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Introduction

This project originated from a growing awareness of the aviation industry’s environmental impact, particu-
larly concerning CO2 emissions. As global interest in sustainable practices increases, the need for innovative
solutions in aviation has never been more pressing. This project seeks to address the challenges faced by
airlines and airports in maintaining operational efficiency while reducing their environmental footprint.

The primary goal of this project is to explore and develop strategies that allow KLM and Schiphol Airport
to operate sustainably without compromising their vital hub functions. By focusing on emission reduction
while maintaining connectivity, the project aims to contribute to the ongoing dialogue surrounding aviation
sustainability and provide actionable solutions for industry stakeholders.

This project was partially developed with flight data from KLM Royal Dutch Airlines, which provided in-
sights into operational practices and constraints. Engaging with KLM allowed for a better understanding of
the complexities involved in airline planning and the importance of maintaining a balance between growth
and sustainability. Their expertise guided the development of a practical framework that could be imple-
mented within existing airline operations.

What sets this project apart is its integrative approach, combining theoretical research with practical ap-
plications in a real-world context. From a societal perspective, this project contributes to the broader efforts
of reducing greenhouse gas emissions and improving air quality for communities surrounding airports. By
developing frameworks that allow airlines to operate sustainably, the project addresses urgent environmental
concerns while supporting economic growth in the aviation industry.

This thesis report is organised as follows : In Part I, the scientific paper is presented. Part II contains the
relevant Literature Study that supports the research. Finally, in Part III, supporting work is presented in the
form of the validation process and additional model analysis.

xiii
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The influence of sustainability measures
on the connectivity of a hub and spoke

airline network
Y.L. Neuteboom (1513079)

Delft University of Technology, Delft, The Netherlands

This study investigates the impact of CO2 emission limitations on the connectivity and
profitability of a hub-and-spoke airline network, with a specific focus on Schiphol
Airport and KLM Royal Dutch Airlines. As sustainability becomes increasingly critical,
the aviation industry faces mounting pressure to reduce its environmental footprint
without compromising operational efficiency. This research employs a Mixed Integer
Linear Programming (MILP) model to simulate airline operations under CO2

constraints. Using synthetic flight data and OpenAP for accurate emissions
estimation, the model optimises fleet composition, flight scheduling, and passenger
flow while balancing profitability and emissions reduction. The study explores the
potential of fleet renewal to mitigate the negative effects of emission caps on both
connectivity and revenue. The findings demonstrate that significant emission
reductions can be achieved through strategic fleet planning, with minimal impact on
the airline’s network and financial performance. This research provides a viable
framework for integrating environmental considerations into long-term airline
planning, contributing to the ongoing efforts to reduce aviation’s environmental impact
while maintaining its economic and operational benefits.
Index Terms—Airline operations, Amsterdam Schiphol Airport, MILP, connectivity, hub and spoke airline,
sustainability, airline economics, airline emissions, KLM Royal Dutch Airlines

✦

1 INTRODUCTION

As the interest in tackling the global warming and
air quality problems has been growing worldwide,
the aviation industry can not fall behind. The avia-
tion industry was responsible for 2.5% of the global
emission of CO2 in 2018 and is expected to keep
growing [1]. CO2 is not the only problem. Contrails,
nitrogen oxides and particulate matter are amongst
the combustion products of aircraft engines that
pose a threat to the environment and public health
[2] [3] [4]. The airline fleet and network planning is
a long-term strategic problem that is usually driven
by market and financial factors [5]. However, sus-
tainable goals are gaining increasing importance in
these decisions. In line with this, new technologies
and environmental policies have been proposed, but
so far there is still a lot to win in aviation regarding
sustainability.

Inhabitants of residential areas surrounding air-
ports are protesting against the growth of airports
due to noise and emissions. Schiphol airport in
The Netherlands, the hub of KLM Royal Dutch

Airlines, is situated in a densely populated area. In
2008 the capacity ceiling of the airport was set at
500,000 flight movements per annum [6]. Since 2017
Schiphol has been operating very close to this maxi-
mum capacity, while resistance of the population of
Amsterdam and surrounding areas increased [7]. In
the summer of 2022 the Dutch government proposed
that Schiphol airport has to reduce the annual num-
ber of flights by 12% to 440,000 by November 2023
[8]. However, the government proposed to allow
growth from 2027 onward under the condition that
the nuisance will not exceed what 440,000 annual
flights cause today [9].

The shrinkage of Schiphol airport will have big
consequences for KLM. The airline uses Schiphol as
a hub for its operations and operates around 70%
of the flight movements [10]. Airport hubbing is a
practice where an airline uses a particular airport as
a central connecting point for its flights. The airline
schedules its flights in such a way that passengers
can conveniently transfer from one flight to another
at the hub airport, often resulting in shorter travel
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times, increased frequency of flights, and a wider
range of destination options. The hub function for
KLM is one of the reasons that Schiphol is ranked
number one in the ACI EUROPE Airport Industry
Connectivity Report of 2022 [11]. A high airport con-
nectivity has great benefits for the areas surrounding
the airport and is one of the key drivers of economic
growth [12] [13] [14].

From KLMs perspective connectivity is a critical
component of their success as well. By offering a
wide range of destinations, airlines can increase
their revenue by attracting more passengers who
prefer to fly to their desired destination on the same
airline without having to self-connect. Airlines that
are able to offer unique connections and itineraries
tend to outperform their less connected rivals [15].
Airlines with a strong network have a competitive
advantage over their rivals, as passengers are more
likely to choose an airline that offers them a more
convenient and efficient route to their destination,
leading to customer loyalty, repeat business and
positive recommendations [16]. It is therefore neces-
sary to research other options to decrease emissions
without having to weaken the hub function of KLM
and connectivity of Schiphol Airport. This is espe-
cially important since de-hubbing of an airport is
very likely to be irreversible [17]. In this work the
possibilities and opportunities of using an airline
planning framework to decrease aircraft emissions
are researched. The goal is to find an approach that
can contribute to a future where Schiphol connects
The Netherlands to the rest of the world while
operating within the limits of CO2 emission.

2 BACKGROUND

This chapter provides an overview of the essential
concepts and policies that influence airline opera-
tions, with a focus on hub-and-spoke network car-
riers, sustainability efforts, and measures of connec-
tivity. KLM, as a key player in the aviation indus-
try, operates within a complex framework of poli-
cies and strategies aimed at optimising efficiency,
reducing environmental impact, and maintaining
connectivity. The following sections delve into these
aspects, setting the stage for the analyses and discus-
sions in subsequent chapters. In section 2.1 the KLM
network is described, followed by section 2.2 about
the various relevant sustainability policies. Finally
different measures of connectivity are pointed out
in section 2.3.

2.1 Hub-and-spoke airline planning
KLM is a H&S network carrier and operates with
Schiphol Amsterdam Airport as its hub. A H&S
network operates OD-pairs with flights connecting
at the hub. This allows passengers with different
origins and destinations to board the same flight
and makes routes with lower demand profitable. To
facilitate fast transfers, most hub airports work with

connecting banks or waves. Passengers and cargo
from the origins arrive at the hub at the start of the
wave, have time to transfer to the connecting flight,
and depart to their destinations at the end of the
wave.

Even though this ensures quick transfers, there
are downsides to this approach. During the waves,
the hub operates at peak capacity, leading to conges-
tion and increased emissions, while only limited ca-
pacity is utilised outside of the waves. To distribute
resource usage more evenly, some airlines have in-
troduced the concept of a rolling hub. In this sys-
tem, arrivals and departures are spread throughout
the day, reducing peak congestion but potentially
resulting in longer transfer times for passengers.

2.2 Sustainability policies

Aviation is under increasing pressure to reduce its
environmental impact, prompting the development
of various sustainability policies at both the Eu-
ropean and national levels. These policies aim to
balance the growth of the aviation industry with
the urgent need to address climate change. In this
section, we explore some of the key policies shaping
the sustainability landscape in aviation.

European Green Deal
The European Green Deal is a comprehensive plan
to make the European Union’s economy sustainable
and achieve climate neutrality by 2050. It includes
a wide range of policies and initiatives to reduce
greenhouse gas emissions, increase the use of renew-
able energy, and promote sustainable agriculture
and forestry. The European Green Deal also aims to
create a circular economy and protect biodiversity.
One of the key initiatives under the European Green
Deal is Fit for 55. This is a package of legislative
proposals that aims to reduce the EU’s greenhouse
gas emissions by at least 55% by 2030, compared to
1990 levels [18] [19].

CORSIA
The International Civil Aviation Organisation
(ICAO) adopted the emissions mitigation frame-
work known as the Carbon Offsetting and Reduc-
tion Scheme for International Aviation (CORSIA).
CORSIA supports ICAO’s goal of achieving carbon-
neutral growth from 2020 onward. The pilot phase of
CORSIA began in 2021, and by 2027, CORSIA aims
to make participation mandatory for all ICAO mem-
ber states [20]. While CORSIA sets out an ambitious
plan, critics point out that ICAO’s documents offer
limited detail on how these goals will be achieved,
suggesting a need for further clarity and actionable
measures.

Dutch civil aviation policy memorandum
The Dutch civil aviation policy memorandum out-
lines goals to limit CO2 emissions of Dutch aviation
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to 2005 levels by 2030, reduce them by 50% rela-
tive to 2005 by 2050, and reach zero emissions by
2070. To reinforce these targets, the Dutch govern-
ment has proposed a CO2 emission ceiling for the
international aviation sector. This provides a clear
framework for the sector to grow in a sustainable
manner [21].

The research institute CE Delft conducted an
assessment following the announcement of the CO2

ceiling, investigating the implications of the mea-
sure. Multiple scenarios were considered, taking
into account measures from the European Fit for
55 proposals, national climate policy, and socioe-
conomic development. Additionally, the assessment
incorporated the government’s recent announce-
ment regarding capacity reduction at Schiphol. CE
Delft identified three main policy framework op-
tions: CO2 ceilings for airports, for fuel suppliers, or
for airlines. The study concluded that without gov-
ernment intervention, Dutch aviation CO2 emissions
would likely exceed the targets in most scenarios
[22] [23]. Notably, the study did not address the
impact on Schiphol’s connectivity or the airlines
operating from the airport.

2.3 Measures of connectivity
Connectivity is generally defined as the degree to
which nodes in a network are connected to each
other [24]. In airline literature, many different ap-
proaches exist to defining the connectivity of airlines
and airports. There are various indices and ratios
used to measure and quantify connectivity at air-
ports and within networks, taking into account fac-
tors such as the number of connections, flight times,
and the attractiveness of connections. The Netscan
connectivity model is widely acknowledged as a
robust measure of connectivity, as it captures seat
capacity while considering both direct and indirect
connections. In this model, the quality of a connec-
tion contributes to the score as well, by accounting
for transfer times [11]. Other notable connectivity
measures include:

• York Aviation Business Connectivity Index:
Captures the economic importance of destina-
tions and measures the value of connectivity to
businesses.

• World Bank Air Connectivity Index: Weights
the value of a route based on the number
of onward connections available, reflecting the
benefits of hub airports.

• IATA Connectivity Index: Captures the impor-
tance of destinations based on the size of the
final destination airport [25].

One significant advantage of the Netscan model
is that the equations and methodologies used to cal-
culate connectivity are well-documented in the liter-
ature, allowing researchers and industry profession-
als to apply or adapt them to their specific needs.
The underlying calculations of the other connectiv-
ity models are not publicised by the developers. This

makes it difficult for researchers and practitioners
to reproduce the findings or understand the precise
mechanisms that led to the results.

The Netscan model, by making its calculations
available, not only ensures clarity but also enhances
its credibility as a tool for analysing and comparing
connectivity. This level of detail enables users to
understand the specific factors that influence con-
nectivity, such as seat capacity, direct and indirect
connections, and transfer times, and how these fac-
tors are quantitatively integrated into the final score.
In section 3.5 the full model is described.

3 METHODOLOGY

This research aims to evaluate the effect of CO2

emission limitations on the Netscan connectivity
score and profit of a a hub-and-spoke airline and
the space to mitigate the potential loss in connec-
tivity and profitability by renewing the fleet with
more fuel efficient aircraft. The goal is to generate
a daily schedule from which Netscan connectivity
of the network can be calculated. In this section
the method is described, starting with the simpli-
fications in section 3.1. The next chapter is the de-
scription of the chosen solving method in section
3.2, followed by the description of the emissions
model OpenAP that will be used to determine the
CO2 generated by the network in section 3.3. After
that section 3.4 describes the inputs of the model,
including fleet composition, demand, ticket fares,
operating costs and airports in the network. Section
3.5 gives a full description of the MILP model in-
cluding mathematical formulations of the objective
function and constraints, as well as the Netscan
connectivity model mentioned in section 2.3 of the
previous chapter. Finally in section 3.6 the computa-
tional set-up used for this research is evaluated.

3.1 Model simplifications

To address the problem of optimising fleet composi-
tion and network performance under environmental
and operational constraints, the model includes sev-
eral simplifications. These simplifications allow for
more efficient computation and focus on the key de-
cision variables without losing the relevance of the
results. Below, the main assumptions are discussed
and it is explained why they are not expected to
affect the validity of the study’s conclusions.

Flights start at Schiphol

In the model, aircraft are allowed to start their flights
in Amsterdam but are not required to return to the
hub by the end of the day. This flexibility mirrors the
real-world operations of airlines, where aircraft may
end their day at different airports rather than re-
turning to the primary hub. This assumption allows
the model to more accurately reflect network optimi-
sation decisions and provides operational flexibility
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in response to environmental and operational con-
straints.

