology used by its Per-
formance Review Unit (PRU) [61] for the analysis of Vertical Flight
Efficiency (VFE) of climbing and descending aircraft, including a
methodology for the detection of level-flight segments, during which
the aircraft is unable to maintain a CCO or CDO. Moreover, the ATM
Airport Performance (ATMAP) Framework document [62], provides
a comprehensive framework to characterize the performances of the
arrival management process. Every year, the EUROCONTROL Per-
formance Review Report (PPR) [63] is published, targeting enhanced
effectiveness of European ATM system management, through a strong,
transparent and independent performance review and target-setting
framework.

The evaluation of flight efficiency, particularly within TMAs, has
gained increasing attention in recent years due to its implications for
environmental sustainability, operational performance and airspace
capacity. Several international initiatives and research efforts have
contributed to the development of methodologies and metrics for
assessing TMA performance.

Pasutto et al. [64] investigated the factors contributing to vertical
inefficiencies during the descent phase. Their methodology isolates
and quantifies the respective contributions of airspace structure and
operational practices, using a variable horizon around the airport. The
findings indicate that airspace complexity is the predominant source
of inefficiencies in terminal areas.

Fuel consumption has been a central metric in several studies
evaluating arrival efficiency. In [65], a terminal efficiency metric was
introduced based on fuel consumption variability across flights, using
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data from a major U.S. airline. Similarly, the APACHE project [66]
employed an algorithm from [67] to estimate excess fuel burn as a
proxy for inefficiency. Building on this, Prats et al. [68] proposed a
family of performance indicators specifically designed to measure fuel
inefficiencies in ATM operations. The environmental benefits of CDOs
have also been extensively studied. In [69] and [70], fuel savings of
approximately 25–40% were reported when CDOs were implemented
in place of conventional stepped descent procedures, highlighting the
potential for substantial environmental gains through optimized arrival
profiles.

The authors of [71] explored whether flight efficiency indicators
during the descent phase can serve as reliable proxies for estimating
fuel burn. Using data from over two million flights across 27 major
European airports, the authors developed four indicators to distinguish
the impact of airspace constraints and airline operational choices on
both horizontal and vertical inefficiencies. Their analysis found that
the median fuel burn during descent was around 250 kg, with a median
excess of approximately 40 kg attributed to airspace inefficiencies
and 49 kg to operational factors. The study demonstrated a strong
correlation between these indicators and actual fuel consumption,
suggesting that such metrics can be effectively used for large-scale
environmental performance monitoring, though with some variability
depending on the airport.

Arrival flight efficiency at Stockholm-Arlanda Airport was analyzed
in [72] and [73], focusing on operational performance during 2019
and 2020. These studies provided valuable insights into local arrival
dynamics and inefficiencies. In this thesis, we extend and complement
the methodologies introduced in these studies by performing a cluster-
wise performance assessment of arrival operations, enabling a more
granular evaluation of efficiency across different traffic patterns and
operational contexts.

Comprehensive assessments of flight efficiency include [74], where
the vertical efficiency during descent over a six-month period was stud-
ied at four major European airports. The study relies on the analysis
of the vertical deviation to best descent profiles of each airport, runway
and flow. VFE of the top 30 European airports was analyzed in [75],
revealing a significant disparity among the airports. The analysis en-
abled a quantification of the four factors of entry conditions, horizontal
inefficiency, airspace and operations, that affect the vertical efficiency.
Lemetti et al. conducted several flight efficiency assessments [76], [77],
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[78] of different aspects of the Stockholm-Arlanda arrival performance,
including also the effects of factors such as various weather phenomena
and traffic intensity.

Figure 2.7 shows a typical example of a situation with degraded
flight efficiency due to a peak in approach demand, meaning that
the safe separation and sequencing of traffic cannot be maintained
without providing delay vectors. This situation would possibly have
been resolved by further limiting the number of aircraft arriving to
the TMA at a given time, by controlling the speed of the aircraft,
enabling a reduction or elimination in additional flight distance.

Figure 2.7: Busy times within Stockholm TMA, for arrivals to
Stockholm-Arlanda airport (source: FlightRadar24 [79]).

2.7 Environmental Aspects of Aviation
In this section, we introduce the three environmental aspects of avi-
ation related to this thesis, in terms of fuel consumption, emissions
and noise.
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2.7.1 Fuel and Emissions

The overall climate impact from aviation is a combination of both its
CO2 and non-CO2 emissions, including the potential warming effects
of contrail formation, preventing the outgoing heat from leaving the
earth. Water vapor emitted at cruise altitudes contributes to contrail
formation and cirrus clouds, which enhance the greenhouse effect by
trapping outgoing infrared radiation. The effects of the non-CO2

emissions are difficult to quantify precisely, but it can be assumed
that the contribution to climate change are at least as strong globally
as those of CO2 emissions [80].

Typical aviation fuel is composed of a mixture of hydrocarbons.
Inside the aircraft engine, a mixture of fuel and air is combusted,
creating some main emissions such as CO2, NOx, Water (H2O) vapour,
Methane (CH4), CO, HC, Sulphur Oxide (SOx), Non-Methane Volatile
Organic Compounds (NMVOCs) and particulate matter [81]. Some
emissions (such as CO2, H2O and SOx) are proportional to the fuel
flow, whereas other emissions (such as NOx, CO and HC) have a
non-proportional relation to the fuel flow. Especially CO and HC
are sensitive to low thrust settings and could increase significantly at
engine idle [82]. On the other hand, minimizing the fuel burn of JetA
always results in 3.16 times greater reduction in CO2 emissions [83].

The fuel flow of an aircraft depends on factors such as weight,
speed, altitude and atmospheric properties. As soon as an aircraft
starts to descend, it starts to convert some of its potential energy into
kinetic energy and thus the thrust of the engines may be reduced. In
terms of fuel flow, an optimal descent would be executed at idle thrust,
where typically the descent angle is adjusted in order to maintain a
predefined speed. When descending at idle thrust, the fuel flow will
continuously increase as the aircraft descends, due to reduced engine
efficiency as the altitude decreases.

To understand how different emissions interact with the climate,
the concept of radiative forcing is key. Radiative forcing refers to the
change in the balance between incoming solar radiation and outgoing
infrared radiation caused by these emissions [84]. Positive values of
radiative forcing imply a net warming effect, while negative values
imply a net cooling. Some emissions have a warming or cooling effect
only, whereas other emissions may contribute to both effects. Radiative
forcing may be considered a more comprehensive way to understand
the total climate impact of emissions, rather than just measuring the

26



2.7.2 Noise

impact in CO2 emitted.
The effect of CO2 on climate change is direct and depends simply

on its atmospheric concentration. CO2 molecules absorb outgoing
infrared radiation emitted by the Earth’s surface and lower atmosphere
and can stay in the atmosphere for about 100 years [85]. Other
gases, such as NOx, SOx and water vapours, and particles, have
much shorter atmospheric residence times. Hence, in contrast to CO2,
which becomes mixed throughout the atmosphere, the other gases and
particles remain concentrated near flight routes. NOx increase ozone
(O3) in the upper troposphere, leading to warming, while reducing
methane (CH4), which has a cooling effect.

ICAO has established the Environmental Protection documents,
Annex 16, containing standards, recommended practices and guidelines
related to emissions certification [86], [87]. The documents provide
the mandatory international environmental standards that aircraft
and engines must meet to be certified and operated globally.

As a measure for reduced CO2 emissions of aviation, SAF plays a
vital role. Today, SAF can reduce emissions by up to 80% throughout
its life-cycle, compared to conventional jet fuel [88]. Even though SAF
is already on the market and can be used up to 50% of the total fuel
load onboard an aircraft, the availability of SAF is limited and the
cost is higher compared to traditional jet fuel, reducing the pace of
deployment.

2.7.2 Noise

Aircraft noise remains a significant environmental concern, affecting
the health and well-being of millions of individuals across Europe.
According to reports submitted by EU Member states under the En-
vironmental Noise Directive (END), approximately 1 million people
experience high levels of annoyance due to aircraft noise, while 230,000
individuals suffer from severe sleep disturbance [89]. Furthermore,
aircraft noise is estimated to contribute to 200 premature deaths an-
nually, primarily due to ischaemic heart disease. To mitigate these
health risks, the World Health Organization (WHO) has issued Envi-
ronmental Noise Guidelines recommending maximum exposure levels
of 45 dB Lden (day–evening–night noise level) and 40 dB Lnight (night
noise level) [90]. It is estimated that 14.9 million people in Europe
are exposed to levels of noise higher than the maximum Lden, recom-
mended by WHO [3]. While the most intense noise levels are typically
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experienced by residents living in close proximity to airports, particu-
larly during aircraft takeoff, climb-out and final approach, the WHO
thresholds underscore the importance of minimizing noise exposure
even at greater distances from the airport.