By not forcing aircraft to return to Amsterdam,
the model can capture the potential benefits of
more efficient scheduling, where flights to distant
or less-connected destinations do not need to be
constrained by the need for the aircraft to return to
the hub. This enables better utilisation of the fleet, as
aircraft can serve intercontinental routes.

Moreover, this flexibility is particularly rele-
vant in hub-and-spoke operations, where long-haul
flights or connecting routes may naturally end at
spokes rather than the hub. Allowing aircraft to
stay overnight at different airports aligns with real-
world practices, where overnight stays at spokes can
enhance network connectivity, reduce operational
costs, and balance maintenance or crew schedules.
Thus, this approach enriches the model by adding
realistic scheduling flexibility, which is crucial for
evaluating fleet performance, connectivity, and prof-
itability under environmental constraints.

Distance is modelled as arc length
Another simplification is that distances between
airports are calculated as arc lengths, assuming
a spherical Earth. While this ignores some real-
world complexities such as air traffic control routing,
weather diversions, and geopolitical restrictions, the
arc length approximation is a standard and accepted
method in network optimisation. It provides a close
enough estimate of actual flight distances for the
purpose of fuel consumption and emissions calcu-
lations. Moreover, in the context of an optimisation
model that compares different fleet compositions
and operational scenarios, the relative differences in
flight distances are more important than absolute
accuracy. As all scenarios use the same distance
metric, the conclusions drawn from the comparisons
remain valid.

Fixed number of seats per aircraft
The model assumes that each aircraft type has a
fixed number of seats, rather than considering differ-
ent seating configurations based on route length or
demand variability. This simplification allows for a
more straightforward comparison of fleet efficiency
without introducing the complexity of dynamic ca-
pacity management. In practice, while airlines may
adjust seating configurations to suit different routes
or market conditions, these adjustments tend to be
marginal compared to the broader decisions related
to fleet renewal and CO2 emissions. By focusing
on a fixed number of seats, the model captures
the essential relationship between aircraft size, fuel
consumption, and profitability, while avoiding un-
necessary complications that would have minimal
impact on the overall findings.

No competition
Finally, the model does not account for competition
from other airlines, focusing solely on the network

optimisation of a single airline. While competition is
a significant factor in real-world airline operations,
its absence in this model is justified because the
study’s primary objective is to examine how differ-
ent fleet compositions perform under environmental
regulations and operational constraints. By isolating
the airline from competitive pressures, the model
allows us to focus on the intrinsic relationships be-
tween fleet renewal, CO2 caps, profitability, and con-
nectivity. Including competition would introduce
additional variables and noise that may obscure the
impact of the key decision variables being studied.
Moreover, many of the insights gained from this
isolated analysis can be extended to competitive
environments, as the core trade-offs between fleet
efficiency, emissions, and connectivity remain appli-
cable.

3.2 Mixed integer linear programming

The chosen solution method is mixed integer Linear
Programming (MILP) since it has the capacity to
handle the complexity and specificity of real-world
decision-making problems. MILP allows for the in-
tegration of both continuous and discrete variables,
enabling the precise modelling of scenarios where
decisions involve binary or integer choices, such
as the selection of fleet compositions or schedul-
ing options. This flexibility is essential when deal-
ing with constraints and objectives that require a
combination of different types of decisions, as it
allows for the simultaneous optimisation of diverse
factors within a unified framework. Krömer et al.
describes a MILP approach for a sustainable airline
planning and scheduling model which demonstrates
that airlines can reduce there number of flights and
therefore their emissions without significant profit
loss [26]. Lohatepanont and Barnhart state that even
though MILP is traditionally used for frequency
planning, it can also be used effectively for timetable
development [27].

3.3 Emissions calculation

To accurately estimate CO2 emissions for each flight,
this study uses OpenAP, an open-source aircraft
performance software. OpenAP estimates fuel con-
sumption and emissions based on real flight trajec-
tory data, incorporating factors such as aircraft type,
flight duration, and operational conditions [28].

By leveraging OpenAP, the research can obtain
precise emissions data for each flight segment. This
detailed information is crucial for assessing how
different fleet compositions and operational strate-
gies affect overall CO2 output. Integrating these
estimates into the optimisation model helps evaluate
the impact of CO2 emission limits on connectivity
and profitability.

OpenAP’s open-source nature also ensures trans-
parency, allowing for validation and adjustment of
emissions calculations as needed. This strengthens
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TABLE 1
Aircraft in fleet for baseline schedule

Aircraft Seats [-] Range [km]
A330-300 440 8200
A321 220 6000
A320 180 5000

TABLE 2
Replacement aircraft for fleet renewal

Replacement Seats [-] Range [km]
A330-200 406 8200
B737-900 215 4300
e190 114 3300

the credibility of the study and supports effective
strategies for reducing emissions in the airline in-
dustry.

3.4 Model inputs
This section outlines the key inputs used for mod-
elling fleet renewal effects within a CO2 restric-
tions framework. The data includes details on air-
craft, demand, ticket fares, operating costs, and a
representative sample of airports within the KLM
network, providing a foundation for analysing fleet
operations and network impact.

Aircraft
As on of the aims of this study is to find the ef-
fects of fleet renewal on the network within a CO2

restrictions framework, a list of aircraft and their
replacement is compiled based on availability in
OpenAP and comparability to the current KLM fleet.
In the synthetic flight data that is provided the fleet
consists of three aircraft types and since this data is
used throughout the project, this was chosen to do
as well. In table 1 and table 2 the relevant aircraft
data of both the baseline fleet and the replacement
aircraft are shown. For aircraft in the current KLM
fleet, the number of seats correspond to their current
seat layout [29]. Aircraft not currently operated by
the airline are equipped with the average number of
seats as used in OpenAP [28].

Demand, ticket fares and operating costs
The demand for each origin-destination (OD) pair
is extracted from the available synthetic flight data,
which includes a detailed weekly flight schedule
along with passenger information for both direct
and transfer flights. This dataset provides the num-
ber of passengers travelling from each origin to
each destination, irrespective of whether they are
direct or transfer passengers. To simplify the de-
mand estimation process, the weekly passenger to-
tals are averaged to obtain a daily demand figure.
This approach avoids the complexities of demand
forecasting, revenue management, and competitive
impact analysis, focusing solely on a straightforward
demand calculation.

For ticket fares, the dataset provides average fare
information for each OD pair. This average fare is
used directly in the analysis, aligning with the ap-
proach taken for demand estimation. This simplifies
fare considerations without delving into dynamic
pricing or competition effects.

Operating costs are derived from a dataset that
includes both direct operating costs (DOC) and in-
direct operating costs (IOC) per aircraft type for
the currently operated city pairs. To estimate the
total costs for each flight, an Ordinary Least Squares
(OLS) regression model is employed. This model es-
timates the relationship between the cost (dependent
variable, Y ) and distance (independent variable, X)
using the following linear equation:

y = Bx+ e (1)

Here, B represents the coefficient that quantifies
the relationship between distance and cost, x is the
distance, and e is the error term.

To estimate the coefficient B, the OLS regres-
sion is performed using known combinations of
distances and costs. The coefficient B is calculated
using the formula:

B =
(
XTX

)−1
XTY (2)

This calculation is executed in Excel, providing
an estimate for B based on the available data. With
B determined, the regression model is used to pre-
dict costs for connections where direct cost data is
not available.

The OLS regression is appropriate for this con-
text due to the linear relationship expected between
distance and operating costs. Assumptions underly-
ing this model include linearity and homoscedastic-
ity, which means the variance of the errors should
be constant across all levels of the independent
variable. This method ensures that cost estimations
for various OD pairs are based on a robust statistical
foundation.

Airports
The complete data set encompasses 135 airports
within the KLM network. These can be found in
table 3 to table 5. Nearby airports play a crucial
role in feeding traffic to long-haul flights. By strate-
gically scheduling shorter flights from these regional
airports to the hub, airlines can bring together
passenger demand from various locations, thereby
maximising the number of travellers boarding long-
distance flights. This feeder service helps ensure
that long-haul flights depart with higher passenger
loads, which is vital for maintaining profitability
and plays a role in the connectivity score of the
network as well.

3.5 Model set-up
The core of this research revolves around an airline
planning tool, which is formulated as a linear pro-
gramming (LP) model. This model simulates airline
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TABLE 3
Short-distance airports from AMS (under 1,500 km)

Airport code City Distance [km] Airport code City Distance [km]
ABZ Aberdeen 705 FLR Florence 1,060
AES Ålesund 990 FRA Frankfurt 360
AMS Amsterdam 0 GDN Gdańsk 925
ARN Stockholm 1,140 GOA Genoa 1,025
BGO Bergen 890 GRZ Graz 995
BHD Belfast 745 GVA Geneva 685
BHX Birmingham 440 HAJ Hanover 330
BIO Bilbao 1,070 HAM Hamburg 365
BLL Billund 475 HUY Humberside 470
BLQ Bologna 1,045 IBZ Ibiza 1,550
BOD Bordeaux 920 INV Inverness 905
BRE Bremen 300 KRS Kristiansand 870
BRS Bristol 500 LBA Leeds 465
BRU Brussels 160 LCY London City 335
BSL Basel 685 LHR London Heathrow 375
CDG Paris 400 LIN Milan Linate 830
CPH Copenhagen 625 LPI Linköping 1,035
CWL Cardiff 550 LUX Luxembourg 320
DRS Dresden 680 LYS Lyon 730
DUS Düsseldorf 180 MME Durham 500
EDI Edinburgh 665 MPL Montpellier 950
SOU Southampton 480 ZRH Zurich 610

TABLE 4
Medium-distance airports from AMS (1,500 – 3,500 km)

Airport code City Distance [km] Airport code City Distance [km]
AAL Aalborg 700 IST Istanbul 2,210
AGP Málaga 1,887 KBP Kyiv 1,800
ATH Athens 2,170 KRK Krakow 1,060
BCN Barcelona 1,240 LED St. Petersburg 1,770
BUD Budapest 1,150 LIS Lisbon 1,865
CAG Cagliari 1,475 MAD Madrid 1,450
CTA Catania 1,885 MAN Manchester 520
DUB Dublin 750 MXP Milan 825
FCO Rome 1,290 NCE Nice 980
GLA Glasgow 710 OTP Bucharest 1,850
GOT Gothenburg 765 PRG Prague 1,030
HEL Helsinki 1,830 TLV Tel Aviv 3,300
TRD Trondheim 1,650 VCE Venice 940
VIE Vienna 970 WAW Warsaw 1,180
ZAG Zagreb 1,180

operations by optimising for profitability under var-
ious constraints, including demand, fleet capacity,
and operating costs.

Sets, decision Variables, and parameters

The model considers three primary sets, which de-
fine the scope of the problem:

N : Set of airports in the network
K : Set of aircraft types available for scheduling
T : Set of time slots across the planning horizon

The decision variables in the model determine
the flow of passengers and the allocation of aircraft:

xijtota Direct passenger flow from airport i to
airport j, originating in time slot to and
departing in time slot ta

wijtotat2 Indirect passenger flow from airport i to
airport j, originating in time slot to,
departing in time slot ta, and
transferring at the hub in time slot t2

zijkta Number of flights from airport i to
airport j using aircraft type k departing
in time slot ta

yikt Number of aircraft of type k available at
airport i in time slot t

The model uses several key parameters that de-
fine the operational characteristics:
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TABLE 5
Long-Distance Airports from AMS (over 3,500 km)

Airport code City Distance [km] Airport code City Distance [km]
ATL Atlanta 6,960 JFK New York 5,870
BOG Bogotá 8,875 KIX Osaka 9,365
BOM Mumbai 6,755 KUL Kuala Lumpur 10,180
CGK Jakarta 11,205 LAX Los Angeles 8,987
CTG Cartagena 8,560 LIM Lima 10,230
CTU Chengdu 7,900 MEX Mexico City 9,240
DEL Delhi 6,370 MIA Miami 7,460
EZE Buenos Aires 11,360 MNL Manila 10,475
FOR Fortaleza 7,280 MSP Minneapolis 6,760
GIG Rio de Janeiro 9,320 ORD Chicago 6,635
GRU São Paulo 9,650 PEK Beijing 7,860
GYE Guayaquil 9,650 PVG Shanghai 8,925
HGH Hangzhou 8,800 SCL Santiago 11,950
HKG Hong Kong 9,160 SFO San Francisco 8,905
IAD Washington D.C. 6,220 SLC Salt Lake City 8,115
IAH Houston 8,200 TPE Taipei 9,775
IKA Tehran 4,190 UIO Quito 9,440
YEG Edmonton 7,040 YUL Montreal 5,475
YVR Vancouver 7,670 YYC Calgary 7,310
YYZ Toronto 6,010

BTij Block time from airport i to airport j,
including turnaround times

dij Distance between airport i and airport j
Fk Number of aircraft in the fleet for aircraft

type k
fij Ticket fare from airport i to airport j
H Hub index used to indicate the airline’s hub

airport
OCijOperating cost for a flight from airport i to

airport j
qijt Demand for travel from airport i to airport

j in time slot t
Sk Seat capacity of aircraft type k

Objective function
The objective of the model is to maximise the air-
line’s profit, calculated as the difference between
total revenue from ticket sales and the operating
costs. This is formulated as:

Maximise Profit =

∑

i∈N

∑

j∈N

∑

to∈T

∑

ta∈T

∑

t2∈T

[
fij × (xijtota + wijtotat2)

−
∑

k∈K

OCij × zijkta

]

(3)

The profit maximisation involves two primary
components:

• Revenue: Derived from direct and indirect pas-
senger flows, each multiplied by the corre-
sponding ticket fares.

• Costs: Represented by the operating costs as-
sociated with each flight, calculated per aircraft
type.

By optimising the decision variables, the model
aims to allocate flights and passenger flows in a

way that maximises profitability while adhering to
operational constraints such as fleet availability, seat
capacity, and demand fulfilment.

Pre-processing of decision variables
The decision variables that should be zero are fil-
tered out for efficient optimisation. This ensures that
unnecessary entries are excluded, maintaining a fo-
cus on realistic scenarios where aircraft are located.
This formulation ensures that only the realistic flows
of passengers are considered, avoiding unnecessary
computational complexity by excluding infeasible
or irrelevant scenarios. In the airline scheduling
optimisation model, the decision variable xijtota

represents the number of passengers flying from
airport i to airport j with a departure time slot to
and arrival time slot ta. Handling this variable in an
efficient manner is critical due to the large number
of possible combinations of i, j, to, and ta, many
of which are not feasible or relevant in practice.
Passenger flow x is zero if the departure airport
is de destination airport and if both departure and
destination airport are not the hub. Passengers are
assumed to be willing to depart two hours earlier
or two hours later than their desired departure time,
so when the actual departure time of is longer than
two hours before or after their original demand
departure time the values of xijtota are excluded.
This can be seen in equation 4 to equation 6

xijtota = 0, ∀(i, j) where i = j (4)

xijtota = 0, ∀(i, j) where i ̸= hub & j ̸= hub (5)

xijtota = 0, ∀(to, ta) where to − ta > 2 (6)

In the airline scheduling optimisation model,
the decision variable yikt represents the number of
aircraft of type k located at airport i during time slot
t. This variable ensures the availability of aircraft



8

when planning a flight. The presence of aircraft at
airports is constrained by several operational fac-
tors. At the beginning of the day (t = 0), only aircraft
stationed at the hub (i = hub index) should have
non-zero values. All other airports should have zero
aircraft. This can be seen in equation 7.

yikt = 0 ∀(i, t) where t = 0 & i ̸= hub (7)

In the airline scheduling optimisation model, the
decision variable zijkta represents the number of
aircraft of type k that depart from airport i to airport
j at departure time slot t. To efficiently manage
this variable, infeasible or irrelevant scenarios are
excluded. The decision variable zijkta is excluded
from the optimisation when the airport of origin i
and the destination airport j are both a spoke of the
hub-and-spoke network, as well as when the flight
time would exceed the length of the day. This can
be seen in equation 8 to equation 10. If the distance
from airport i to airport j exceeds range of aircraft
type k, the entry of zijkta is excluded as well.

zijkta = 0 ∀(i, j) where i ̸= hub & j ̸= hub (8)

zijkta = 0 ∀(i, j) where i = j (9)

zijkta = 0 ∀(i, j) where ta +BT ≤ tmax (10)

zijkta = 0 ∀(i, j) where dij ≤ Rk (11)

Decision variable wijtotat2 represents the number
of transfer passengers with original demand time to
and actual departure time ta flying from airport i
to airport j with a transfer at the hub at t2. This
decision variable has a very high number of possible
combinations, which makes it more critical to reduce
the size. As can be seen in equation 12 to equation 15
flow of transfer passengers is impossible when when
the actual departure time is longer than two hours
before or after their original demand departure time.
Also wijtotat2 should be set to zero when either i
or j is the hub, and when the transfer time is not
sufficient to catch the second leg of the flight.

wijtotat2 = 0 ∀(i, j) where i = j (12)

wijtotat2 = 0 ∀(to, ta) where |to − ta| > 2 (13)

wijtotat2 = 0 ∀(i, j, t2) where t2 < ta+BTij+TFmin

(14)
wijtotat2 = 0 ∀(i, j, t2) where i = hub or j = hub

(15)

Constraints
The constraints that describe the boundaries in
which the optimisation should fit that do not de-
scribe a necessity to be zero are used in the LP model
are described below. Constraint 16 makes sure the
total number of passengers transported from airport
i to airport j does not exceed the demand.

xijtota + wijtotat2 ≤ qijto , ∀i, j ∈ N (16)

The capacity constraint ensures that there are
no more passengers transferred than there are seats
available on the flights that serve these routes. The
number of passengers on a flight consists of direct
flow passengers, transfer passengers on the first leg
of their journey and passengers on their second leg,
as shown in constraint 17 to 19.

∑

to∈T

xijtota +
∑

m∈N,m̸=i

∑

t1∈T

∑

to∈T

wmjt1tota ≤
∑

k∈K

zijktaSk · LFmax, ∀j ∈ N, ta ∈ T if i = hub

(17)

∑

to∈T

xijtota +
∑

m∈N,m̸=j

∑

t2∈T

∑

to∈T

wimtotat2 ≤
∑

k∈K

zijktaSk · LFmax, ∀i ∈ N, ta ∈ T if j = hub

(18)

∑

to∈T

xijtota ≤
∑

k∈K

zktaij Sk · LFmax,

∀i, j ∈ N, ta ∈ T if i ̸= hub and j ̸= hub
(19)

Decision variable yikt is used as a helper to keep
track of available aircraft in the network. In the
morning all aircraft should be at the hub as seen
in constraint 20. Constraint 21 is used similarly to
have all aircraft return to the hub in the evening.

yikt = Fk, ∀k ∈ K if t = 0 and i = hub (20)

yikt = Fk, ∀k ∈ K if t = tmax and i = hub
(21)

Constraint 22 links helper decision variable yikt
to the rest of the model by ensuring there is an
aircraft of type k available to facilitate flight zijkt.

yikt ≥
∑

j∈N

zijkt, ∀t ∈ T, ∀i ∈ N, ∀k ∈ K, if i ̸= hub

(22)
Constraint 23 makes sure that there are no more

aircraft stationed at airport i than there are available
in the fleet.

yikt ≤ Fk, ∀i ∈ N, ∀k ∈ K, ∀t ∈ T (23)

Constraint 24 balances the number of aircraft for
each time period to the sum of incoming and outgo-
ing aircraft according to decision variable zijkt.

yikt = yik(t−1) +
∑

j∈N

zjik(t−BTji) −
∑

j∈N

zijkt,

∀i ∈ N, ∀k ∈ K, ∀t ∈ T, t ̸= 0, t ≥ BTji

(24)
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The optimisation model aims to solve the air-
line’s network scheduling problem by maximising
the operational profit under various constraints such
as aircraft availability, demand, and operational
costs. This optimisation process is carried out in-
dependently of the connectivity assessment and fo-
cuses on generating an optimal flight schedule based
on the given inputs.

After the optimisation has been performed and
the resulting schedule is generated, the quality of the
network is evaluated using the Netscan connectivity
model. The connectivity model, which is applied
as a post-processing step, calculates the overall net-
work connectivity by computing connectivity units
(CNU) for each connection. This connectivity score
serves as a key performance indicator (KPI) to assess
how well the optimised network facilitates passen-
ger flows, beyond just financial metrics.

Thus, the optimisation and connectivity evalu-
ation are distinct processes. The optimisation de-
termines the flight schedule, while the connectivity
model provides an after-the-fact assessment of the
network’s effectiveness in terms of passenger con-
nectivity. The connectivity assessment is described
in the following chapter.

Netscan connectivity model
The Netscan connectivity model rates every connec-
tion in the network by calculating so called connec-
tivity units (CNU) using equation 25 to equation
28. The sum of CNU for every connection in the
network, is the total NETSCAN connectivity score,
which can be compared for different scenarios.

The calculation process is outlined as follows:
1) Maximum perceived travel time (MAXT):

MAXT = (3− 0.075×NST )×NST (25)

where NST is the *Non-Stop Travel Time*. This
formula sets a cap on acceptable travel time,
which decreases as more sectors are added.

2) Perceived Travel Time (PTT):

PTT = FLY + (3× TRF ) (26)

This equation calculates the perceived travel
time, considering both flight time FLY and
transfer time TRF , with a heavier weight as-
signed to transfers.

3) Quality of Connection (QUAL):

QUAL = 1− PTT −NST

MAXT −NST
(27)

The quality of a connection is determined by
how close the perceived travel time PTT is to
the ideal *Non-Stop Travel Time* NST , scaled
by the maximum acceptable time MAXT .

4) Connectivity Units (CNU):

CNU = QUAL× FREQ (28)

The final CNU is calculated by multiplying
the quality of the connection QUAL by the
frequency FREQ of the connection.

The total Netscan connectivity score Total CNU
for the network is the sum of the connectivity
units (CNU) across all connections:

5) Connectivity of the network

Netscan Connectivity =
∑

i,j

CNUij (29)

where CNUij represents the connectivity units
for the connection from airport i to airport
j. This sum provides the overall connectivity
score for the network.

3.6 Computational set-up

The optimisation tasks for this research were ex-
ecuted on a personal computing system with the
following specifications:

• Processor: 2.3 GHz Dual-Core Intel Core i5
• Memory: 8 GB 2133 MHz LPDDR3 RAM
This configuration is a standard setup for per-

sonal or office computing environments. It features
a dual-core processor with a clock speed of 2.3
GHz, which is adequate for general computing tasks
and moderate optimisation problems. The 8 GB of
LPDDR3 RAM provides sufficient memory for han-
dling a variety of applications, though it may be
limiting for very large-scale optimisation problems
or highly complex models.

4 CASE STUDY

For the case studies, three key variables were mod-
ified: the CO2 cap imposed on the airline’s opera-
tions, capping the number of daily flight movements
and the percentage of new, more environmentally-
friendly aircraft in the fleet as described in section
3.4. These fleet composition scenarios are described
in section 4.1. These variables were adjusted across
16 scenarios for CO2 cap and 16 scenarios for flight
movement cap, divided into four primary groups
based on fleet composition. This is elaborated on in
section 4.2 and section 4.3.

4.1 Fleet composition scenarios

1) 100% old aircraft: In scenarios 1 to 4, the airline
operates exclusively with the old aircraft fleet.
The fleet composition includes aircraft with
seat capacities of 440, 220, and 180, distributed
across different fleet sizes.

2) 33% new aircraft: In scenarios 5 to 8, 33% of the
fleet is composed of newer, more fuel-efficient
aircraft. The fleet now includes aircraft with
varying seat capacities: 440, 406, 220, 215, 180,
and 114, distributed across different fleet sizes.

3) 66% new aircraft: In scenarios 9 to 12, 66%
of the fleet consists of new aircraft. The same
variety of seat capacities as in the previous
scenarios is maintained, with the distribution
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of fleet sizes adjusted to reflect the increased
proportion of new aircraft.

4) 100% new aircraft: In scenarios 13 to 16, the
airline operates entirely with new aircraft. The
fleet now consists of aircraft with seat capacities
of 406, 215, and 114, distributed across different
fleet sizes.

4.2 CO2 cap & fleet renewal scenarios
Each fleet composition scenario is analysed under
four different CO2 emission caps:

1) Scenario A: low CO2 cap
• Maximum CO2 allowance: 14 million kg
• This scenario applies to fleet composition sce-

narios 1, 5, 9, and 13. It evaluates the effects
of a low CO2 cap on the airline’s operations
and fleet efficiency.

2) Scenario B: moderate CO2 cap
• Maximum CO2 allowance: 13 million kg
• This scenario features a moderate CO2 cap,

applied to fleet composition scenarios 2, 6,
10, and 14. It explores the impact of a more
stringent emissions restriction on the overall
performance of the fleet.

3) Scenario C: stringent CO2 cap
• Maximum CO2 allowance: 12 million kg
• This scenario introduces a stringent CO2 cap,

applied to fleet composition scenarios 3, 7, 11,
and 15. It assesses the effects of tight emis-
sions restrictions on operational efficiency
and fleet utilisation.

4) Scenario D: very stringent CO2 Cap
• Maximum CO2 allowance: 11 million kg
• This scenario represents the most restrictive

CO2 cap, applied to fleet composition scenar-
ios 4, 8, 12, and 16. It evaluates the impact
of very tight emissions restrictions on fleet
performance and overall airline profitability.

This combination of fleet composition and CO2

caps results in a total of 16 unique scenarios, cover-
ing a wide range of operational and environmental
conditions. In table 6 the numbering of the scenarios
is covered.

TABLE 6
Scenarios with CO2 caps and fleet renewal percentages

CO2 cap [kg] 15 13 11 9
0% New Aircraft 1 2 3 4
33% New Aircraft 5 6 7 8
66% New Aircraft 9 10 11 12
100% New Aircraft 13 14 15 16

4.3 Restriction on the daily number of flights &
fleet renewal scenarios
In addition to analysing the impact of CO2 emis-
sion caps on airline network connectivity, another
critical sustainability measure under investigation

is the restriction on the daily number of flights.
This restriction is examined in conjunction with
fleet renewal strategies to assess its effects on the
operational efficiency and environmental footprint
of the airline network.

The restriction on the daily number of flights
aims to limit the total number of flights an airline
can operate each day. This measure is designed
to reduce the overall environmental impact of the
airline by decreasing the total number of aircraft
movements. By enforcing a cap on daily flights, the
airline can potentially lower its CO2 emissions and
fuel consumption, contributing to its sustainability
goals.

The impact of this restriction is evaluated in
several scenarios, varying by the extent of fleet
renewal and the level of daily flight limitations. The
primary objective is to determine how these
restrictions affect network connectivity and
operational efficiency. This analysis contributes
to a comprehensive understanding of how flight
restrictions and fleet renewal can be strategically
combined to enhance the sustainability of airline
operations while maintaining network performance
and efficiency.