Aircraft noise is composed of two different parts: Engine noise,
as air is sucked into the engine and exits from the exhaust at high
velocity, and airframe noise, as it moves through the air [91]. Hence,
an engine-less aircraft (e.g. a glider) would still produce noise while
passing through the air. Which of the two parts is the predominant one
depends on the phase of flight. An aircraft taking off and climbing is
typically at a relatively high engine thrust setting, making the engines
the primary source of noise. While descending, the aircraft engines
are typically at a much lower thrust setting compared to takeoff and
climb, making the airframe the primary source of noise. During the
approach, the contribution from the airframe also increases due to
the deployment of flaps/slats and the extension of the landing gear.
How the noise propagates towards the ground may depend on the
atmospheric conditions, such as humidity and temperature. Moreover,
the higher the altitude of the aircraft is, the less the perceived noise will
be on the ground, which is also contributed positively to by performing
CDOs.

Efforts to reduce engine noise have focused on minimizing noise
from the jet, compressor, turbine and fan, as well as associated combus-
tor and mechanical sources [91]. This has been accomplished through
careful component design, higher bypass ratios and the incorpora-
tion of sound-proofing measures in the engine and nacelle (engine
housing). Reductions in airframe noise have primarily resulted from
improvements to components that generate aerodynamic noise, such
as landing gears and high-lift devices. Volume I of ICAO Annex
14 [92] contains standards, recommended practices and guidelines for
noise certification of aircraft. In addition, as a measure for reducing
noise on an operational level, ICAO has established two distinct noise
abatement departure procedures (NADPs), specifying altitudes of
power reduction, acceleration and flaps/slats retraction during initial
climb [93].

In terms of descent, the implementation of CDOs has emerged as
a promising strategy for reducing aircraft noise. As CDOs typically
involve a descent with idle engine thrust, the noise emissions during
the approach phase are reduced. Although traditionally considered
beneficial primarily for fuel efficiency and emissions reduction, the
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potential noise mitigation effects of CDOs make them highly relevant
from a public health perspective. This motivates further investigation
into the operational feasibility and environmental benefits of CDOs
within ATM.
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Research Methodology

In order to address the research questions, several quantitative methods
have been employed for both the performance evaluation part and the
optimization part of this thesis.

3.1 Data-Driven Performance Evaluation
This thesis employs a data-driven performance evaluation methodology
to assess the efficiency of aircraft arrival operations within the TMA.
This approach relies on empirical flight data, such as actual aircraft
trajectories, fuel usage and noise foot prints, to quantify operational
performance and environmental impact. By comparing observed flight
behavior against optimized reference trajectories, the methodology
enables a detailed evaluation of inefficiencies in current operations.
The data-driven nature of the evaluation ensures that the analysis
reflects real-world operational conditions, rather than relying solely
on theoretical models. This methodology is mainly reflected in Paper
1, 2 and 3 associated with this thesis, but is also used to evaluate the
performance of the optimized solutions in Paper 4 and 5.

3.2 Mathematical Optimization
Mathematical optimization is a branch of applied mathematics that
focuses on the formulation and solution of optimization problems,
where the goal is to find the best outcome, such as minimizing cost
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or maximizing efficiency, subject to a set of constraints [94]. At its
core, a mathematical programming problem consists of an objective
function to be optimized (either minimized or maximized), a set
of decision variables and a collection of constraints that define the
feasible region. These constraints are typically expressed as equalities
or inequalities involving the decision variables. The most well-known
subclass is linear programming, where both the objective function
and the constraints are linear. However, mathematical programming
also encompasses more complex forms such as integer programming,
nonlinear programming, and quadratic programming, each suited to
different types of real-world problems.

The arrival optimization part of this thesis, constituting Paper 4
and Paper 5, builds on a framework formulated as a MIP problem,
involving a mix of continuous, discrete and binary variables, with the
ability to assign the optimal combination of arrival routes to all aircraft
during a specific time of consideration. The optimization framework
provides conflict-free operations, where aircraft are safely separated, as
well as synchronization between arrivals and departures on the runway.
The core idea of the framework is to consider multiple available route
options assigned with timestamp data and assign to each aircraft
the individual route that would minimize a certain global objective.
Figure 3.1 shows the flow of the optimization process, including the
different constraints.

Figure 3.1: Optimization process.

The process of arrival optimization follows the following steps:

1 Define the area inside which arrival optimization should be
performed and define the available arrival routes.

2 Define the time period during which the arrival optimization
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should be performed and obtain the corresponding ADS-B data
for both arrivals and departures.

3 From the ADS-B data, extract the timestamp and coordinates
at which each aircraft enters the area of interest, the aircraft
type, the entry speed and the cruise altitude. For departing
aircraft, extract the aircraft type and time of initiation of the
take off roll (or first available position).

4 Generate descent profiles for all possible arrival routes, for all
flights. An arrival route for a specific aircraft, assigned a descent
profile and time information, is called an arrival profile.

5 Find all pairs of arrival profiles that are not sufficiently time-
separated at shared waypoints.

6 Run the optimization.

The following formulation and explanation of the MIP problem
were developed in Paper 4 [95] of this thesis. The objective function
of the MIP problem (Equation 3.1) sums the fuel, time or any other
parameter of all selected arrival profiles. In this example, the objective
function minimizes the total time (TT ) within the airspace of interest.
Let A be the set of all aircraft scheduled to land at the airport during
a certain period of time and let Pa be the set of all feasible profiles
for aircraft a.

min J :=
∑
a∈A

∑
p∈Pa

xa,p · TTa,p (3.1)

Equation 3.2 ensures that maximum one profile in a pair of conflict-
ing arrival profiles is selected. This separation requirement corresponds
to the case illustrated in Figure 2.4 (a). I represents the set of the
aircraft-profile pairs (e.g. ((ai, pk), (aj , pr))) containing the incompat-
ibilities between profiles, meaning that there is a conflict between
aircraft ai and aj if aircraft ai flies profile pk and aircraft aj flies
profile pr, due to a loss of time-separation.

xai,pk + xaj ,pr ≤ 1, ∀ai, aj ∈ A, ∀pk ∈ Pai , ∀pr ∈ Paj

| ((ai, pk), (aj , pr)) ∈ I (3.2)
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To ensure that each aircraft is assigned an arrival profile, Equa-
tion 3.3 sets the requirement that each flight must fly exactly one
profile. ∑

p∈Pa

xa,p = 1, ∀a ∈ A (3.3)

Equation 3.4 controls the time of initiation of the takeoff roll of
departing aircraft, by allowing the takeoff to begin within a flexible
time window. Let D be the set of aircraft scheduled to depart within
the given period of time, tdepactuali is the actual (or estimated) departure

time of the corresponding real flight, while tdepi is the variable departure
time for aircraft i. X represents the allowed time deviation from the
actual takeoff time of the real flight.

tdepactuali ≤ tdepi ≤ tdepactuali +X; i ∈ D (3.4)

To create additional extra spacing between arriving aircraft in
order to make room for departures on the same runway as the arriving
aircraft are intended to land, Equation 3.5 ensures that sufficient
separation is obtained between the aircraft taking off and the aircraft
landing. This is controlled both if the arriving aircraft lands prior to
the departure and if the arriving aircraft lands after the departure.
These separation requirements correspond to the cases illustrated in
Figure 2.4 (b) and (c). tland represents the flight time of an arrival
during the final approach, tdep/arr−sep the required separation between
an arrival and a departure, and RTAa,p is the time of arrival at the
final waypoint. yi,a,p is a binary variable that activates one of the
mutually exclusive constraints. M1 is a large number.

tland + tdep/arr−sep + xa,p ·RTAa,p − tdepi ≤ M1 · yi,a,p;
i ∈ D, a ∈ A, p ∈ Pa

tdepi − xa,p ·RTAa,p + tland − tdep/arr−sep ≤ M1 · (1− yi,a,p);

i ∈ D, a ∈ A, p ∈ Pa

(3.5)

The spacing between consecutive departing aircraft is controlled
by Equation 3.6, ensuring that aircraft taking off are sufficiently
time-separated. This separation requirement corresponds to the case
illustrated in Figure 2.4 (d). tdep/dep−sep represents the required
separation between two consecutive departures, yi is a binary variable,
while M2 is a large number.
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tdepi − tdepj + tdep/dep−sep ≤ M2 · yi; i ∈ D, j ∈ D \ {i}
tdepj − tdepi + tdep/dep−sep ≤ M2 · (1− yi); i ∈ D, j ∈ D \ {i}

(3.6)

When an airport operates two runways that can be used concur-
rently for both arrivals and departures, additional constraints must
be introduced to ensure conflict-free scheduling. Specifically, a binary
variable is defined for each runway to distinguish between operations.
Equations 3.7 and 3.8 link the decision variable xa,p to the correspond-
ing binary variable for the assigned runway, where ya,p represents
the first runway and za,p the second. The sets P1 and P2 contain
the feasible arrival profiles for the respective runways. These con-
straints guarantee that each aircraft is allocated exactly one profile
and prevent interference between a landing aircraft and a departure
on the same runway. The introduction of separate binary variables is
necessary to avoid activating separation constraints when arrivals and
departures occur on different runways, and would not be required if
only separation between two arrivals were considered.

xa,p = ya,p, ∀a ∈ A,∀p ∈ P1 (3.7)

xa,p = za,p, ∀a ∈ A, ∀p ∈ P2 (3.8)

Binary variable xa,p is replaced either by ya,p or za,p, depending
on whether the constraint is used for a departure from the first or the
second runway, respectively.

We implement the model in AMPL [96] and solve the problem
with GUROBI [97].