1) Scenario A: low flight cap
• Maximum number of daily flights: 400 flights
• This scenario represents a baseline with a

low cap on the number of flights, applied
to fleet composition scenarios 17, 21, 25, and
29. It examines the effects of restricting flight
numbers while maintaining a static fleet com-
position.

2) Scenario B: moderate flight cap
• Maximum number of daily flights: 375 flights
• This scenario features a moderate cap on

daily flights, applied to fleet composition
scenarios 18, 22, 26, and 30. It explores the
impact of a more stringent flight restriction in
combination with partial fleet renewal.

3) Scenario C: stringent flight cap
• Maximum number of daily flights: 350 flights
• This scenario introduces a stringent cap on

the number of flights, applied to fleet compo-
sition scenarios 19, 23, 27, and 31. It assesses
the effects of tight flight restrictions alongside
a higher level of fleet renewal.

4) Scenario D: very stringent flight cap
• Maximum number of daily flights: 325 flights
• This scenario represents the most restrictive

flight cap, applied to fleet composition sce-
narios 20, 24, 28, and 32. It evaluates the
impact of very tight flight restrictions in con-
junction with full fleet renewal.
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TABLE 7
Scenarios with caps on the daily number of flights and fleet

renewal percentages

Daily flights [-] 400 375 350 325
0% New Aircraft 17 18 19 20
33% New Aircraft 21 22 23 24
66% New Aircraft 25 26 27 28
100% New Aircraft 29 30 31 32

5 RESULTS

This section presents the outcomes of the simula-
tions conducted to evaluate the impact of different
sustainability measures and fleet compositions on
airline operations. The analysis begins with a base-
line scenario, in which no sustainability restrictions
are imposed in section 5.1, followed by scenarios
that introduce CO2 emission caps and limitations on
flight movements in section 5.2 and section 5.3.

5.1 Baseline

The baseline model was run without any restric-
tions on CO2 emissions or the number of flight
movements. This scenario was tested for all four
fleet compositions, as described in section 3.4. The
results are presented in table 8, where differences in
performance between the fleets are primarily driven
by their composition.

As expected, CO2 emissions decrease as newer
aircraft are introduced. Fleet 4, composed entirely
of new aircraft, achieves the lowest emissions, with
a total of 13,289,018 kg. In comparison, fleet 1,
which consists of older, less efficient aircraft, emits
15,275,654 kg of CO2. This reduction in emissions
is accompanied by slight differences in profitability,
connectivity and then number of flight movements.
The differences in profitability, connectivity, and the
number of flight movements observed between fleet
2 and fleet 3 compared to fleet 1 and fleet 4 can be
attributed to the increased complexity of the model
for mixed fleets. In fleet 2 and fleet 3, there are more
possible combinations for the decision variable k,
representing aircraft types, as these fleets consist of
both older and newer aircraft. This introduces ad-
ditional complexity into the optimisation problem,
making it harder for the solver to reach an optimal
solution within the given computational limits. The
use of a solver with a 6% MIP gap means that the
solver stops once the solution is within 6% of the
optimal value. As a result, the differences in prof-
itability and connectivity for mixed fleets are likely
due to this gap, reflecting slight sub-optimalities in
the model’s solution when handling more complex
fleet compositions.

Figure 1 shows the network layout under the
baseline scenario. The network focuses on serving a
mix of short-haul and long-haul destinations, where
local flights are used to feed passengers to conti-
nental flights. This balance between short-haul and
long-haul routes allows the network to optimise

Fig. 1. Network lay-out in baseline scenario without sustainabil-
ity measures

both connectivity and profitability without any op-
erational restrictions.

In summary, the baseline scenario highlights the
trade-offs between connectivity, profitability, and
emissions across different fleet compositions. Fleet
4 shows to be the most environmentally efficient
option, providing a clear advantage in reducing CO2

emissions as expected.

5.2 CO2 limitations and fleet renewal

In table 9 an overview is given of all results for
the sixteen different scenarios where a limit on the
allowed CO2 emissions is imposed.

The results regarding connectivity are illustrated
through the three heat maps in figures 2, 3, and
4, which visualise the connectivity scores under
different fleet and CO2 cap scenarios. As can be
seen, both direct and indirect connectivity decrease
with the CO2 emissions restrictions but increase
with fleet renewal. As expected, a new fleet with
a low CO2 cap leads to a high direct connectivity
score, whereas an old fleet and a high CO2 cap
result in a lower direct connectivity score. The direct
connectivity loss caused by capping allowable CO2

emissions is mitigated by fleet renewal, resulting in
an 8.3% increase in connections compared to the old
fleet.

In figure 3, the connectivity from indirect flights
involving transfers at the hub is assessed. When
comparing this to the direct connectivity heat map,
it can be seen that fleet renewal is also effective in
mitigating the loss of indirect connectivity, with an
8.9% increase in the connectivity score for newer
fleets.

Combining both direct and indirect connectivity,
the total connectivity heat map offers a comprehen-
sive view of overall network performance. As shown
in figure 4, indirect connectivity plays a significant
role in maintaining overall connectivity, especially
when direct flights are limited by CO2 caps. With
a fully renewed fleet, high connectivity scores can
be achieved despite stringent environmental con-
straints. For example, under the strictest CO2 cap
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TABLE 8
Profit, connectivity, CO2 emissions, and flight movements in the baseline scenario with no sustainability restrictions for all fleet

compositions

Scenario Fleet [-] Profit [e] Connectivity [-] CO2 [kg] Flight movements [-]
40 1 360,030,246 1296 15,275,654 414
41 2 358,454,305 1372 14,522,807 413
42 3 358,704,047 1340 13,844,492 412
43 4 360,030,246 1296 13,289,018 414

TABLE 9
Overview of scenarios with CO2 limits

Scenario Fleet [-] Profit [e] Connectivity [-] CO2 [kg] Flight movements [-] Cap [kg CO2]
1 1 356,610,134 841 13,997,908 363 14,000,000
2 1 348,219,919 635 12,998,964 320 13,000,000
3 1 336,571,102 468 11,999,479 280 12,000,000
4 1 322,827,746 317 10,999,942 239 11,000,000
5 2 358,278,419 1,176 13,998,026 397 14,000,000
6 2 353,348,725 787 12,999,975 348 13,000,000
7 2 344,051,842 637 11,997,489 307 12,000,000
8 2 331,903,366 416 10,999,787 266 11,000,000
9 3 358,280,172 1,488 13,925,170 412 14,000,000
10 3 356,491,706 957 12,999,958 378 13,000,000
11 3 349,805,807 712 11,992,157 333 12,000,000
12 3 338,635,438 583 10,998,562 289 11,000,000
13 4 360,351,101 1,324 13,198,889 410 14,000,000
14 4 359,698,584 1,312 12,998,174 403 13,000,000
15 4 354,523,769 782 11,997,344 355 12,000,000
16 4 343,561,530 579 10,999,966 310 11,000,000

Fig. 2. Heat map of the 16 scenarios and their corresponding
direct connectivity

(Scenario 4, 11 million kg), fleet 4, which consists en-
tirely of new aircraft, maintains a total connectivity
score of 1324.03, which is a 39% reduction from the
unrestricted baseline score of 1434. By comparison,
fleet 1, which is composed entirely of older aircraft,
sees its connectivity score drop by over 50%, from
1434 to 317.

Fleet 2 (Scenario 6, 13 million kg) and Fleet
3 (Scenario 10, 12 million kg) also show a better
ability to preserve connectivity compared to Fleet 1.
However, the data clearly indicates that as the pro-
portion of new aircraft increases, so does the airline’s
ability to maintain its network. Fleet 4’s performance
illustrates the advantage of operating with modern,

Fig. 3. Heat map of the 16 scenarios and their corresponding
indirect connectivity

fuel-efficient aircraft, enabling the airline to meet
environmental targets without sacrificing as much
network connectivity.

Figure 5 displays CO2 emissions on the x-axis
and corresponding profits on the y-axis for each of
the four fleets, across various CO2 cap scenarios.
Each fleet’s performance is traced across the sce-
narios, showing how profitability varies with CO2

emissions. The graph demonstrates that newer fleet
configurations are better able to maintain profitabil-
ity under stricter CO2 caps. While all fleets show a
decline in profit as CO2 restrictions tighten, fleet 4
retains significantly higher connectivity and profit
compared to fleet 1. Specifically, fleet 4 (Scenario 13,
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Fig. 4. Heat map of the 16 scenarios and their corresponding
total connectivity

Fig. 5. CO2 emissions and profit of the four different fleet
compositions under emissions restrictions

14 million kg) shows profits of 360 million euros
compared to fleet 1’s 356 million euros reflecting the
improved adaptability of a modernised fleet.

The CO2 emission capping scenarios present a
balanced trade-off between profit, connectivity, and
CO2 savings compared to the flight movement lim-
itation scenarios discussed in section 5.3. Compared
to the flight movement cap, CO2 caps push airlines
to make broader operational adjustments, resulting
in more gradual declines in both profitability and
connectivity. For instance, Scenario 4 (11 million kg
of CO2) achieves significant CO2 savings compared
to Scenario 40 (more than 15 million kg), but with a
noticeable impact on profitability, which drops from
132 million euros to 124 million euros. Connectivity
also decreases from 1434 to 666, showing that the
CO2 cap requires airlines to cut routes or use more
efficient aircraft.

In Fleet 3, Scenario 12 results in emissions of 11
kg, down from almost 14 million kg in Scenario 42.
Profitability decreases from 131 million euros to 129
million euros, and connectivity decreases from 1340

Fig. 6. Network lay-out in scenario 4: CO2 cap of 11 million kg
CO2, old aircraft

Fig. 7. Network lay-out in scenario 9: CO2 cap of 14 million kg
CO2, 66% new aircraft

to 712. The findings suggest that CO2 caps require
airlines to make incremental changes across their
operations, leading to more balanced outcomes in
terms of profit and connectivity compared to the
more abrupt adjustments required under flight caps.

Overall, the CO2 emission cap strategy leads to
a more flexible and sustainable approach, allow-
ing airlines to reduce their environmental impact
while balancing reductions in profitability and con-
nectivity. Unlike flight caps, which directly limit
operational capacity and more heavily impact con-
nectivity, CO2 caps encourage gradual operational
adjustments that lead to more sustainable outcomes
in the long run, while maintaining profitability of
the airline.

When looking at the network lay-out of the worst
scoring scenario in figure 6 and the best scoring
scenario in figure 7 in terms of connectivity, it can
be seen that the network is similar. The destinations
reached by the airline are similar, the frequency of
flying is not.

5.3 Limitations on flight movements and fleet
renewal
In table 10 an overview is given of all results for
the sixteen different scenarios where a limit on the
number of flight movements is imposed.

Figures 9, figure 10, and figure 11 illustrate the
heat maps of connectivity scores for scenarios 17 to
32, showcasing the effects of capping the number of
flight movements connectivity across different fleet
compositions. In figure 8 the profit and emissions
for the different fleet types can be found.
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TABLE 10
Overview of scenarios with a limited number of flight movements

Scenario Fleet [-] Profit [e] Connectivity [-] CO2 [kg] Flight movements [-] Cap [Flights]
17 1 359,565,562 1,172 15,030,565 400 400
18 1 358,318,870 1,023 14,516,766 375 375
19 1 355,788,660 863 14,137,571 350 350
20 1 351,368,419 802 13,684,364 325 325
21 2 357,565,220 1,217 14,299,968 400 400
22 2 357,030,210 1,034 13,939,078 375 375
23 2 355,061,316 887 13,483,823 350 350
24 2 350,929,452 711 13,117,982 325 325
25 3 358,069,188 1,311 13,737,098 400 400
26 3 357,465,763 1,080 13,393,152 375 375
27 3 355,084,079 874 12,986,369 350 350
28 3 350,870,679 827 12,616,185 325 325
29 4 359,565,562 1,172 13,097,072 400 400
30 4 358,322,147 1,055 12,688,417 375 375
31 4 355,792,641 834 12,428,553 350 350
32 4 351,368,419 802 12,088,465 325 325

Fig. 8. CO2 emissions and profit of the four different fleet
compositions under restricted number of flight movements

The analysis of the flight cap scenarios demon-
strates how restrictions on the number of flight
movements influence emissions, profit, and connec-
tivity. Connectivity is influenced not only by the
number of destinations and frequency but also by
the quality of connections passengers experience,
including indirect connectivity as described in sec-
tion 3.5. This dual aspect suggests that even as the
number of flights decreases, it is possible to maintain
or enhance overall connectivity through optimised
indirect connections.

As the cap on flight movements is progressively
reduced, from no cap to limits of 400, 375, 350,
and finally 325 flights, emissions and profits gener-
ally decrease. This trend aligns with expectations,
as fewer flights lead to lower fuel consumption,
which reduces emissions, and a decreased number
of flights also implies fewer opportunities for rev-
enue generation. However, the impact on connectiv-
ity is more nuanced due to the interplay between
direct and indirect connectivity. In some cases, con-
nectivity decreases as the cap tightens, but in others,
it surprisingly remains stable or even increases, sug-

Fig. 9. Heat map of the 16 scenarios and their corresponding
direct connectivity under restriction on the daily number of
flights

gesting that optimising indirect connectivity plays
a crucial role in maintaining network performance
under constrained conditions.

Starting with direct connectivity matrix in figure
9, a clear pattern is observed as flight caps are
introduced. As seen, direct connectivity decreases as
flight caps tighten. For fleet 4, the direct connectivity
score starts at 400 with no cap and drops to 325 when
the cap is set to 325 flights. This decrease is expected,
reflecting the reduced number of available direct
flights as constraints are imposed. In comparison,
fleet 1 shows a similar decline, from 400 to 325
direct connections under the same conditions. This
trend highlights the inherent limitations of operating
under tighter flight constraints.