3.3 Data
Conducting performance assessments of current operations requires
access to comprehensive historical data. In particular, flight trajectory
data is essential for evaluating actual aircraft behavior and comparing
it against optimized reference trajectories. Additionally, meteorologi-
cal data, both from local airport observations and broader atmospheric
conditions, plays a critical role in accurately modeling aircraft perfor-
mance. Weather influences not only the operational context but also
the aerodynamic and engine behavior of aircraft during descent and
approach phases. In this section, we present the various data sources
used in this thesis, including flight and weather datasets.
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3.3.1 Flight Trajectories

We utilize historical flight trajectory data from the OpenSky Network
database [98], which offers real-world, open-access air traffic data. This
network comprises numerous sensors hosted by volunteers, capturing
transponder data transmitted by aircraft. The raw data collected by
these sensors is stored in a historical database, primarily based on
ADS-B and Mode S technologies. Aircraft transponders operate on
the Ultra High Frequency (UHF) spectrum, meaning the radio signals
adhere to the principle of line-of-sight propagation. Consequently,
coverage is influenced by sensor locations and terrain. Generally,
coverage for en-route aircraft is superior compared to operations near
airports, where aircraft fly at lower altitudes. However, an airport and
its surrounding airspace can achieve satisfactory coverage if equipped
with sufficient sensors.

For performance evaluations, we employ the States data, which
has a sampling rate of 1 second. This dataset includes for example the
flight’s callsign, date and time for each sample, position via latitude and
longitude coordinates, altitude, Ground Speed (GS) and ICAO 24-bit
aircraft identification corresponding to the callsign on a specific date,
allowing us to determine the aircraft type. Conversion from ICAO
24-bit aircraft identification to actual aircraft type is made via the
OpenSky Network [98] Aircraft Database file for bulk calculations, and
through airframes.org [99] for single flights. To prepare the OpenSky
flight trajectory data for research purposes, we clean the data by
smoothing altitude variations and correcting erroneous coordinates
and altitudes through linear interpolation.

Commission Implementing Regulation (EU) 2023/1770 [100] estab-
lishes the current European requirements for surveillance equipment
in the Single European Sky, including the mandate for ADS-B. More
specifically, the requirements state that all aircraft with a maximum
certified takeoff mass exceeding 5 700 kg or having a maximum cruising
True Airspeed (TAS) capability greater than 250 knots, manufactured
after 7th June 1995, need to be equipped with ADS-B transponders.
Aircraft operators were required to comply with the mandate by 7th
June 2023. In November 2025, the ADS-B v2 equipage rate of flights
operating within the EUROCONTROL Network Manager area was
99.0% [101].
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3.3.2 Weather

Realistic modeling of aircraft performance, aiming to closely replicate
the behavior of actual aircraft under specific operational conditions,
necessitates accurate representation of atmospheric parameters. For
this purpose, we employ the ERA5 reanalysis dataset [102], provided by
the European Centre for Medium-Range Weather Forecasts (ECMWF).
This dataset offers hourly estimates of a wide range of atmospheric
variables across multiple pressure levels throughout the atmosphere,
with a horizontal resolution of 0.25◦ × 0.25◦ and a temporal resolution
of one hour. Specifically, the dataset is utilized to extract the u- and
v-components of wind, which are used to compute wind direction and
speed, as well as ambient temperature. Since the OpenSky Network
trajectory data (see Section 3.3.1) does not include the aircraft’s
TAS, knowledge of wind conditions enables its derivation from the
available GS. Furthermore, we use temperature data to calculate
the Mach number and to more accurately estimate engine thrust
and fuel consumption. To obtain knowledge of the local weather at
a certain airport of interest, we use the service of OGIMET [103],
providing historical data of airport Meteorological Aerodrome Reports
(METARs).

3.3.3 Aeronautical Information

An Aeronautical Information Publication (AIP), issued by national
aviation authorities, contains information about, for instance, airports,
airspace, NAVAIDs and national regulations [104], and are kept up-
to-date by regular revision on a fixed cycle. In this thesis, we mainly
use the AIP to retrieve information on airport runways, SIDs, STARs,
approach procedures and layout of TMAs.

3.4 Aircraft Performance Modeling
In flight, there are four forces acting on an aircraft (Figure 3.2). These
forces are weight, lift, drag and thrust [105]. The weight force is
directed towards the center of the earth and the magnitude of it
depends on the mass of the aircraft itself, plus the amount of fuel, plus
any payload on board. Since a conventional aircraft is continuously
burning fuel, the weight of the aircraft will decrease over time.

In order to counteract the downward force of gravity, an aircraft
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must generate an upward aerodynamic force known as lift. This force
arises from the interaction between the aircraft and the surrounding
airflow during flight. Lift acts perpendicular to the direction of flight
and its magnitude is influenced by several parameters, including the
geometry and surface area of the aircraft, as well as its velocity relative
to the surrounding air.

As an aircraft traverses through the atmosphere, it encounters a
resistive aerodynamic force called drag. This force acts in the direction
opposite to the aircraft’s motion and is aligned with the flight path.
Similarly to lift, the magnitude of drag is influenced by multiple factors,
including the aerodynamic profile of the aircraft, the viscosity of the
air and the velocity of the aircraft relative to the surrounding air.

To counteract the resistive force of drag, aircraft employ propulsion
systems that generate a forward-directed force known as thrust. The
orientation of the thrust vector is determined by the configuration
and placement of the engines.

Figure 3.2: Forces acting on an aircraft in flight.

In the papers associated with this thesis, we use the EURO-
CONTROL aircraft performance model of Base of Aircraft Data
(BADA) [106] v4.2, applicable for aircraft trajectory simulation and
prediction within the domain of ATM, to estimate the aforementioned
forces during a flight. Within BADA, the four actions responsible for
the aircraft motion are divided into the three categories of gravita-
tional actions (weight force), aerodynamic actions (lift and drag forces)
and propulsive actions (thrust force). To model the motion of the
aircraft through the air, we employ the Total Energy Model (TEM)
(Equation 3.9). The TEM equates the rate of work done by forces
acting on the aircraft to the rate of increase in potential and kinetic
energy [106].

(Th−D) · VTAS = m · g0 ·
dh

dt
+m · VTAS · dVTAS

dt
(3.9)

The components of the TEM are thrust (Th), drag (D), true
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airspeed (VTAS), aircraft mass (m), gravitational acceleration (g0) and
geodetic altitude (h). In addition to providing the necessary guidance
on how to model the motion of an aircraft, BADA contains performance
coefficients and data on numerous aircraft types, facilitating realistic
modeling for a wide range of aircraft models.

The use of the TEM in this thesis is two-fold. Firstly, it enables
the computation of the thrust force of flights based on historical
data, and secondly, it enables the generation of descent profiles for a
fictitious flight, operating at a certain weight, speed profile and thrust
setting. In the former case, calculation of the thrust provides the
necessary input for estimating the fuel burn, also utilizing formulas
provided by the BADA manual. Figure 3.3 shows an example of a
generated descent profile with different parameters, from TOD to
2000 ft, modeled with BADA. This represents the second case of
our TEM usage. Note that, out of the eight parameters presented,
Calibrated Airspeed (CAS) is the only fixed input. An aircraft would
typically descent with a constant Mach (M) until reaching a crossover
altitude. During a constant M descent, the CAS will increase, due
to an increase in air pressure. At the crossover altitude, the aircraft
typically transitions to a constant CAS descent, and then continuously
adjust its CAS to comply with ATC-imposed restrictions or operational
regulations. By starting at the initial conditions of the final altitude of
the trajectory we want to model and continuously update the dynamic
parameters of Equation 3.9, we are able to calculate, backwards, the
rate of descent at every timestamp. Figure 3.3 also exhibits the
typical characteristics of continuously increasing idle thrust fuel flow
as the aircraft descends [107]. Other potential candidates for aircraft
performance modeling include the open-source aircraft performance
library of OpenAP [108].

3.5 Flight Performance Evaluation
In this section, we first provide a general overview of the performance
metrics that are used, followed by a more detailed presentation of
the methodology implemented for assessment of the environmental
efficiency, since the author of this thesis mainly focused on the envi-
ronmental efficiency aspect of flights in the papers associated with
this thesis.
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Figure 3.3: Example of different parameters for speed, altitude,
vertical speed, thrust and fuel flow, for a B738 aircraft during an
idle thrust descent modeled with BADA.

3.5.1 General

The following list specifies the KPIs that we use in our analysis.

• Timeliness, via time and additional time in TMA.

• Vertical efficiency, via vertical deviation and time flown level.

• Horizontal efficiency, via distance and additional distance.

• Spacing, sequencing and separation, via minimum time to final,
spacing deviation, throughput and metering effort.

• Quantification of the number of flights using PM, via PM usage
and PM utilization.

• Environmental efficiency, via additional fuel burn, additional
emissions and additional noise.

3.5.2 Environmental Efficiency

To evaluate the environmental efficiency of current operations within
the TMA, it is essential to establish a reference trajectory against
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which actual flight performance can be compared. This reference
serves as a benchmark, enabling the quantification of deviations in
terms of fuel consumption, emissions and noise. Two types of reference
trajectories are considered in this thesis: one that is vertically optimal,
and another that is optimal in both horizontal and vertical dimensions.
For the vertically optimal case, we model the descent trajectory using
BADA (Section 3.4), assigning a CDO profile to the aircraft while
maintaining the same horizontal route as the real flight. In contrast,
we construct the fully optimal reference trajectory by generating a
direct route from the aircraft’s point of entry into the TMA to the
final approach path, thereby minimizing both horizontal and vertical
inefficiencies. These reference concepts are illustrated in Figure 3.4
on example of a flight to Vienna airport. Access to such reference
trajectories enables a systematic evaluation of the environmental
impact of current TMA operations. Specifically, it allows for the
estimation of excess fuel burn, emissions and noise relative to an
idealized scenario in which the aircraft performs a CDO, either along
its actual horizontal path or via a direct route. Figure 3.5 illustrates
the different components of the methodology employed for evaluation
of the environmental efficiency.

(a) (b)

Figure 3.4: Example of a real (blue) and direct (red) horizontal
route (a), and the corresponding vertical profiles (b) for real
flight (green), CDO following horizontal route of real flight (blue)
and CDO following horizontal direct route (red).
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Figure 3.5: Schematic overview of the process used for evalua-
tion of environmental efficiency.

Fuel Consumption

BADA also provides the necessary information, formulas and coef-
ficients for calculating the fuel flow of an aircraft. For the case of
estimating the fuel flow of an aircraft in a non-idle thrust state, the
thrust force obtained via the TEM provides the corresponding thrust
coefficient required to calculate the fuel coefficient. For the second
case, in which an idle thrust state is assumed (when generating CDO
trajectories), we use the corresponding idle thrust coefficient and cal-
culate the fuel coefficient. Note that, in the latter case, we do not
utilize the TEM for calculating the thrust, but use the rate of descent
to update the altitude, in order to obtain the atmospheric properties
and the M number required for the idle thrust fuel coefficient equation.

Emissions

In order to calculate the emissions which do not depend linearly on
the fuel flow, we employ the web-based, integrated aircraft noise
and emissions modeling platform IMPACT [109], provided by EURO-
CONTROL. IMPACT enables the calculation of emissions from 4D
trajectories, obtained either from a source of historical ADS-B flight
trajectories, such as OpenSky, or from generated, fictitious flights.
Based on the input data, IMPACT estimates emissions using a com-
bination of BADA aircraft performance data and the ICAO Engine
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Emission Databank (EEDB), which provides certified emission indices
at sea-level static test conditions. To apply these indices to actual
flight trajectories at varying altitudes and thrust settings, IMPACT
implements established fuel flow correlation methods (e.g. Boeing
Fuel Flow Method 2 (BFFM2) [110]), which relate emission indices to
fuel flow and ambient conditions.

Since the ICAO EEDB contains data on emissions and fuel only at
thrust levels of 7%, 30%, 85%, and 100%, results for emissions at low
power settings (<7%), may not be accurate. In order to address this
deficiency, we employ a model [82] that combines the ICAO EEDB
with the Aircraft Particle Emissions Experiment (APEX) [111]. Using
this model enables us to capture more accurately emissions during a
CDO at idle thrust, namely CO and HC.

Noise

In addition to calculating emissions, IMPACT provides the capabil-
ity of noise modeling, compliant with the European Civil Aviation
Conference (ECAC) Doc. 29 4th edition [112]. The tool employs the
aircraft noise and performance (ANP) data [113], containing noise
and performance characteristics for over 160 civil aircraft types. Noise
levels may be expressed by different metrics, and in this thesis we are
mainly evaluating the Day-Evening-Night Level (Lden) [114], which
indicates the average noise levels over a whole day. To account for
human sensitivity to noise at different times of day, penalty weights
are applied. An additional 5 dB is added to noise levels during the
evening period (19:00–23:00), and 10 dB during the night period
(23:00–07:00). These adjustments reflect the increased potential for
disturbance during these hours. The Lden metric is particularly useful
for assessing long-term community exposure to aircraft noise and is
widely used in environmental impact assessments and airport noise
contour mapping [3]. In addition, IMPACT allows us to assess the
size of an area exposed to a certain noise level, as well as quantify
the number of people exposed. Figure 3.6 illustrates an example of a
noise exposure comparison, enabling the evaluation of the potential
benefits of conducting CDOs, in terms of the size of an area on the
ground exposed to a certain noise level.
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(a) (b)

Figure 3.6: Noise contours of actual arrivals (a) and CDO-
enabled arrivals (b) for flights to Vienna airport.

3.6 Modeling Uncertainties
In the research presented in this thesis, there are several factors of
unknown accuracy that directly affect the results. This includes per-
formance modeling and fuel flow, atmospheric conditions (temperature
and wind) and aircraft mass. Several studies to evaluate the modeling
accuracy of BADA, in terms of fuel flow, have been conducted. In
[115], a fuel burn difference of less than 0.6% for five sample flights
with Airbus A320 family aircraft, over an entire clean configuration
part of a trajectory was reported, compared to what was recorded by
the Flight Data Recorders (FDRs). The highest relative error during
clean configuration was for the descent phase, with 12.5%, with a mean
error of 2%. Note that the study in [115] was performed with BADA
v.3, with the wind data directly obtained from the FDR and that the
trajectories were provided by ADS-B. It should be noted that in the
papers associated with this thesis, we are not mainly interested in the
absolute value of the fuel consumption, but the difference between
the fuel consumption of different scenarios. Hence, we are comparing
solutions affected by the same uncertainties. Moreover, in [115], the
authors compared ERA5 reanalysis dataset wind with wind reported
by the FDR, revealing relatively small mean error values for wind
direction. For the wind speed, it was concluded that ERA5 wind
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speed is reasonably close to the actual values. Additionally, comparing
the difference for wind, it was shown that ERA5 temperature was
consistent with the temperature readings obtained from the FDR,
with a mean error up to 0.9 K.

In [116], the authors conducted an analysis of the BADA v.3
accuracy during the clean configuration descent phase of almost 2500
flights, from TOD to 5000 ft Above Ground Level (AGL). A mean
error of -18% was reported when comparing the fuel flow results of
BADA (based on flight data from the FDR) to the actual fuel flow
values of the FDR.

By studying Equation 3.9, it is clear that the mass of the aircraft
will affect the result of the calculation. In level flight, a change of
mass will contribute to a change in thrust, whereas for modeling of
an idle thrust descent, it will contribute to a change in the rate of
descent. Since the actual mass of an aircraft performing a flight is not
open data shared by the airlines, nor part of the ADS-B transmission,
estimating the mass of a flight has been subject to investigation within
the ATM research community [117],[118],[119].

Another source of uncertainty is the use of a different aircraft type
for the performance modeling, compared to the type that was used
for the real operations. Since BADA covers about 73% of operations
in the European region, we need to assign a different (as similar as
possible in terms of performance, weight etc.) aircraft type in case
the type is missing in BADA.

3.7 Modeling Limitations
It is important to acknowledge that the proposed methodology lacks
certain capabilities in taking into account some real-world aspects. As
explained in Section 1.6, we assume that the aircraft is constantly in a
clean configuration. That is, we do not model the effects of deploying
flaps and slats, or extending the landing gear. Such actions will change
the aerodynamics of the aircraft, affecting both the lift and the drag.
Even though the aforementioned effects are possible to model with
BADA, it is, for a flight trajectory obtained via ADS-B data, difficult
to estimate the schedule at which the slats and flaps were deployed
and the moment at which the landing gear was extended. In the
papers associated with this thesis, we are comparing real operations to
reference flights performing CDOs, and to optimized scenarios. Hence,
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for comparison reasons, it makes sense to use the same methodology for
all cases and assume a clean configuration only also for the trajectories
modeled with BADA. However, since we omit the final approach part
of the trajectories (during which the pilots typically extend the landing
gear), we believe that this simplification does not negatively affect the
results. In terms of deployment of flaps and slats, we acknowledge that
the contribution of omitting these effects are not negligible, as these
actions are typically initiated before the final approach. Since using
flaps and slats contribute to an increase of the airframe-generated
noise, it is likely to believe that the noise results associated with this
thesis are underestimated.

Moreover, when modeling trajectories, we assume an instant turn.
That is, the aircraft changes to its next direction instantly, and there
is no turn radius. As outlined in the BADA manual, the required lift
coefficient (CL) needs to increases when banking the aircraft while
maintaining the speed and altitude, which is required to initiate a
turn. As a result, the drag will increase, contributing to a higher
required engine thrust.

The CDO reference profiles and the profiles used for arrival opti-
mization, are not optimized for a certain objective. The methodology
employed should rather be referred to as trajectory prediction, with the
ability to generate an idle-thrust descent profile following a pre-defined
speed schedule. This is environmentally friendly only from the per-
spective of fuel flow at a given point in time, but does not necessarily
result in the fuel-optimal descent, nor the optimal trajectory in terms
of non-fuel flow proportional emissions. The results presented in the
papers associated with this thesis should be interpreted accordingly.