Indirect connectivity scores reveal the capacity
of each fleet to leverage connections through the
hub. Fleet 3 maintains the highest indirect connec-
tivity, reflecting its ability to support passengers
effectively even as direct connections decline. This
demonstrates that while direct connectivity suffers
under caps, the operation of indirect connections is
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Fig. 10. Heat map of the 16 scenarios and their corresponding
indirect connectivity under restriction on the daily number of
flights

Fig. 11. Heat map of the 16 scenarios and their corresponding
total connectivity under restriction on the daily number of flights

crucial for overall network performance.
In figure 10 the heat map is show of the indi-

rect connectivity for the scenarios with a restricted
number of flight movements.

The total connectivity scores illustrate that while
direct connectivity diminishes with flight caps, the
optimisation of indirect connectivity helps to miti-
gate some of the negative impacts associated with
flight movement restrictions. For example, even
with a reduction in direct connectivity, fleet 3
achieves a total connectivity score of 873.94 under
the 350 flight cap, indicating effective use of remain-
ing flights to serve passengers indirectly and serve
more OD-pairs.

When examining emissions and profit, it is clear
that emissions predictably decrease as flight caps are
introduced, since fewer flights lead to lower fuel
consumption. For instance, in fleet 1, the profit in
Scenario 20 (325 flights) drops slightly from almost
$130 million euros to $130 million euros, while CO2

emissions reduce from 11.55 million tons to 9.38
million tons. This suggests that airlines can manage
their operational costs effectively despite the limita-
tions imposed by flight caps.

In fleet 2, Scenario 24 (325 flights) results in CO2

emissions of 8.71 million tons compared to 11.19
million tons in Scenario 41, with a moderate profit
decline from $131.60 million to $129.46 million. The
relatively stable profitability indicates that airlines
maintain financial stability by focusing on optimis-
ing the yield per flight and improving the utilisa-
tion of the remaining flights, even as connectivity
becomes constrained.

In summary, while direct connectivity behaves as
expected, decreasing with fewer flights, the ability
to optimise indirect connections is crucial for main-
taining overall connectivity. The interplay between
profit, emissions, and connectivity underscores the
need for airlines to adapt their operations strategi-
cally to navigate regulatory constraints while ensur-
ing operational efficiency.

6 CONCLUSION

The analysis emphasises the crucial influence of fleet
composition in minimising the impact of CO2 emis-
sions caps on airline connectivity. Newer and more
fuel-efficient fleets are far better suited to comply
with strict emissions limits while still preserving
high levels of connectivity. In contrast, older fleets
encounter significant operational difficulties when
faced with stricter environmental regulations, which
can greatly restrict the airline’s ability to optimise
its network. These results underline the necessity
of investing in modern, efficient aircraft to adapt
to ever-tightening environmental standards while
maintaining operational efficiency.

The findings make it clear that fleet renewal and
the implementation of sustainability measures, such
as CO2 caps, play a significant role in shaping an
airline’s connectivity. While older aircraft struggle
under these constraints, newer, more fuel efficient
aircraft allow airlines to sustain connectivity. Strate-
gically updating the fleet not only alleviates the
negative effects of sustainability initiatives but also
positions the airline for enhanced overall network
performance, as evidenced by improvements in the
Netscan connectivity score. This underscores the
essential role of modernising the fleet in securing
long-term connectivity and competitiveness in a reg-
ulated industry.

When comparing the two environmental strate-
gies, the analysis reveals that the connectivity losses
resulting from restrictions on the number of flight
movements cannot be offset by simply deploy-
ing newer aircraft as expected. This approach also
proves to be less effective in reducing CO2 emissions
since the model tends to focus on longer flights,
leading to a lower connectivity score when fleet
size is limited. Consequently, if regulations on flight
movements were to be enforced, the airline would
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be unable to mitigate connectivity losses through
fleet renewal alone, contrary to expectations. How-
ever, under CO2 emissions caps, the airline can pre-
serve its connectivity by replacing older aircraft with
more fuel-efficient models. In this scenario, a newer
fleet can effectively sustain both connectivity and
profitability, even within the confines of emissions
regulations.

7 RECOMMENDATIONS

For further research it is recommended to do the
same analysis and calculate the IATA connectivity
index for the different scenarios. The main appli-
cation of the NetScan air connectivity model is for
competitive analysis of airline and airport networks.
By contrast, the IATA air connectivity index, which
evaluates air connectivity for cities, countries and
regions, is designed for use by policy makers to im-
prove air connectivity in their countries and regions
with the view to unlock the potential for economic
growth [14].

In this research the analysis was done for a set
of 135 airports, but only current KLM destinations
were considered as there was no pricing or demand
information available for other airports. In order to
make a better assumption of the consequences of
sustainability measures on the connectivity of KLM,
the possibility of serving other markets should be
considered.

In light of the findings from this study, future
research should consider incorporating flexibility
in aircraft start locations, allowing them to begin
operations from where they were left at the end
of the day. This change could significantly enhance
operational efficiency, as aircraft would be better
positioned to optimise their routes based on de-
mand. Allowing aircraft to start at various airports
within the network could lead to a more diverse
range of route offerings, ultimately increasing over-
all connectivity for the airline. Expanding the model
to simulate a full weekly schedule would provide
a more comprehensive view of airline operations,
including the dynamics of overnight stays at var-
ious spokes, which would enable a more realistic
representation of how airlines manage their fleets.
Additionally, future iterations of the model should
incorporate start-up costs associated with. These
costs can impact overall profitability and should be
accounted for when evaluating the financial impli-
cations of flexible start locations. Understanding the
trade-offs between operational efficiency and start-
up costs will provide valuable insights for decision-
makers aiming to optimise their fleet operations.
With advancements in computational power and
algorithms, there is an opportunity to apply more
sophisticated optimisation techniques to the model,
facilitating the handling of larger datasets and more
complex scenarios while allowing for a deeper anal-
ysis of various operational strategies.

This leads to another limitation encountered in
this study was related to the data, specifically the
inability to differentiate between Direct Operating
Costs (DOC) and Indirect Operating Costs (IOC).
Since the costs associated with aircraft not being
used were not penalised, the model did not account
for the financial inefficiencies of idle aircraft. In prac-
tice, unused aircraft represent a significant cost for
airlines, including parking fees, maintenance, and
lost revenue opportunities. Incorporating a penalty
for under-utilisation in future models could provide
a more accurate reflection of real-world operating
conditions and help airlines make more informed
decisions regarding fleet deployment and network
design.

Additionally, the CO2 emissions calculations
in this study were performed using the OpenAP
model, which did not accommodate the use of next-
generation aircraft. This limitation meant that the
potential benefits of more modern, fuel-efficient air-
craft could not be fully explored. Given the rapid
pace of technological advancements in aviation, in-
corporating newer aircraft models into future evalu-
ations could offer more insights into how airlines
can meet stricter environmental regulations while
maintaining connectivity. Including next-generation
aircraft in the analysis could highlight opportunities
for airlines to further reduce emissions and improve
overall efficiency in their networks.
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Leestemaker. Updated impacts of a CO2 ceiling for
Dutch aviation. CE Delft for Ministry of Infrastructure and
Water Management, December 2022.

[24] G. Burghouwt, R. Redondi. Connectivity in Air Transport
Networks, An Assessment of Models and Applications.
Journal of Transport Economics and Policy, 47:35–53, 2013.

[25] Hayley Morphet and Claudia Bottini. Air connectivity:
Why it matters and how to support growth. Connectivity
and growth - Directions of travel for airport investments, 2014.
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1
Introduction

As the interest in tackling the global warming and air quality problems has been growing worldwide, the
aviation industry can not fall behind. The aviation industry was responsible for 2.5% of the global emission
of CO2 in 2018 and is expected to keep growing [10]. CO2 is not the only problem. Contrails, nitrogen oxides
and particulate matter are amongst the combustion products of aircraft engines that pose a threat to the
environment and public health [60][9][62]. The airline fleet and network planning is a long-term strategic
problem that is usually driven by market and financial factors [11]. However, sustainable goals are gaining
increasing importance in these decisions. In line with this, new technologies and environmental policies
have been proposed, but so far there is still a lot to win in aviation regarding sustainability.
Inhabitants of residential areas surrounding airports are protesting against the growth of airports due to noise
and emissions nuisance. Schiphol airport in The Netherlands, the hub of KLM Royal Dutch Airlines, is situ-
ated in a densely populated area. In 2008 the capacity ceiling of the airport was set at 500,000 flight move-
ments per annum [54]. Since 2017 Schiphol has been operating very close to this maximum capacity, while
resistance of the population of Amsterdam and surrounding areas increased [39]. In the summer of 2022
the Dutch government decided that Schiphol airport has to reduce the annual number of flights by 12% to
440,000 by November 2023 [8]. However, the government proposed to allow growth from 2027 onward under
the condition that the nuisance will not exceed what 440,000 annual flights cause today [37].
The shrinkage of Schiphol airport will have big consequences for KLM. The airline uses Schiphol as a hub for
its operations and operates around 70% of the flight movements [53]. Airport hubbing is a practice where an
airline uses a particular airport as a central connecting point for its flights. The airline schedules its flights
in such a way that passengers can conveniently transfer from one flight to another at the hub airport, often
resulting in shorter travel times, increased frequency of flights, and a wider range of destination options.
The hub function for KLM is one of the reasons that Schiphol is ranked number one in the ACI EUROPE
Airport Industry Connectivity Report of 2022 [3]. A high airport connectivity has great benefits for the areas
surrounding the airport and is one of the key drivers of economic growth [20][33][22].
From KLMs perspective connectivity is a critical component of their success as well. By offering a wide range
of destinations, airlines can increase their revenue by attracting more passengers who prefer to fly to their
desired destination on the same airline without having to self-connect. Airlines that are able to offer unique
connections and itineraries tend to outperform their less connected rivals [24]. Airlines with a strong network
have a competitive advantage over their rivals, as passengers are more likely to choose an airline that offers
them a more convenient and efficient route to their destination, leading to customer loyalty, repeat business
and positive recommendations [26].
It is therefore necessary to research other options to decrease emissions and improve air quality around air-
ports without having to weaken the hub function of KLM and connectivity of Schiphol Airport. This is espe-
cially important since de-hubbing of an airport is very likely to be irreversible [50]. In this work the possibil-
ities and opportunities of using an airline planning framework to decrease aircraft emissions are researched.
The goal is to find an approach that has not yet been researched and that can contribute to a future where
Schiphol connects The Netherlands to the rest of the world while making sure the Amsterdam area stays a
wonderful place to live.
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2
The airline planning process

An airline planning framework is a crucial tool for managing an airline, which encompasses a range of tasks
from long-term strategic planning to short-term operational decisions. By developing an effective planning
framework, airlines can balance their goals with the impact on the environment and community, ensuring
that their growth is sustainable and benefits all stakeholders involved.
To develop an airline planning framework in which the negative influences of Schiphol Airport on the envi-
ronment and community around Amsterdam are compared to the connectivity of the airline, it is important
to understand the airline planning process and the tools that are available. When managing an airline, a
planning framework is used, which is divided in different tasks ranging from long term to short term plan-
ning. As can be seen in Figure 2.1 the long term planning corresponds to strategic decisions and the short
term planning corresponds to operational decisions. This document focuses on all parts of the process in
order to identify where there is a gap in literature. The figure shows that this includes network development,
fleet planning and frequency planning. The fleet assignment is also considered, as the composition of the
fleet has a large impact on the emissions, the ASKs and frequency on a route.
The steps in the airline planning process are interconnected and would ideally be performed at once. How-
ever, as this would enlarge the problem enormously these tasks are performed individually and iterated in
order to find the best solution. In Section 2.1, Section 2.2 and Section 2.4 the network planning, fleet plan-
ning and frequency planning process are described. The other tasks in the timeline show in Figure 2.1 are
beyond the scope of this work. In the last section, Section 2.6 a summary is given of this chapter.

2.1. Network development
The network development phase combines route planning and network structure. Route planning refers to
the identification of origin-destination pairs that optimize profit, based on demand and revenue forecasts.
This takes technical aircraft capabilities, airport availability, regulatory issues and other practical constraints
into account. The choice of network structure determines how to serve the profitable Origin-Destination
(OD) pairs. Currently, there are two network structure types that are widely used, Point-to-Point (P2P) and
Hub-and-Spoke (H&S). A schematic version of both network types can be found in Figure 2.2 1.

Point-to-point network
In a P2P network structure, the airline OD-pairs are connected by direct flights. This network structure is
particularly profitable on high demand routes, however Low Cost Carriers (LCCs) operate purely on a P2P
basis and have managed to exploit routes with a lower demand as well by cost effective operations.

Hub-and-spoke network
KLM is a H&S network carrier and operates with Schiphol Amsterdam Airport as its hub. A H&S network
operates OD-pairs with flight connecting at the hub. This allows passengers with different origins and desti-
nations to board the same flight and makes routes with a lower demand profitable. To facilitate fast transfers,

1https://transportgeography.org/contents/chapter2/geography-of-transportation-networks/point-to-point-versus-hub-and-spoke-
network/
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Figure 2.1: Airline planning framework timeline [11]

Figure 2.2: Schematic representations of a P2P network (left) and a H&S network (right)
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most hub airports work with connecting banks or waves. Passengers and cargo from the origins arrive at the
hub at the start of the wave, have time to transfer to the connecting flight, and depart to their destinations at
the end of the wave. Even though this ensures quick transfers, there are downsides to this approach. During
the waves, the hub runs on peak capacity, which congestion and its extra emissions as a result, while only
little capacity is used outside of the waves. To use resources more evenly some airlines have introduced the
rolling hub, at which arrivals and departure are spread over the day, but with a high probability of longer
transfer times.
Katz and Garrow (2014) quantified the revenue and operation impacts of depeaking hubs in the U.S, using
difference-in-difference methods. In this research it was concluded that for the five U.S. hubs, the depeaking
improved operations but had a mostly negative impact on the revenue per ASK. However, the cost saved by
the improved operations in the rolling hub was not mentioned [16]. Brueckner and Lin (2016) modelled a
rolling hub to trade-off convenient flight connections with airport congestion. Layover costs were attributed
to longer transfer times and it was concluded that in case of a monopoly hub carrier the flights were more
concentrated if the layover cost is high, and less concentrated for low layover cost. When fringe carriers were
included, the hub carrier tended to concentrate its flights and in case of two hub carriers, the outcome resem-
bled the monopoly case [27]. The link between hub operations and emissions at an airport is made by Levine
and Gao (2007). A queuing model for aircraft waiting to depart was made and the emissions associated to
aircraft taxi-out over the course of a day at Newark Liberty International Airport were computed for different
scenarios and it was concluded that congestion mitigation and fleet restructuring could lead to significant
decrease in emissions at the airport [12].
The missing link in literature is the connectivity loss of an airport or airline when changing hub operations
to decrease emissions. Emission mitigation solutions have been researched extensively and the benefits of
certain strategies for the environment can not be denied. However, the connectivity of large hub airports as
Schiphol airport should be included in research.

2.2. Fleet planning
Together with the network development, fleet planning is the most long term and strategic step in the process.
During fleet planning is decided what type and how many aircraft should be acquired to serve the network.
The ultimate goal is to match required Available Seat Kilometres (ASKs) and produced ASKs. As there are
many uncertainties regarding demand and revenue forecasts as well as regulations and politics, a solid fleet
plan should be flexible and suitable for multiple scenarios. Belobaba et al. described two fleet planning
approaches; the top-down approach and the bottom-up approach [46].

Top-down approach
The top-down or macro fleet planning approach is based on many assumptions regarding demand forecasts,
future aircraft specifications and financial data. All these assumptions are used to estimate financial impact
of possible fleet acquisition scenarios. Even though this approach offers a rough estimate at best, this manner
of working is widely adopted in the airline industry.

Bottom-up approach
The bottom-up or macro approach is a more refined strategy. A model is made, taking into account more de-
tails and system complexities. While the top-down approach accepts general data, the bottom-up approach
aims at a more realistic representation of the future. However, with the high level of uncertainties, more
detail in the models does not necessarily mean a more realistic model. This approach requires more compu-
tational time and modelling effort, while still giving highly uncertain results, hence the top-down approach
is preferred in most cases.

Fleet planning and emissions
The next generation aircraft that are taken into service now are 20% more fuel efficient than their predeces-
sors, but more fuel efficient aircraft emit more NOx , creating a trade-off between fuel efficiency, including
CO2 emission and NOx emission [38]. The early retirement of the older aircraft of a fleet comes at a cost.
Rosskopf et al. (2014) used a multi-objective linear programming model to optimise the fleet composition,
fleet development and fleet employment of an airline, trading off environment and economical optimal fleet
plan. In their case study for a major European airline the model showed that the airline had to deviate 3%
from their economical optimum to improve their environmental foot print by 6% [36]. Dray et al. (2014) dis-
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cuss a carbon tax which is used to fund fleet renewal subsidies and predicts a 34% decrease in CO2 emissions
with this policy aiming at retirement of aircraft over 20 years old [29].
Grampella et al. (2016) did an econometric analysis of 1500 aircraft-engine combinations and concluded
that aircraft age is the the main determinant of environmental cost and that medium size aircraft have a
better environmental performance per ASK than both small and large aircraft. Only for very low demand,
small aircraft are the better choice [34]. Ekici et al. (2023) did more research into engine-aircraft pairing.
This study suggests that airlines and policy makers should consider specific aircraft-engine parings in their
calculations of fuel consumption and emissions, instead of directly using the fuel consumption given by the
engine manufacturers [55].

2.3. Fleet assignment
The fleet assignment problem (FAP) involves selecting the appropriate types of aircraft, each with varying
capacities, for scheduled flights. This decision takes into account the availability of planes, their capabili-
ties, operating costs, and potential revenue. Because fleet assignment directly affects an airline’s revenue, it
plays a critical role in the broader scheduling process. However, with the vast number of daily flights and
the interconnections of the FAP with other airline operations, finding the best solution has always been a
difficult challenge for airlines [? ]. Abara (1987) addressed the FAP by developing and solving an integer lin-
ear programming model that allows multiple fleets to be assigned to a flight schedule at the same time. The
model’s objective can vary, focusing on maximising profit, minimising costs, or optimising the use of spe-
cific fleet types. This approach thereafter was used by several departments at American Airlines to support
their fleet planning and schedule development efforts [? ]. Understanding that flexibility in scheduled flight
departure times can lead to better flight connections and more cost-efficient fleet assignments, Rexing et al.
(1997) introduced a generalised fleet assignment model that simultaneously assigns aircraft types to flights
and schedules departure times. This model, which is a straightforward extension of standard fleet assign-
ment models, allocates a time window to each flight and divides it into intervals, enabling the optimisation of
departure times [? ]. In chapter 4 one the most widely used connectivity scaling system, Netscan connectivity,
relies heavily on the scheduling of the connections, which makes a time slot based scheduling tool a viable
option for future research.
More recently, Xu et al. (2024) developed an integrated mixed-integer optimisation model that simultane-
ously determines flight schedules, fleet assignments, and average airfares, since airline profits are largely
driven by how well flight schedules align with passenger demand and available fleet resources. The model
accounts for passenger preferences by incorporating a prospect theory-adjusted, nested multinomial logit
model to predict market share. To simulate competitive behaviour, the model is set within a differentiated
Bertrand game framework, where each airline optimises its strategy based on the market share outcomes. To
tackle the complexity of this integrated problem, we introduce a hybrid algorithm that efficiently combines
stabilised column generation with a large neighbourhood search technique [? ].

2.4. Frequency planning
In the frequency planning stage it is investigated how often an airline should fly on the routes determined
in the network development stage. This is closely connected to fleet planning, since aircraft with a higher
seat capacity are able to transfer more passengers per flight than smaller aircraft and are able to serve the
same demand with a lower flight frequency. However, flying a certain route at a higher frequency with smaller
aircraft can be beneficial. Givoni and Rietveld (2010) researched the environmental implications of the choice
of aircraft size and found that increasing aircraft size and adjusting the frequency accordingly to allow for
the same number of available seats lead to more local pollution, but decreased the global impact [30]. This
research was limited to the replacement of Airbus A320-200 and Airbus A319-100, considered ’small’ aircraft,
with Boeing 747-400 and A330-300, considered ’large’ aircraft. In the case of KLM the fleet is more extensive
and varied. KLMs ambition to accelerate its fleet renewal and the availability of more modern and more
energy efficient aircraft could lead to different results.

2.5. Airline routing
Airline routing refers to the process of determining the specific paths or routes that aircraft will follow to con-
nect different airports within an airline’s network. This involves planning and organising flights so that they
efficiently link various destinations, considering factors like fuel efficiency, airspace regulations, weather con-
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ditions, and overall operational costs. An important aspect of airline routing is the design of a schedule that
is minimally influenced by propagated delays. Yan & Kung (2014) presents a robust optimisation approach
to reduce total propagated delays in aircraft routing by minimising the worst-case delays, rather than relying
on expected delay distributions. The model accounts for correlations in delays, like those caused by weather,
which are often overlooked by other methods. Testing with real and simulated data shows that this approach
generally outperforms traditional methods by reducing average delays, volatility, and extreme delays [? ].
One of the trend is in operations research literature is the integrated approach of multiple steps in the airline
planning process. Ben Ahmed et al. (2022) propose an integrated fleet assignment, aircraft routing, and crew
pairing algorithm that proved efficient when doing computational experiments on a real airline.

2.6. Summary & conclusions
To develop an airline planning framework in which the negative influence on the environment is minimised,
it is important to understand the airline planning process. When managing an airline, a planning framework
is used, which is divided in different tasks ranging from long term to short term planning. This document only
considers long term airline planning. This is where strategic decisions should be made regarding fleet plan-
ning, network development and frequency planning. The route planning problem addresses the question
from which origin to which destination to fly while making profit based on demand and revenue forecasts. A
choice must be made between operating an H&S or a P2P network. Together with the network development,
fleet planning is the most long term and strategic step in the process. During fleet planning it is decided what
type and how many aircraft should be acquired to serve the network. A top-down approach based on many
assumptions regarding the future is most widely used. In the frequency planning stage it is investigated how
often an airline should fly on the routes determined in the network development stage. As the goal of this
research is to find an approach to investigate the impact of sustainability measures on the connectivity of the
airline, the focus should be on route and frequency planning. The different fleet planning approaches are less
relevant for the future of this study, since the replacement of older aircraft with newer, more energy efficient
ones will be considered as one of the sustainability measures.





11 Delft University of TechnologyLiterature Study

3
Aviation and airport emissions

Commercial flights have become an essential part of modern society, but they have a significant impact on
the environment, particularly on radiative forcing, aviation emissions, and noise. As a result, regulations
have been implemented to mitigate these negative impacts and promote sustainable aviation. When looking
for a solution for the emissions problem, a better understanding of the elements that leave the engine is
vital. The different combustion products of emissions all have a different influences on the processes in
the atmosphere. In Section 3.1 the scientific background of the greenhouse effect, Radiative Forcing (RF), is
discussed and in Section 3.2 the different combustion products and their influence on RF are discussed. In
section 3.4 the most important regulatory instances are described and in section 3.5 a promising software
package for emissions calculation is discussed. The chapter closes off with a summary in Section 3.6.

3.1. Radiative forcing
RF is the scientific explanation for the more commonly known greenhouse effect. It describes the change in
energy flux in the atmosphere of a planet and can be caused by natural and anthropogenic factors. Natural
factors that influence RF are changes in solar irradiance, changes in albedo and natural emission of atmo-
spheric gasses. Anthropogenic RF is mostly caused by emission of atmospheric gasses due to burning of
fossil fuels, which is still the main manner of propulsion in aviation. There is positive RF when the Earth
receives more energy from the Sun than it emits, while in the opposite case there is negative RF. Positive RF
increases the Earth’s temperature, this phenomenon is known as global warming. A Radiative Forcing Index
(RFI) is the RF of an emissions component with respect to that of CO2. In Figure 3.1 can be seen how different
greenhouse gasses relate to CO2 in terms of radiative forcing. As can be seen in the figure, CO2, NOx and
contrails had the highest contribution to RF up to the year 2005. In many documents the Global Warming
Potential (GWP) is used as a climate change metric, which is defined as the cumulative radiative forcing of
one kilogram of emitted gas relative to one kilogram of reference gas [14]. The reference gas is almost always
CO2, hence the RFI and GWP are comparable measures of RF.

3.2. Aviation emissions
As the commercial airline industry is growing rapidly, the corresponding emissions due to fuel burning in-
crease as well. In 2018 the total CO2 emissions from all commercial operations was estimated to be 918
metric tons, which is 2.5% of global emission of CO2 from fossil fuel burning and an increase of 32% com-
pared to 2013 [10]. The increase in fuel efficiency has been approximately 1% over the pas few years, and this
is expected to continue initially, but is expected to become increasingly smaller in the long term future [35].
Aircraft emissions are similar to the combustion of petroleum products in other sectors. However, since a sig-
nificant proportion is emitted at high altitude, the global impact of aviation emissions contributes to about
3.5% of RF, which was discussed in Section 3.1 according to ICAO1. Besides CO2, other relevant products of
aircraft fuel combustion are nitric oxides (NOx ), water vapour causing contrails, sulphur oxides (SOx ) hydro-
carbons (HC), carbon monoxide (CO) and particulate matter (PM), which are discussed below. An overview
of all emissions and their influence on atmospheric processes can be found in Figure 3.2.

1https://www.icao.int/environmental-protection/Pages/aircraft-engine-emissions.aspx
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Figure 3.1: Effect of historical aviation emissions on the heat trapping ability of the atmosphere [14]

Figure 3.2: Aircraft emissions and their chain of influence [13]
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Carbon dioxide
Carbon dioxide (CO2) is one of most well known greenhouse gasses. Greenhouse gasses prevent heat from
escaping into space and keep the atmosphere nice and warm. Even thought this effect is the reason human
life can be sustained on Earth, excessive exhaust of greenhouse gasses disrupts the balance and causes global
warming.

Nitrogen oxides
Nitrogen oxides (NOx ) are products of high-temperature combustion processes have negative effects on hu-
man health, the environment and the ecosystems [60]. NOx is considered the third most important green-
house gas, next to CO2 and methane, and contributes to RF. However it plays also a role in ozone layer de-
pletion [49], and ozone is a greenhouse gas as well. NOx emissions from air transportation increase ozone,
causing positive RF, and decrease methane, causing negative RF [5]. The reduction of methane in the atmo-
sphere is only partially counteracting the RF from the ozone layer depletion, hence NOx is considered to cause
positive RF and is one of the combustion products of which the amount of emission should be reduced. The
local effects of NOx on the environment is on of the drivers of the desired reduction of the number of flight
movements at Schiphol.