As far as the arrival optimization framework, the main limitation
is the assumption of perfect adherence to the planned trajectory. This
is mainly a problem in the vertical domain of a trajectory, but could
also have an implication horizontally. This means that if an aircraft
deviates from the trajectory (horizontally or vertically) that was used
as input data for the optimization, a situation with loss of separation
may occur. In order to take care of such a situation, we explore, in
Paper 5, the effects of adding a time buffer to the separation criteria,
allowing for the possibility that perfect trajectory adherence is not
possible. This limitation may also be partly resolved by increasing
the frequency of updated solutions. Currently, the transitioning from
one optimized solution to another, enabling a continuous optimization
of the arrival flow, remains unexplored.
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3.7. Modeling Limitations

Although we propose a methodology that provides separation
between arrivals and departures on the runway, enabling a mixed-
mode runway operation, it does not separate arrivals with airborne
departures in the TMA. This means that all traffic present in a TMA
is not accounted for and that the proposed arrival route solutions may
need to be altered in order to provide sufficient space for departures
following SIDs. This interaction would also affect the vertical aspect,
as crossings of arrivals and departures are unavoidable, which is solved
by providing vertical separation between the two.
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Chapter 4

Contributions and
Summary of the Papers

In this chapter, we list all the publications included in the thesis, as
well as additional relevant publications by the author of this thesis.
Moreover, we provide a summary and a contribution of all included
publications, answering how the included publications relate to the
RQs as outlined in Section 1.4.

4.1 Publications Included in the Thesis
The thesis includes five papers. Papers 1, 2 and 3 were presented
in conferences, paper 4 is published in a journal and paper 5 is yet
unpublished, currently under revision for publication in a journal. The
five papers included in the thesis are:

• Paper 1 - H. Hardell, A. Lemetti, T. Polishchuk, L. Smetanová,
K. Zeghal. ”Towards a Comprehensive Characterization of the
Arrival Operations in the Terminal Area”. Proceedings of the
11th SESAR Innovation Days (SIDs), 2021. [120]

• Paper 2 - H. Hardell, T. Polishchuk. ”Evaluation of the Noise
Benefits from Performing CDO in TMA Using OpenSky Data”.
MDPI proceedings of the 10th OpenSky Symposium, 2022. [121]

• Paper 3 - H. Hardell, A. Lemetti, T. Polishchuk, L. Smetanová.
”Performance Characterization of Arrival Operations with Point
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Merge at Oslo Gardermoen Airport”. Proceedings of the 15th
USA/Europe Air Traffic Management R&D Seminar (ATM Sem-
inar), 2023. [122]

• Paper 4 - H. Hardell, E. Otero, T. Polishchuk, L. Smetanová.
”Optimizing Air Traffic Management through Point Merge Proce-
dures: Minimizing Delays and Environmental Impact in Arrival
Operations”. Journal of Air Transport Management, vol. 123,
2025. [95]

Paper 5 - H. Hardell, T. Polishchuk, L. Smetanová. ”Explor-
ing the Potential of Speed Adjustments in the Pre-Sequencing
Area for Optimization of Arrival Scheduling”. Transportation
Research Part C: Emerging Technologies, submitted January
2026.

4.2 Publications not included in the Thesis
In addition to the five papers included in the thesis, the author of
this thesis has, during the duration of his PhD studies, contributed
to various non-included ATM-related papers, either as main author
or as co-author. Many of the papers share the same methodology
as explained in Section 3 and have contributed significantly to the
writing of the five included papers. Papers not included in the thesis
are:

• H. Hardell, A. Lemetti, T. Polishchuk, V. Polishchuk, V. Bulusu,
E. Royo. ”Morphing STARs vs Drones and Weather in TMA”.
Proceedings of the 9th International Conference on Research in
Air Transportation (ICRAT), 2020. [78]

• H. Hardell, T. Polishchuk, L. Smetanová. ”Fine-Grained Evalu-
ation of Arrival Operations”. Proceedings of the 10th SESAR
Innovation Days (SIDs), 2020. [72]

• A. Lemetti, T. Polishchuk, H. Hardell. ”Arrival Flight Efficiency
in Numbers: What New the Covid-19 Crisis is Bringing to the
Picture?”. Proceedings of the 10th SESAR Innovation Days
(SIDs), 2020. [73]

• T. Polishchuk, V. Polishchuk, C. Schmidt, R. Sáez, X. Prats, H.
Hardell, L. Smetanová. ”How to Achieve CDOs for All Aircraft:
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Automated Separation in TMAs (Enabling Flexible Entry Times
and Accounting for Wake Turbulence Categories)”. Proceedings
of the 10th SESAR Innovation Days (SIDs), 2020. [42]

• H. Hardell, A. Lemetti, T. Polishchuk, L. Smetanová. ”Eval-
uation of the Sequencing and Merging Procedures at Three
European Airports Using Opensky Data”. MDPI proceedings of
the 9th OpenSky Symposium, 2021. [123]

• R. Sáez, T. Polishchuk, C. Schmidt, H. Hardell, L. Smetanová,
V. Polishchuk, X. Prats. ”Automated Sequencing and Merging
with Dynamic Aircraft Arrival Routes and Speed Management
for Continuous Descent Operations”. Transportation Research
Part C: Emerging Technologies, vol. 132, 2021. [43]

• H. Hardell, A. Lemetti, T. Polishchuk, L. Smetanová. ”Auto-
mated Traffic Scheduling in TMA with Point Merge to Enable
Greener Descents”. Proceedings of the 10th International Con-
ference on Research in Air Transportation (ICRAT), 2022. [124]

• H. Hardell, A. Lemetti, T. Polishchuk. ”Performance Evaluation
of the Arrival Operations in the Terminal Area”. Proceedings of
the 33rd Congress of the International Council of the Aeronauti-
cal Sciences (ICAS), 2022. [125]

• A. Lemetti, T. Polishchuk, H. Hardell. ”Arrival Flight Efficiency
in Pre- and Post-Covid-19 Pandemics”. Journal of Air Transport
Management, vol. 107, 2023. [126]

• H. Hardell, T. Polishchuk, L. Smetanová. ”Arrival Optimization
with Point Merge in a Dual-runway Environment”. Proceedings
of the 13th SESAR Innovation Days (SIDs), 2023. [127]

• J. Nuñez Portillo, T. Polishchuk, V. Polishchuk, H. Hardell.
”Evaluating Impact of Non-nominal Space Mission Event on
Conventional Air Traffic”. Proceedings of the 13th SESAR Inno-
vation Days (SIDs), 2023. [128]

• H. Hardell, T. Polishchuk, L. Smetanová. ”Testing Applicabil-
ity of Point Merge Systems for Göteborg Landvetter Airport”.
JOAS proceedings of 12th OpenSky Symposium, 2024. [129]
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• H. Hardell, T. Polishchuk, L. Smetanová. ”Investigation of Point
Merge Utilization Worldwide Using Opensky Network Data”.
Journal of Open Aviation Science, vol. 3, no. 1, 2025. [130]

• R. Hajizadeh, E. Rönnberg, H. Hardell, T. Polishchuk, C. Schmidt.
”Integrating Atmospheric Conditions into the Dynamic-Arrival-
Routes Framework”. Proceedings of the 15th SESAR Innovation
Days (SIDs), 2025. [131]

4.3 Summary of the Papers
In this section, we present, one by one, a summary of the five papers
that constitute the thesis. Papers 1, 2 and 3 address the performance
modeling and evaluation part of the thesis, focusing on flight efficiency
and environmental efficiency, in terms of fuel, emissions and noise.
The arrival optimization part of the thesis is addressed by papers
4 and 5, exploring the optimization of PM procedure utilization, as
well as the benefits of using speed adjustments during cruise and
descent, enabling an early sequence of arrivals. The first three papers,
focusing on performance evaluation, pave the way for the two arrival
optimization-related, enabling the possibility to assess the efficiency
of the optimization solutions. In addition, this section also highlights
the contribution of the author of this thesis, to each paper.

4.3.1 Paper 1: Towards a Comprehensive Characterization of
the Arrival Operations in the Terminal Area

Summary and Example Results

In this paper, we present the foundational elements for a comprehensive
characterization of TMA arrival operations, utilizing a combination of
established and novel performance metrics. Using data from over 5,000
flights across three European airports (Dublin, Stockholm-Arlanda
and Vienna), we analyze horizontal and vertical trajectory deviations,
as well as additional fuel burn, in relation to a metric that captures
terminal area entry conditions (metering effort), during peak traffic pe-
riods. The analysis is based on flight data from the OpenSky Network
and reveals substantial fuel inefficiencies within the TMA, driven by
both horizontal and vertical trajectory deviations. To enable a more
granular assessment of flight efficiency, we apply a clustering technique
to evaluate performance per flow. For the resulting clusters, we assess

52
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Operations in the Terminal Area

the additional fuel burn, employing our proposed methodology to
quantify the contribution from horizontal and vertical inefficiency.
More details on this methodology can be found in Section 3.5.2.

Figure 4.1 shows all trajectories included in our analysis, colored
according to cluster belonging, for the two airports of Stockholm-
Arlanda and Vienna. Figure 4.1 also depicts the horizontal reference
trajectories, employed to assess the horizontal flight efficiency of each
cluster. Note that, for Stockholm-Arlanda, the locations at which
aircraft enter the TMA are not as scattered as for Vienna, resulting
in six clusters being used for the former airport and ten clusters for
the latter.

Cluster-wise additional fuel burn results for the two airports are
presented in Figure 4.2, showing the average amount of additional
fuel burn compared to a reference CDO following the same horizontal
trajectory as the actual flight (OS vs RT1) and compared to a reference
CDO following a direct route as illustrated in Figure 4.1 (OS vs RT2),
respectively. For both of the airports, we observe different performance
between the clusters, indicating that how much of the additional fuel
burn that can be attributed to either horizontal or vertical inefficiency
differs. For instance, cluster 4 for Stockholm-Arlanda (Figure 4.2)
shows a very small difference between the two methods of comparison,
which means that most of the additional fuel burn can be attributed to
vertical inefficiency. On the contrary, examining the results of cluster
3 for the same airport tells us that also horizontal inefficiency has a
significant contribution to the additional fuel burn. The indication of
the latter example is also visible for Vienna cluster 6, for which the
additional fuel burn is almost doubled when comparing OS vs RT1
to OS vs RT2. Analyzing clusters 9 and 10 for the same airport, we
observe a minor contribution from horizontal inefficiency, indicating
that the average distance of the actual trajectories are close to that of
the corresponding reference trajectories.

It should be noted that the proposed methodology for evaluating
contributing factors to additional fuel burn does not allow for dividing
the inefficiency between airspace-related and operation-related. That
is, altitude restrictions and extended STARs contributing negatively
to the efficiency of a flight, is also part of the results. Nevertheless, we
believe that our methodology could help stakeholders to identify areas
of improvements within the TMA, and support the prioritization of
different measures required to address the inefficiencies.
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(a) (b)

Figure 4.1: Horizontal reference trajectories (black lines) and
the actual arrival trajectories colored by cluster, for Stockholm-
Arlanda (a) and Vienna (b), (figure obtained from Paper 1 [120]).

(a) (b)

Figure 4.2: Additional fuel burn for the actual OpenSky (OS)
trajectories compared to reference CDOs, for Stockholm-Arlanda
(a) and Vienna (b) airports, respectively (figure obtained from
Paper 1 [120]).

Thesis Author Contribution

This paper is co-authored with Anastasia Lemetti, Tatiana Polishchuk,
Lucie Smetanová and Karim Zeghal. The author of this thesis con-
tributed to airspace and arrival route data collection, development
of the fuel estimation methodology, generation of reference trajecto-
ries, aircraft performance modeling, assessment of vertical deviations,
formal analysis of fuel consumption and manuscript writing.
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Using OpenSky Data

4.3.2 Paper 2: Evaluation of the Noise Benefits from Perform-
ing CDO in TMA Using OpenSky Data

Summary and Example Results

In this paper, we investigate the potential noise reduction benefits
associated with performing engine idle-thrust CDO procedures within
the TMA. In addition to noise, our analysis estimates the correspond-
ing fuel and emissions savings. This paper is the first paper, authored
or co-authored by the author of this thesis, to bring together and
employ the full methodology for environmental efficiency assessment
(including fuel, emissions and noise), outlined in Section 3.5.2. By
modeling and assigning a reference CDO profile to each flight in a
busy-hour dataset from 2019, we evaluate performance across these
metrics and compare the results to actual historical flight trajectories
obtained from the OpenSky Network. The study focuses on the TMAs
of Dublin, Vienna and Stockholm-Arlanda airports. Our findings sug-
gest that CDOs can yield noise-related benefits due to steeper descent
profiles and reduced engine power settings. While most emissions are
positively impacted by the execution of CDOs, the analysis reveals an
increase in CO and HC emissions. Example noise contour results for
Stockholm-Arlanda arrivals, comparing actual trajectories to CDOs
is presented in Figure 4.3. Analyzing the results in more detail in
Figure 4.4 (showing the noise results for all three airports), we ob-
serve that noise levels of about 45-50 dB are subject to the greatest
reduction in exposed area for the three airports.

Thesis Author Contribution

This paper is co-authored with Tatiana Polishchuk. The author of
this thesis contributed to the development of the methodology (fuel
consumption estimation, aircraft performance modeling, integration
of third-party noise and emissions modeling tools), formal analysis
(fuel consumption, noise, emissions) and manuscript writing.

4.3.3 Paper 3: Performance Characterization of Arrival Oper-
ations with Point Merge at Oslo Gardermoen Airport

Summary and Example Results

In this paper, we present a comprehensive performance assessment of
arrival operations at Oslo-Gardermoen airport, focusing on the imple-
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(a) (b)

Figure 4.3: Noise contours (Lden) ranging from 30 to 85 dB
for actual arrival trajectories (a) and CDO trajectories (b) for a
Stockholm-Arlanda airport busy-hour dataset in October 2019
(figure obtained from Paper 2 [121]).

Figure 4.4: Additional area (in percent) exposed to different
levels of noise, for the actual trajectories compared to CDO
(figure obtained from Paper 2 [121]).

mentation of PM procedures. The objective is to better understand
the impact of PM on arrival performance. Using flight data from
the OpenSky Network, we construct two datasets: one comprising
flights that utilize PM procedures and another with flights that do not.
The datasets, which contain flights for the entire month of October
2019, are illustrated in Figure 4.5 together with the horizontal refer-
ence trajectories of each arrival cluster, used to assess the horizontal
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Merge at Oslo Gardermoen Airport

flight efficiency.

(a) (b)

(c) (d)

Figure 4.5: Reference trajectories (black lines) and the ac-
tual arrival trajectories colored by cluster for PMNorth (a),
PMSouth (b), nonPMNorth (c) and nonPMSouth (d) datasets
(figure obtained from Paper 3 [122]).

We apply a range of performance metrics to evaluate horizontal
and vertical efficiency, sequencing and measuring of arrival flows and
environmental efficiency in terms of additional fuel burn. Furthermore,
we introduce a newly developed PI specifically designed to assess PM
utilization. Analyzing the utilization of the four PMSs, shows that
between 73%-85% of the flights do not enter any sequencing legs,
indicating that there is spare capacity to accommodate more flights.
Adherence to PM procedures does not significantly degrade overall
performance, except for a slight increase in flight distance and associ-
ated fuel consumption. The latter is shown in Figure 4.6 (a), in which
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we observe that the additional fuel consumption of the flights adher-
ing to PM is greater than that of flights not adhering to PM. More
specifically, our analysis shows an average additional fuel consumption
of 78% and 66% for PM flights and non-PM flights, respectively, when
compared to reference CDO trajectories. However, analyzing the
vertical deviation from the reference CDOs (Figure 4.6 (b)), shows
that PM adherence yields better vertical performance compared to not
adhering to PM, despite level-flight segments along the sequencing legs.
This tells us that the specific PM design provides good opportunities
for continuous descents.

(a) (b)

Figure 4.6: Additional fuel (a) and vertical deviation (b) cal-
culated for TT (peak-hours), PM and nonPM datasets (figure
obtained from Paper 3 [122]).

Thesis Author Contribution

This paper is co-authored with Anastasia Lemetti, Tatiana Polishchuk
and Lucie Smetanová. The author of this thesis contributed to airspace
and arrival route data collection, development of the fuel estimation
methodology, generation of reference trajectories, aircraft performance
modeling, assessment of vertical deviations, formal analysis of fuel
consumption and manuscript writing.
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4.3.4 Paper 4: Optimizing Air Traffic Management through
Point Merge Procedures: Minimizing Delays and Envi-
ronmental Impact in Arrival Operations

Summary and Example Results

In this paper, we summarize and extend our previous work presented
in [124] and [127] on arrival optimization using PM procedures. We
apply an optimization framework based on MIP (see Section 3.2)
to enhance TMA efficiency by automatically assigning each aircraft
a conflict-free, CDO-enabled arrival route within the TMA. The
framework accounts for realistic descent performance per aircraft type
and incorporates operational constraints such as speed and altitude
restrictions defined in the airport-specific arrival route charts. We
evaluate the framework using real busy-hour scenarios at Dublin and
Oslo-Gardermoen airports and investigate flexible usage of PM by
comparing two routing strategies: one in which strict adherence to
the published arrival route structure is enforced, where aircraft may
only turn toward the merge point upon reaching the initial point of
the corresponding PMS, and one in which a flexible routing approach
is employed, allowing aircraft to turn toward the merge point from
any published waypoint along the arrival route. Our results show that
at Dublin airport, the optimization framework yields significant fuel
and emissions savings in both routing scenarios. At Oslo-Gardermoen,
however, strict adherence to the published structure leads to increased
fuel burn compared to actual flights. Introducing routing flexibility
improves arrival performance, reducing fuel consumption and emissions
relative to historical trajectories.

Figures 4.7 (a)-(c) show the actual trajectories for the scenario
of the experimental evaluation for a busy-hour scenario at Oslo-
Gardermoen airport, compared to the trajectories proposed by the
optimization. The latter shows both the optimized solution for which
shortcuts are not allowed, and a scenario for which shortcuts are
allowed.