Condensation trails
Condensation trails or contrails are the line-shaped clouds one sees in the wake of an aircraft and are caused
by the condensation of water in the aircraft engine exhaust in combination with the low temperatures at
cruising altitude. Contrails consist mainly of ice crystals. In the same manner as natural clouds, contrails
contribute to RF by preventing the radiation emitted by Earth from escaping into space and increasing the
amount of solar radiation reflected. It is complicated to estimate the total effect of contrails on global warm-
ing, but it has been concluded that the climate impact of contrails on climate change is significant [9].

Particulate matter
PM includes all emitted particles with an aerodynamic diameter of 10 micrometers or smaller, which can be
any mixture of components. PM2.5 is used for particles with an aerodynamic diameter of 2.5 micrometers or
less. These smaller particles can be connected with health problems, such as lung disease, hearth attacks and
strokes [62][15]. PM plays a role in RF as well, since it influences the formation of contrails.

3.3. Emissions at airports
The emissions of an airport can be split up in multiple contributions. Loo et al. (2014) investigated the
emissions of hub airports, looking at airport based activities, airspace based activities ant flight based activ-
ities. In this study Hong Kong International Airport, an international hub, and Athens International Airport,
a national hub were used in a case study. It was found that hub airports have low CO2efficiency at airport
and airspace level and more efficiency at flight level, due to different aircraft capacity and load factor [7].
CO2 emission can also be split in contributions from passengers arriving by car, airport terminal activities,
LTO-cycles and handling vehicles as proposed in Postorino and Mentecchini (2014). These contributions are
estimated and combined to find the Unit Carbon Footprint (UCF) index of the airport, as proposed in Pos-
torino and Mentecchini (2014) [31]. Morrell and Lu (2007) compared the environmental cost of two patterns
of service: hub-to-hub and hub by-pass, both operated by network carrier. The noise and emissions social
cost impact of the hub by-pass service was significantly lower, which indicates that hub-and-spoke networks
have increased environmental impact due to hubbing activities [47].

Schiphol airport has been CO2 neutral since 2012, aims to be emission free in 2030 and to be energy produc-
ing in 2050 [21]. This makes Schiphol one of the most sustainable airports worldwide, hence the emission
problems connected to the airport are caused by the actual air traffic.

3.4. Regulations
The relevance of the different sustainability measures in the research will be partially determined by the regu-
lations and goals that are imposed on airlines by national and international governments and organisations.
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European green deal
The European Green Deal is a comprehensive plan to make the European Union’s economy sustainable and
achieve climate neutrality by 2050. It includes a wide range of policies and initiatives to reduce greenhouse
gas emissions, increase the use of renewable energy, and promote sustainable agriculture and forestry. The
European Green Deal also aims to create a circular economy and protect biodiversity. One of the key initia-
tives under the European Green Deal is Fit for 55. This is a package of legislative proposals that aims to reduce
the EU’s greenhouse gas emissions by at least 55% by 2030, compared to 1990 levels. The Fit for 55 package
includes a number of measures that are relevant for aviation. These are the EU Emissions Trading System
(EU ETS) and promotion of the use of sustainable aviation fuels (SAFs), with the aim of increasing the share
of SAFs in aviation fuel to 2% by 2025 and 63% by 2050 [42][43].

CORSIA
The International Cival Aviation Organisation adopted the emissions mitigation framework Carbon Offset-
ting and Reduction Scheme from International Aviation (CORSIA). CORSIA supports ICAO’s goal to achieve
carbon neutral growth from 2020. In 2021 the pilot phase of CORSIA started and in 2027 CORSIA aims to
make participation mandatory for ICAO member states [58]. ICAO has many colourful leaflets and brochures
with next to no information on how they will achieve these goals, so I need to find some more information on
this.

Dutch civil aviation policy memorandum
The civil aviation policy memorandum contains the aim to limit CO2 emissions of Dutch aviation to 2005-
levels by 2030, reduce them by 50%, relative to 2005, by 2050 and to zero by 2070. To reinforce these goals, the
government has proposed a CO2 emission ceiling for the international aviation sector in The Netherlands.
This gives a clear framework for the sector to grow in a green manner [51].

CE Delft (2023) did an assessment following the announcement of the CO2 ceiling investigating the implica-
tions of the measure. Multiple scenarios were investigated taking into account measures from the European
Fit for 55 proposals, national climate policy and socio-economic development, but also the more recent gov-
ernment announcement regarding the capacity reduction at Schiphol. CE Delft identified three main policy
framework options, namely CO2 ceiling for airports, for fuel suppliers or for airports. The study concluded
that without government action, the Dutch CO2 emissions from aviation would exceed the targets in most
scenarios [25][57]. The effect on the connectivity of Schiphol and airlines operating from Schiphol was not
taken into account in this research.

3.5. Emissions simulations software
The most state-of-the-art emissions software is OPenAP. OpenAP is an open-source aircraft performance
model designed to offer a standardised, accessible tool for analysing and modelling aircraft performance.
It serves a variety of aviation-related research and practical applications, including trajectory prediction, fuel
consumption estimation, emissions modelling, and air traffic management research. The open-source na-
ture of OpenAP is one of its primary strengths, as it allows users to freely access, modify, and distribute the
software. This openness fosters collaboration and transparency, enabling researchers, developers, and practi-
tioners to adapt the model to specific needs and contribute improvements. OpenAP provides detailed perfor-
mance modelling for various aircraft phases, including climb, cruise, and descent. It uses aerodynamic and
engine performance data to simulate aircraft behaviour under different conditions, such as varying weights,
speeds, altitudes, and weather factors. The model relies on publicly available data sources, including aircraft
manufacturer specifications and flight data records, ensuring that its simulations are grounded in real-world
metrics. Overall, OpenAP offers a valuable solution for aircraft performance modelling, providing accurate
simulations and fostering innovation in aviation through its open-source framework [59].

3.6. Summary & conclusions
As the commercial airline industry is growing rapidly, the corresponding emissions due to fuel burning in-
crease as well. Aircraft emissions are similar to the combustion of petroleum products in other sectors.
However, since a significant proportion is emitted at high altitude, the global impact of aviation emissions
contributes to about 3.5% of RF. RF is the scientific explanation for the more commonly known greenhouse
effect. Anthropogenic RF is mostly caused by emission of atmospheric gasses due to burning of fossil fuels.
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There is positive RF when the Earth receives more energy from the Sun than it emits, while in the opposite
case there is negative RF. Positive RF increases the Earth’s temperature, this phenomenon is known as global
warming. CO2 is one of most well known greenhouse gasses. Greenhouse gasses prevent heat from escaping
into space and keep the atmosphere nice and warm. Even thought this effect is the reason human life can be
sustained on Earth, excessive exhaust of greenhouse gasses disrupts the balance and causes global warming.
NOx is considered the third most important greenhouse gas, next to CO2 and methane, and contributes to
RF, however it plays also a role in ozone layer depletion. Condensation trails or contrails are the line-shaped
clouds one sees in the wake of an aircraft. In the same manner as natural clouds, contrails contribute to RF by
preventing the radiation emitted by Earth from escaping into space and increasing the amount of solar radia-
tion reflected. PM includes all emitted particles with an aerodynamic diameter of 10 micrometers or smaller,
which can be any mixture of components. PM2.5 is used for particulates with an aerodynamic diameter of 2.5
micrometers or less. PM plays a role in RF as well. When the environmental impact of the airline industry is
analysed, different emission components and their effect on the RF and global warming should be taken into
account. In most regulatory documents, CO2 emission is seen as the most harmful combustion product and
the leading cause of global warming. This is why the from literature can be concluded that in continuation of
this project, CO2 should be the reference gas when simulating emissions. The open sources software package
OpenAP is the best fit for estimating CO2 emissions from a simulated airline network.





17 Delft University of TechnologyLiterature Study

4
Connectivity

Connectivity is generally defined as the degree to which nodes in a network are connected to each other [19].
In airline literature the have been many different ways to define the connectivity of airlines and airports.

4.1. Connectivity of an airport
Connectivity can be divided in different types of connectivity: Direct connectivity, indirect connectivity and
hub connectivity. Direct connectivity refers to a direct flight from the origin of the passenger to the destina-
tion of the passenger. Indirect connectivity includes a layover between the OD pair. Burghouwt (2017) states
that hub-connectivity can be split up in onward/beyond an hub/behind. The first indicates the concerned
airport is the origin of passengers, which intend to travel beyond the flight leg. The latter means that the
investigated airport is the hub and is not part of an OD pair. This is illustrated in Figure 4.1 [17].

The connectivity of an airport has been modelled in different ways, taking into account variables as number
of direct and indirect connections. However, there are many more variables that could be taken into account
when defining the connectivity of an airport of airline. Burghouwt mentions the following determinants: size
and strength of local OD market, presence of an airline hub operation, airport and airspace capacity, airport
visit costs, airport service levels and market access. He concludes that we can enhance the connectivity of
an airport by investments in landside accessibility, ensuring availability of airport and airspace capacity, in-
fluencing the type of infrastructure available to airlines, economic regulation of airport charges, adjusting
government fees and taxes, establishing a transparent secondary slot market, air transport liberalisation, im-
posing PSO’s and traffic distribution rules. However, it can be argued that governments and policy makers
should be hesitant when using these tools to directly influence the market. A better way to about is by creat-
ing favourable conditions for the airlines to develop their network.

To find ways to keep connectivity and hub function of an airport, the measurement and qualification of the
connectivity is of importance. As mentioned above, many factors are influencing connectivity and for most
case studies some are more important than others. Doganis and Dennis (1989) used the number of direct and
indirect connections with constraints for minimum and maximum transfer times to determine a so called
connectivity ratio [48]. Dennis introduced the routing factor, which is defined as the ratio of actual flight time
or distance from origin to destination to the time of distance of a direct flight [40] [41]. Burghouwt and De Wit
(2004) proposed the WNX or weighted number of connections index to evaluate airline flight schedule effects
[18]. This index connected the methods of Bootsma (1997) and Veldhuis (1997), who respectively defined
standard maximum connecting times for different types of connections and defined connectivity based on
the attractiveness of a connection [45] [23]. Veldhuis states that the attractiveness of a connection depends
on waiting time at the hub, routing factor, perception of waiting time vs. in-flight time, fares, loyalty programs
of airlines and services at the airport. Veldhuis’ approach is more widely known as the Netscan model and
was used in the ACI EUROPE Airport Industry Connectivity Report mentioned in the Introduction [3]. Danesi
(2006) developed the weighted connectivity ratio, which has the structure of Dennis and Doganis connectivity
ratio, but includes in addition to the spatial connectivity the temporal characteristics of a flight schedule [2].
Budde et al. (2008) borrowed a pattern recognition software originally developed for behavioural studies and
used it to observe departures and arrivals as events and recognise the pattern of possible connections [1].
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Figure 4.1: Four types of connectivity

4.2. Connectivity of a network
Malighetti et al. (2008), focused on the connectivity of a network and analysed the European airport network
by looking at the shortest path from origin to destination. The shortest path being the route with the mini-
mum number of steps from origin to destination, the average number of steps to reach any other airport in
the network or the quickest path involving the lowest travel time from origin to destination [44]. Shaw and Ivy
(1994) used the same methodology to examine the effect of airline mergers on the connectivity of a network
[56]. Paleari et al. (2008) did a shortest path approach with travel time, the sum of in-flight time and waiting
time at intermediate airports, as the governing characteristic [52].

4.3. Connectivity of an airline
Connectivity for an airline refers to the number and variety of destinations that it can offer to its customers
through its own network and partnerships with other airlines.

A well-connected airline will have a wide range of flights to destinations all over the world, allowing passen-
gers to easily travel from one city to another without having to make multiple bookings with different airlines.
This can be achieved through a combination of direct flights, codeshare agreements with other airlines, and
interline agreements, which allow passengers to connect between flights on different airlines with a single
ticket.

Airlines with good connectivity can offer customers more convenience and flexibility, as well as the ability
to earn and redeem frequent flyer miles across a broader network. It can also be beneficial for airlines to
increase their connectivity to capture a larger market share and compete with other airlines that have similar
networks.

4.4. Connectivity, noise and emissions
Looking at the connection between the connectivity of airports and the noise and emission problems in ar-
eas surround airports, Postorino and Mantecchini (2019) developed a quantative measure linking airport
connectivity to environmental impact [32]. This so called Viable Connectivity Index (VCI) compares the pos-
itive effects of increased connectivity at an airport discussed in Section ?? with the negative carbon and noise
effects associated with an increased number of flight movements. The relation between these effects as used
in this study can be found in Figure 4.2. The connectivity used is an index of served destinations, frequency,
passengers and GDP of the country of destination. CO2 emission from passengers arriving by car, airport
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Figure 4.2: Relation between carbon and noise effects and connectivity [32]

terminal activities, LTO-cycles and handling vehicles are estimated and combined to find the Unit Carbon
Footprint (UCF) index of the airport, as proposed in Postorino and Mentecchini (2014) [31]. The VCI was
proven to be a useful tool, especially for smaller airports as test case Bologna Airport, to determine if growth
scenarios are acceptable.
To save operating expenses while minimising the disruption to overall route network connectivity, an airline
is more likely to cut routes involving endpoint airports that have low centrality values. [6]. The concept
of centrality is closely linked to connectivity and is described by Cheung et al. (2020) as the importance of
an airport within a transport network and the potential at which an airport is passed or by-passed when
connecting passengers from an origin to a destination [61].

4.5. Summary & conclusions
In this chapter, we explored the concept of connectivity in the context of aviation networks, focusing on air-
ports, networks, and airlines. Connectivity refers to the degree to which nodes in a network are connected to
each other, and it plays a crucial role in shaping the accessibility and efficiency of air transportation systems.
There are various types of connectivity found in literature, including direct, indirect, and hub connectivity.
Direct connectivity involves non-stop flights between origin and destination airports, while indirect connec-
tivity includes layovers. Hub connectivity refers to the role of airports as hubs for connecting flights, either as
origin or intermediate points in a journey. There are various indices and ratios used to measure and quantify
connectivity at airports and within networks, taking into account factors such as the number of connections,
flight times, and the attractiveness of connections. The Netscan connectivity model is most widely acknowl-
edged as a solid measure of connectivity. The relationship between airport connectivity and environmental
impacts, such as noise and emissions is especially important for this research. The Viable Connectivity In-
dex (VCI) was introduced as a tool to assess the trade-off between increased connectivity and environmental
concerns, providing valuable insights for airport planning and management. There is no similar research
available regarding the relationship between airline connectivity and emissions.
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5
Conclusion

Based on the available literature, it can be concluded that there is a lack of research on the impact of environ-
mental measures on the connectivity of H&S airlines. Despite the importance of these factors in the aviation
industry, little attention has been paid to understanding the relationship between environmental measures
and connectivity in this context. Therefore, further research is needed to address this gap in knowledge and
inform future policy decisions related to sustainable aviation. Questions arise regarding scenarios with caps
on CO2 emission, or a ceiling on the number of flights. What happens to the network and the hub function of
KLM when these hard hard limits will be enforced? Can these changes be anticipated by accelerated renewal
of the fleet or the use of SAFs? Is it an option to fly with aircraft with a higher capacity on a lower frequency to
maintain connectivity, serve demand and reduce emissions?
The importance of connectivity of airports and airlines is widely recognised in literature, but it is measured
in many different ways. Most models are based on the number of destinations, the travel time and number of
transfers. The models mostly differ in the number of characteristics of the destination airport they take into
account. The Netscan Air Connectivity Measure is widely used for competitive analysis of airlines and airports
and is similar to the IATA Air Connectivity Index, both focusing on quality of direct and indirect connections.
Environmental measures are proposed, for example fewer flights and fleet renewal. This would leads to
changes in the parameters of the network, that leads to changes in the connectivity. This literature research
can be seen as the start of a project where simulating the network of KLM within the bounds of multiple sus-
tainability measures could give more insight in the effect of these measures on the connectivity and could
even lead to conclusions about trading off connectivity with CO2 and the monetary costs of sustainable air
traffic.
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1
Verification & validation

Ensuring the reliability of any optimisation model is essential, especially when the results have real-world
implications, such as in airline fleet and network planning. Verification and validation are crucial steps in
building confidence that the model behaves as intended and produces meaningful outputs. These steps help
to ensure that the model isn’t just a collection of equations and constraints, but a true representation of the
system it is meant to optimise. In this appendix the methods used to verify and validate the model developed
in this research are discussed. First the verification of the model is described, followed by the validation. In
the last section of the appendix the behaviour of the model is analysed.

Verification of the model
Verification is the process of making sure the model works as designed, checking the logic and implementa-
tion to catch errors early on. It involves rigorous testing to ensure that the code and mathematical formula-
tions are consistent with the intended design. This step is critical in preventing potential mistakes that could
compromise the results.

Three-airport simplified model tests
To verify the model, a simplified three-airport scenario was developed as can be seen in figure 1.1, allowing
for a more controlled environment to test the core components of the optimisation framework. This smaller-
scale model includes one hub airport and two non-hub airports to closely observe the model’s behaviour
and ensure that it adheres to the expected constraints and logic. By focusing on this manageable scenario, it
can be systematically verified that the aircraft movement constraints and scheduling logic function correctly
before scaling up to more complex scenarios. This step is vital in catching any potential issues early on and
building confidence in the model’s accuracy and robustness. In this series of tests, the airport indexed as 1 is
the hub airport and airport 0 and 2 serve as the spokes.

Figure 1.1: A simplified three-airport scenario for verification of the model where airport 1 is indexed as the hub

No Demand
In the absence of any passenger demand, no flights were scheduled between the airports. This result aligns
with the model’s objective to minimise costs, confirming that without revenue potential from passenger de-
mand, operations remain inactive.
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Only demand between airport 1 and airport 0
• Low demand: When demand between airport 1 and airport 0 was low, the revenue generated was in-

sufficient to cover the operational costs of the flight. As a result, the model did not schedule any flights,
demonstrating that the cost-benefit threshold for flight operation was not met.

• High demand: When the demand between airport 1 and airport 0 increased, the revenue surpassed the
operating costs, prompting the model to schedule flights. This scenario highlights the model’s sensi-
tivity to demand levels and its ability to adjust operations when demand is high enough to justify the
costs.

Only demand between airport 0 and airport 2
• Low demand: With low demand between airport 0 and airport 2, the model recognised that operating

the route would not be profitable. Since flights only occur between the hub and the spokes, serving this
demand would require flying an empty aircraft from airport 1 to airport 2 before picking up passengers
for the return leg. The cost of this empty positioning flight, combined with the insufficient demand,
made the operation not economically viable. Consequently, no flights were scheduled.

• High demand: When demand between airport 0 and airport 2 increased, the model determined that
the revenue generated from this route could cover the costs, even considering the empty positioning
flight from airport 1 to airport 2. In this case, an aircraft would fly empty from the hub (airport 1)
to airport 2, pick up passengers, and then return to the hub before continuing to airport 0 or another
destination. The model responded by scheduling flights on this route, indicating that at higher demand
levels, it is economically feasible to serve this route despite the inefficiencies associated with the empty
positioning leg.

Demand between airport 0 and airport 1, and airport 0 and airport 2
• Low demand between airport 0 and airport 1 and low demand between airport 0 and airport 2: In

this scenario, with both demands being low, the model determined that operating flights was not cost-
effective. Consequently, no flights were scheduled between any of the airports. This result confirms that
insufficient demand does not justify the operational costs of flights, including the empty legs associated
with flying between the hubs and spokes.

• High demand between airport 0 and airport 1, and low demand between airport 0 and airport 2:
When demand was high between airport 0 and airport 1, but low between airport 0 and airport 2, the
model scheduled flights between airport 0 and airport 1 only. Despite high demand between 0 and 1,
the low demand between 0 and 2 did not justify the cost of flights involving empty legs. Thus, flights
were scheduled to maximise revenue where demand was sufficient.

• Low demand between airport 0, and airport 1 and high demand between airport 0 and airport 2:
With low demand between airport 0 and airport 1 and high demand between airport 0 and airport 2,
the model scheduled flights between all relevant airports (0-1 and 1-2). Although demand between 0
and 1 was insufficient to cover operational costs on its own, the high demand between 0 and 2 made it
economically viable to operate flights including the empty leg from 1 to 2.

• High demand between airport 0 and airport 1, and high demand between airport 0 and airport 2:
When both demands were high, the model scheduled flights between airport 0 and airport 1, and be-
tween airport 1 and airport 2. The high demand levels justified the operational costs of all flights, in-
cluding those with empty legs. This result highlights that when demand is sufficiently high across all
routes, the model maximises connectivity by operating flights even with the additional cost of empty
legs.

These test scenarios confirm that the model is functioning as expected, dynamically adjusting flight sched-
ules based on the balance between demand and operational costs. The model successfully identifies when it
is and isn’t profitable to operate flights, considering demand levels and the additional cost burden of operat-
ing empty legs.
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Table 1.1: Three-airport model response different demand scenarios

Scenario Demand Level Expected response Passed
None None No flights ✓
0 - 1 Low No flights ✓

High Flights (0-1) ✓
0 - 2 Low No flights ✓

High Flights (0-1, 1-2) ✓
0 - 1, 0 - 2 Low (0-1), low (0-2) No flights ✓

High (0-1), low (0-2) Flights (0-1) ✓
Low (0-1), High (0-2) Flights (0-1, 1-2) ✓
High (0-1), High (0-2) Flights (0-1, 1-2) ✓

Figure 1.2: Verification plan for airline scheduling model

Full scale model tests
To systematically test the full scale model, a verification plan was made, which is visualised in figure 1.2. This
shows that the model must adhere to the following conditions.

1. Demand check: Check if the passenger flows don’t exceed the demand, i.e. confirm that there are no
more passengers transported than willing to fly.

2. Capacity check: Check if the passenger flows do not exceed the available number of seats.

3. Aircraft check: Check if there aircraft available on the departure airports to facilitate the flights.

4. Aircraft balance check: Check if the incoming and departing aircraft at every airport balance out, i.e.
are there no aircraft disappearing in the void?

These tests are done for the full scale model using Excel. An overview of all test and outcomes of the test can
be found in table ??.

Demand check
Two checks are done regarding the demand that goes into the model. The first check makes sure that there are
no more passengers transported between every origin and destinations than the demand. The total number
of passengers transported between every origin i and destination j is composed of the direct passengers
xi j to ta and wi j to ta t2 , which cannot be higher than the the total demand for that OD-pair. The second check
verifies that the passengers do not travel more than two hours earlier or two hours later than their original
desired departure time.

Capacity check
The total number of passengers from every origin i to every destination j with actual departure time ta should
not be higher than the total number of seats available on departing aircraft in that time slot, taking the load
factor of 0.9 into account. The passengers on every flight consist of direct passengers, transfer passengers
that are on the first leg of their journey and transfer passengers that are on the second leg of their journey.
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Aircraft checks
To ensure that the number of aircraft remains consistent throughout the model’s timeline, a comprehensive
aircraft number completeness check was conducted. This involved verifying that the number of aircraft at
each time period matched the expected total number of aircraft.
To determine the total aircraft count per time period t , the sum of the aircraft located at the airports was
calculated, as represented by decision variable yi kt , along with the number of aircraft currently in flight.
The variable yi kt provides the location of each aircraft at a given time period, which was used to calculate
the number of aircraft on the ground at various airports during that time period. Decision variable zi j kt
represents departing flights at time t . To determine how many aircraft were in flight during each time period,
the block time BT of each flight was used. From this, the arrival time slot of the flight was derived. For each
time period, it was checked how many aircraft of type k were in the air. An aircraft was considered to be in the
air if there was a flight assigned to that aircraft type during the given time period t , i.e., departure time < t ≤
arrival time.
To validate the overall aircraft count, an aircraft tracker was employed. For each time period, the number
of aircraft on the ground at the airports and the number of aircraft in transit were summed. This sum was
compared to the total number of aircraft of that type, ensuring consistency across all time periods. This
aircraft number completeness check is crucial for ensuring that no aircraft are lost or double-counted in the
model, thus providing confidence that the model accurately tracks all aircraft throughout its operation.

Validation of the model
Validation, on the other hand, is about ensuring that the model accurately reflects reality. It checks if the right
model was built by comparing the model’s outcomes with real-world data or expert expectations. This step
is particularly important in making sure that the model is not only correct on paper but also relevant and
applicable in practice.

Passengers
In 2022 KLM reports to have transferred almost 26 million passengers, with a daily average of 71 thousand
transferred passengers [28]. In the baseline run with a current fleet, a total number of 87,702 passengers
is reached, proving that the model in this research simulates a network that is comparable to the current
situation at KLM.

Connectivity model
The Airports Council International Europe (ACI EUROPE) states in their connectivity report that Schiphol
airport had a Netscan connectivity score of 41,659 for June 2024 [4]. When dividing that by 30 in order to find
the daily connectivity in that month, a score of 1,389 is found. As can be seen in table ?? the baseline Netscan
connectivity of the model in this research lies around 1,300, proving that thee connectivity scores generated
are comparable to the scores of existing networks.
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2
Model analysis

In figure 2.1 it is evident that the morning hours are the most profitable period for flights. As the day pro-
gresses, load factors decline, and profitability diminishes, with certain flights even incurring losses. This
pattern can be largely attributed to the study’s requirement that all aircraft return to the hub by the end of
the day. This operational constraint forces the airline to schedule return flights, even during periods of low
demand, which results in flights operating with under-filled cabins. Consequently, the revenue generated
by these flights is often insufficient to cover the associated costs, leading to decreased profitability or even
financial losses during these times of the day. This highlights the significant impact that hub-based schedul-
ing can have on an airline’s overall profit margins, particularly when operational flexibility is limited by such
constraints.

Figure 2.2 and figure 2.3 the daily utilisation of aircraft in the old fleet, specifically types 0, 2, and 4, is visu-
alised. The patterns in the first two figures reveal a clear wave-like motion throughout the day. At the begin-
ning of the day, all aircraft are positioned at the hub, which aligns with the study’s requirement for all planes
to return to the hub by the end of each day. By mid-morning, the short-haul flights reach their destinations,
leaving a substantial number of aircraft grounded. These aircraft are then ready for their next departures,
leading to a gradual return to the hub around midday. During this time, the longer-haul flights also arrive at
their destinations, contributing to a peak in the number of parked aircraft. This cyclical wave pattern repeats
in the latter half of the day, culminating with all aircraft back at the hub by day’s end.

In contrast, Figure 2.4, which illustrates the behaviour of aircraft type 4, shows a different pattern. The wave-
like motion is far less pronounced. This is in line with expectations, as type 4 aircraft, being the smallest in
the fleet, are predominantly used for short-haul flights and can be more evenly deployed throughout the day.
This allows for more consistent utilisation, reducing the large fluctuations in aircraft positioning seen with
the larger aircraft types, which are more bound by the constraints of longer block times.
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Figure 2.1: Caption

Figure 2.2: Use of aircraft type 0 in scenario 1
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Figure 2.3: Use of aircraft type 2 in scenario 1

Figure 2.4: Use of aircraft type 4 in scenario 1
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