Performance metrics of the aforementioned experimental evaluation
are presented in Table 4.1. Focusing on the fuel, we notice that in
the optimized scenario where shortcuts are not enabled, the average
fuel consumption per flight increases by 16.6%. By introducing the
possibility to use shortcuts, and proceed directly towards the merge
point, we manage to reduce the fuel consumption by 17.5%. Comparing
the two scenarios by studying the cumulative PM usage in Figure 4.8,
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(a) (b)

(c)

Figure 4.7: Actual trajectories (a), optimized trajectories with-
out shortcuts (b) and optimized trajectories with shortcuts (c),
during the one-hour busy period in Oslo-Gardermoen. The six
TMA entry points are depicted as orange triangles, while the
dashed circle represents the 50 NM radius centered at the airport
(figure obtained from Paper 4 [95]).

we observe that the optimized solution for which shortcuts are allowed
has a similar PM usage as the actual trajectories. On the contrary,
enforcing PM adherence brings the PM usage to a level greater than
that of the actual trajectories, indicating that the overuse of PM
contributes to the reduced fuel efficiency observed.

The presented optimization framework is highly flexible and can
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(a) (b)

Figure 4.8: Cumulative PM usage for Oslo-Gardermoen PMS
East (a) and PMS West (b) (figure obtained from Paper 4 [95]).

Table 4.1: Average time, distance, time flown level and fuel burn
for the actual trajectories and the two scenarios with optimized
trajectories (table obtained from Paper 4 [95])

Time [min] Distance [NM] Time level [%] Fuel burn [kg]

Actual 13.2 61.3 8.1 171.6
Opt. no shortcuts 14.7 68.5 25.5 200.0
Opt. with shortcuts 12.7 61.5 13.7 141.6

be adapted to the specific operations and needs of any airport and
airspace, and demonstrates the potential benefits of using an advanced
arrival management tool, capable of providing requirements for CDO-
enabled descents.

In addition to also being used for Paper 5 of this thesis, we utilized
the proposed optimization framework for testing the applicability
of PM at the Swedish airport of Göteborg-Landvetter [129]. This
application proved the feasibility of the framework to serve as a tool
for evaluation of new arrival procedures.

Thesis Author Contribution

This paper is co-authored with Evelyn Otero, Tatiana Polishchuk and
Lucie Smetanová. The author of this thesis contributed to airspace
and arrival route data collection, development of the optimization
model and methodology (arrival route generation, fuel consumption
estimation, aircraft performance modeling, integration of third-party
noise and emissions modeling tools, excluding specific HC and CO
emissions modeling), formal analysis (all performance indicators except
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detailed analysis of HC and CO emissions) and manuscript writing.

4.3.5 Paper 5: Exploring the Potential of Speed Adjustments
in the Pre-Sequencing Area for Optimization of Arrival
Scheduling

Summary and Example Results

Paper 5 builds upon the optimization framework for PM arrivals
developed in Paper 4 [95], utilized to investigate the feasibility and
performance of using speed adjustments in the en-route and descent
phases as a primary method for sequencing and spacing arriving
aircraft, in contrast to relying on PM procedures. In the paper,
we apply the framework on a busy-hour arrival scenario at Oslo-
Gardermoen airport, aiming to minimize total fuel consumption while
ensuring conflict-free scheduling. Two scenarios are evaluated: one
in which speed adjustment is prioritized and PM is used only when
necessary (baseline), and one in which PM arcs are extensively utilized
for sequencing (PM scenario). The optimization considers realistic
aircraft performance, published arrival route constraints and extended
arrival management horizons up to 200 NM. Results show that the
baseline scenario yields lower fuel consumption (3.2% less than the
PM scenario), while PM usage leads to increased level-flight segments
and path extensions. Emissions of CO2, H2O, SOx and NOx are
higher in the PM scenario due to increased fuel burn, whereas CO
and HC emissions are lower, likely due to fewer idle-thrust descents.
Sequencing and spacing indicators suggest smoother convergence and
reduced controller workload in the baseline scenario. Figure 4.9 shows
a comparison between the actual trajectories during the hour of interest
and the trajectories as output of the optimization, for the baseline
scenario, with two flights using PM.

In the paper, we analyze how the average fuel consumption depends
on how many flights use speed adjustment versus how many flights
use PM as a measure for sequencing. The result of this analysis is
presented in Figure 4.10. For the given scenario with 41 aircraft
arriving, we observe that ten aircraft using PM perform relatively
similar compared to the baseline scenario, in which we force as many
aircraft to adjust their speed instead of flying the PM arcs.

In addition, we include a sensitivity analysis on aircraft separation
criteria, showing that the optimization solution remains feasible up to
a 10% increase in separation requirements. Additionally, in a Pareto
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analysis, we explore trade-offs between fuel consumption and flight
time.

(a) (b)

Figure 4.9: Actual aircraft trajectories for 41 arrivals, within
the 200 NM circle around the runway (a) and the optimized
trajectories using speed adjustments for the same aircraft within
the 200 NM circle (b). Green dots represent a cut at 200 NM
and orange circles represents a cut at ToC. The purple triangles
depict the six TMA entry points (figure obtained from Paper 5).

Figure 4.10: Average fuel consumption per flight as a function
of minimum number of flights forced to use PM arcs (figure
obtained from Paper 5).
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Table 4.2: Effects on PM usage, flight time and fuel consumption
due to increased separation (table obtained from Paper 5)

Sep. increase #PM flights Time [min (%)] Fuel [kg (%)]

0% 2 28.4 (0.0%) 478.0 (0.0%)
5% 5 28.5 (0.3%) 480.8 (0.6%)
10% 6 28.8 (1.3%) 492.6 (3.1%)

Analyzing the results of the separation parameter sensitivity study
(Table 4.2), we observe an impact both on the flight time and the
fuel consumption, compared to the scenario for which the minimum
separation is used. Allowing for a buffer on top of the minimum
separation requirement is crucial in order to account for any deviations
of the actual flights, compared to what was accounted for within the
optimization. Factors that could lead to a deviation include, but are
not limited to, wind and speed profile.

This paper provides valuable insight into the use of speed adjust-
ments as a measure for early sequencing of arriving flights, as well
as demonstrates the capability of the optimization framework (see
Section 3.2) to perform this task.

Thesis Author Contribution

The paper is co-authored with Tatiana Polishchuk and Lucie Smetanová.
The author of this thesis contributed to the data collection (airspace,
arrival routes), methodology development (arrival routes generation,
optimization model, fuel consumption estimation, aircraft performance
modeling, integration of third-party emissions modeling tools) formal
analysis and writing of the manuscript.

4.4 Contributions
In this section, we specify how the different papers associated with
this thesis respond to the four RQs, introduced in Section 1.4.

• RQ-1: What are the environmental benefits of using fuel-efficient
CDOs within TMA and how to quantify them?

In Paper 1, we investigate the impact of enabling CDO on
fuel consumption within the TMA. The study evaluates a large
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dataset of arrival flights at three major European airports, apply-
ing a methodology that distinguishes between the contributions
of horizontal and vertical inefficiencies to overall fuel burn. The
analysis reveals substantial fuel inefficiencies in current TMA
operations at all three airports. For example, at Stockholm-
Arlanda Airport (ESSA), the average additional fuel burn per
flight within the TMA is estimated at 93% (approximately 97
kg) when compared to a vertically optimized CDO following the
same horizontal route as the actual flight. When compared to
a fully optimized trajectory, both horizontally and vertically,
the average excess fuel burn increases slightly to 107% (approxi-
mately 104 kg). The relatively small difference between the two
reference cases suggests that the additional horizontal distance
flown is limited and does not significantly contribute to the
overall fuel inefficiency. These findings underscore the potential
environmental benefits of implementing CDOs more broadly and
optimizing arrival procedures within TMAs.

In Paper 2, we investigate the effects of implementing CDOs on
noise and emissions within the TMA, using the same three Euro-
pean airports analyzed in Paper 1. The study demonstrates that
the higher altitudes and lower engine thrust settings associated
with CDO profiles, compared to the descent profiles of actual
flights, contribute to a measurable reduction in noise exposure.

In addition to noise reduction, we show that the decrease in
fuel consumption associated with CDOs leads to lower emission
levels for most pollutants. However, the results also reveal a
trade-off between emissions that are directly proportional to
fuel flow (e.g. CO2) and those that are not. Specifically, the
study observes increased levels of CO and HC under low-thrust
conditions typical of CDOs. The trade-off between fuel-efficient
operations and certain pollutant emissions is further explored in
Paper 4, where a detailed analysis is conducted on a single flight,
providing deeper insight into the environmental implications of
trajectory optimization.

• RQ-2 : How to evaluate the arrival aircraft performance within
TMAs implementing PM procedures?

In Paper 1, we introduce the methodology used to character-
ize arrival operations within the TMA, forming the foundation
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for subsequent performance assessments. The study includes
an experimental evaluation of arrival flows at Dublin Airport,
which operates with PM procedures. To assess environmental
efficiency, we analyze fuel consumption on a cluster-wise basis,
allowing for the isolation of performance characteristics across
distinct arrival flows. Furthermore, the methodology enables
the decoupling of horizontal and vertical inefficiencies, providing
insight into their respective contributions to excess fuel burn.
The analytical framework developed in Paper 1 also supports
more detailed evaluations of PM-based arrival procedures.

Building on this foundation, in Paper 3, we focus exclusively on
the performance of PM operations, presenting a comprehensive
assessment of arrival efficiency at Oslo-Gardermoen Airport. We
employ a diverse set of PIs to evaluate operational outcomes. By
applying a trajectory-filtering algorithm, the study isolates flights
that adhere to PM procedures, enabling a focused analysis of
sequencing leg utilization and procedure compliance. The results
indicate that while PM structures are not fully utilized (sug-
gesting potential for procedural refinement), the overall arrival
performance at Oslo-Gardermoen is notably strong. Importantly,
adherence to PM procedures does not appear to significantly de-
grade performance, with only a minor increase in flown distance
and associated fuel consumption observed.

• RQ-3: Can the performance of current operations in a TMA
where PM is implemented be improved by using optimization?

In Paper 4, we propose a MIP-based optimization framework
to enable the automatic sequencing and deconfliction of arrival
flights operating under PM procedures. The framework is de-
signed to handle high-traffic scenarios and utilizes real-world
ADS-B data as input, ensuring applicability to operational con-
ditions. The methodology is demonstrated using traffic data
from two European airports, where the framework successfully
assigns time-separated arrival routes and enables the execution
of CDOs. Comparative analysis with actual flight performance
reveals that the optimized arrival sequences result in a reduc-
tion in total fuel consumption for aircraft present in the TMA
during the evaluated time window. Importantly, the study high-
lights that achieving these benefits may require flexibility in
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4.4. Contributions

route design. At one of the airports, allowing aircraft to de-
viate from published arrival routes, by short-cutting directly
to the merge point, proved essential for maintaining efficiency
under high traffic demand. This finding underscores the need
for adaptable procedure design in future arrival management
systems. The contributions of Paper 4 are twofold: first, it lays
the foundation for a next-generation AMAN capable of integrat-
ing optimization-based sequencing; second, it identifies existing
inefficiencies in current PM operations and demonstrates the
potential for further improvements in TMA arrival performance.

• RQ-4: How can speed adjustment during cruise and descent be
used, with or without combining it with PM procedures, to safely
separate and sequence arriving flights?

In Paper 5, we propose and evaluate a speed adjustment strategy
as a tactical tool for sequencing and spacing aircraft during ar-
rival operations. The study utilizes an optimization framework,
allowing for adjustment of aircraft speeds during both the cruise
and descent phases, enabling safe separation without relying on
fixed route structures such as those defined by PM. Moreover,
we study hybrid strategies that combine speed adjustment with
PM procedures, exploring how the flight efficiency is affected
when changing the distribution of flights using speed adjustment
or PM procedures. The results demonstrate that speed control
can be effectively used to manage arrival flows, even under high
traffic density. By adjusting speeds early in the descent or even
during cruise, aircraft can be sequenced to arrive at the merge
point or final approach path with safe time separation, reducing
the need to sequence aircraft at a later stage in the TMA. This
supports the execution of CDO, which are beneficial for both
fuel efficiency and noise reduction. In summary, Paper 5 shows
that speed adjustment is a flexible, efficient and safe method
for sequencing and spacing arriving aircraft and that it can be
used independently or in combination with PM procedures to
improve arrival performance within TMAs.
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Chapter 5

Conclusions and Future
Work

In this thesis, we explore the optimization of aircraft arrival operations
within TMAs, with a particular focus on improving environmental effi-
ciency. In consideration of increasing air traffic and the climate targets
set by the EU, the work contributes to the broader effort of reducing
aviation’s environmental footprint through operational improvements.
While technological advancements such as SAF, electric propulsion and
hydrogen-powered aircraft are essential for long-term sustainability,
the findings of this research underscore the immediate and significant
benefits that can be achieved through more efficient ATM practices.
Throughout the thesis, we present several methodological innovations,
including cluster-wise trajectory analysis for flow-specific performance
evaluation, integration of arrival and departure scheduling in mixed-
mode runway environments and the use of multiple emissions modeling
tools to capture a broad spectrum of environmental impacts.

The work is grounded in real-world data and operational scenarios
and integrates multiple modeling tools and methodologies to assess
fuel consumption, emissions and noise, as well as a comprehensive
framework for optimization of arrival operations. The thesis is struc-
tured around four central research questions, each addressing a specific
aspect of arrival optimization: the benefits of CDOs, the performance
of PM procedures, the potential for optimization within PM-enabled
TMAs and the role of speed adjustments in sequencing and spacing.

In the first part of the thesis, we focus on the environmental per-
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formance of current arrival operations. Using ADS-B data from the
OpenSky Network, we evaluate the efficiency of arrival trajectories
at several European airports, including Stockholm-Arlanda, Dublin,
Vienna and Oslo-Gardermoen. The analysis reveals substantial ineffi-
ciencies in both horizontal and vertical flight profiles, with level-flight
segments contributing significantly to excess fuel burn. CDOs, mod-
eled as idle-thrust descents without speed brakes, are shown to reduce
fuel consumption by more than 50% in some scenarios, given that
all airspace and operational constraints are neglected. Improving
also the horizontal part of the trajectory could provide even further
improvements. Noise exposure is also positively affected by the execu-
tion of CDOs, highlighting the dual benefit of fuel savings and noise
mitigation.

However, the environmental benefits of CDOs are not uniformly
positive. We identify a trade-off between fuel-efficient operations and
certain pollutant emissions. Specifically, CO and HC emissions tend to
increase during idle-thrust descents due to low combustion efficiency.
This finding is supported by modeling results from the EUROCON-
TROL IMPACT tool and a custom emissions model based on the
BFFM2 and APEX data. The increase in non-CO2 emissions during
CDOs underscores the need for a refined approach to environmental
optimization, one that considers multiple dimensions of impact.

As part of exploring the current flight performance, we designate
specific attention to a TMA where PM procedures are in use. The
study shows that PM procedures at Oslo-Gardermoen support efficient
arrivals, with minimal fuel penalties and improved vertical profiles,
highlighting their potential for environmentally sustainable operations
even during peak traffic periods.

In the second part of the thesis, we introduce a MIP optimiza-
tion framework designed to improve arrival sequencing and spacing
within PM-enabled TMAs. The framework is capable of assigning
conflict-free arrival routes that respect wake turbulence separation
requirements and runway scheduling constraints, enabling the syn-
chronization between arriving and departing traffic in a mixed-mode
operation. It supports both single and dual-runway operations and
integrates realistic aircraft performance modeling using EUROCON-
TROL BADA v4.2. The optimization process includes a deconfliction
algorithm that identifies incompatible arrival profiles and ensures safe
separation throughout the TMA.

We apply the framework to real-world scenarios at Dublin and Oslo-
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Gardermoen airports. At Dublin, the optimization reduces the fuel
burn by almost 50%, while at Oslo-Gardermoen, the results are more
nuanced. Strict adherence to published PM procedures increases fuel
burn due to longer paths, while allowing aircraft to shortcut directly
to the merge point reduces fuel consumption by almost 20%. These
findings highlight the importance of flexible routing and dynamic
PM usage in achieving optimal performance. In a comparative study,
speed control yields lower fuel consumption and smoother convergence
of arrival flows than exclusive use of PM, demonstrating its viability
as a feasible tool for sequencing and spacing.

Looking ahead, we identify several areas for future research. Ro-
bust optimization under uncertainty is a key priority, particularly
in accounting for trajectory deviations and weather variability. The
integration of airborne departures into the arrival scheduling frame-
work would enhance its applicability to complex traffic environments.
Dynamic route planning, including real-time adjustments based on
traffic and environmental conditions, offers potential for further ef-
ficiency gains. Finally, capacity evaluation through synthetic traffic
injection could help quantify the scalability and resilience of optimized
procedures. The optimization framework developed in this thesis is
adaptable to a wide range of operational contexts and can support
emerging concepts such as Urban Air Mobility (UAM), drone traffic
management and dynamic airspace restrictions. Its modular design
allows for the incorporation of additional constraints and objectives,
making it a versatile tool for future ATM research and implementation.
Moreover, our performance evaluation framework can be easily ad-
justed to the emerging engines, such as electric, hydrogen and hybrid,
when their performance parameters become available.

In conclusion, in this thesis, we demonstrate that operational
improvements in aircraft arrival management can yield measurable
environmental benefits. By combining rigorous performance evaluation
with advanced optimization techniques, the thesis provides a pathway
toward more sustainable and efficient ATM. The methodologies and
insights presented herein are not only applicable to current operations
but also adaptable to future airspace configurations and technological
advancements. As the aviation industry continues to evolve, the work
contributes to the ongoing effort to balance growth with environmental
responsibility.
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[119] F. Holzäpfel and G. Rotshteyn, “Estimating Aircraft Landing
Weights from Mode S Data,” Journal of Aircraft, vol. 60, no. 2,
pp. 345–356, 2023.

[120] A. Lemetti, T. Polishchuk, H. Hardell, K. Zeghal, and L.
Smetanová, “Towards a Comprehensive Characterization of
the Arrival Operations in the Terminal Area.,” in Proceedings
of the 11th SESAR Innovation Days (SIDs), 2021.

[121] H. Hardell and T. Polishchuk, “Evaluation of the Noise Benefits
from Performing CDO in TMA Using OpenSky Data,” inMDPI
proceedings of the 10th OpenSky Symposium, 2022.

[122] H. Hardell, A. Lemetti, T. Polishchuk, and L. Smetanová,
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