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Introduction
The environmental impact of the aviation sector needs to be reduced. Therefore, climate goals have
been set in Europe as stated in the Paris Agreement [3] and the European Green Deal [1]. The Destination 2050 report [4] presents different measures to achieve this goal. One of these measures is to
focus on aircraft and engine technologies and replace current kerosene aircraft with electrified aircraft.
Electrified aircraft are driven (partly) by electrical battery energy which results in less CO2 emission
and thus a reduction in environmental impact. At the TU Delft as part of the Clean Sky2 program, the
CHYLA-project is established to identify Credible HYbrid eLectric Aircraft (CHYLA) [5]. This project
evaluates if hybrid-electric aircraft can potentially serve and replace larger transport aircraft.
To realize a fleet replacement by electrified aircraft, the transition to these aircraft should be attractive for airlines. For airlines, profit is an important performance indicator for making strategic decisions
such as fleet replacement. Therefore, operating electrified aircraft should be profitable for the airline
in order to make a transition. Of course, measures such as a climate tax or subsidies can stimulate the
choice for electrified aircraft as well.
The fleet replacement of airlines is generally planned with fleet planning models, which are strategic
models. In these models, a set of aircraft is given and the most profitable combination is selected.
The profitability of electrified aircraft can be studied this way. However, electrified aircraft for larger
transport purposes are yet in a conceptual design phase, see the CHYLA project. This brings opportunities since the aircraft design is not fixed and can be shaped by the airlines’ desires. The combination
of strategic airline planning, the operation of electrified aircraft, and the design of electrified aircraft
arises, as visualized in Figure 1. In earlier research, strategic airline planning and aircraft design have
been combined, but the operation and design of electrified aircraft are not considered.

Figure 1: Visualization of research elements

A connection between strategic airline planning and electrified aircraft design is presented in this
thesis. Both the adaptation of an airline on electrified aircraft and the selected aircraft designs can be
studied. The project is shared with various regional European airlines, and the airline SATA Air Açores
is implemented as a case study. Besides the cooperation with SATA Air Açores, the CHYLA members
received updates on the project development as well.
This thesis presents the Scientific Paper in Part I, the Literature Study in Part II and the Research
Methodologies in Part III. Supplementary work presents sensitivity analyses in Part IV.
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Study to the adaptation of electrified aircraft by airlines
using strategic airline planning and aircraft design
May 2022, Noa Zuijderwijk
Delft University of Technology, Delft, The Netherlands
Abstract
To reduce the environmental impact of the aviation sector in Europe, climate goals have been set as
stated in the Paris Agreement [39] and the European Green Deal [9]. This reduction can be achieved by
fleet replacement with electrified aircraft. Challenging is that electrified aircraft are yet in a conceptual
phase and most likely suitable for smaller airline networks. This research presents a study on how regional
airlines can strategically adapt to fleet replacement by not-yet-designed electrified aircraft. Earlier research
shows interest in integrating strategic airline planning and aircraft design, but the design and operation of
electrified aircraft are not yet considered.
A methodology is presented to couple strategic airline planning and electrified aircraft design. In the
strategic network and fleet planning model, the operation of electrified aircraft is considered. The electrified
aircraft design is provided by the Initiator and aircraft configuration options by the Breguet Range equation.
Based on current network information, this approach considers the adaptation of an airline on not-yetdesigned electrified aircraft. Impacts on network performance, such as profit, CO2 emission and operating
routes, as well as chosen aircraft are studied.
In this research paper, the methodology is tested with a case study of the airline SATA Air Açores. The
impact of replacing their current fleet with electrified aircraft on the network performance, development,
and aircraft design choices is considered. Furthermore, the impact of airlines’ choices and external factors
are evaluated. Under the assumptions, the adaption of electrified aircraft seems profitable for the airline
and the CO2 emission is highly reduced. A choice for smaller fully-electric and medium-sized hybrid-electric
aircraft is presented.
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Introduction

To reduce the environmental impact of the aviation sector in Europe, climate goals have been set as stated in
the Paris Agreement [39] and the European Green Deal [9]. The Destination 2050 report [40] presents different
measures to achieve this goal. One of these measures is to focus on aircraft and engine technologies and replace
current kerosene aircraft with electrified aircraft. Electrified aircraft are driven (partly) by electrical battery
energy which results in less CO2 emission and thus a reduction in environmental impact. This paper further
elaborates on this particular measure. Electrified aircraft can be implemented in the current air transport
network by fleet replacement. To accomplish this, airlines should strategically adapt to operate electrified
aircraft.
Electrified aircraft are yet in a conceptual phase, but as the specific energy of batteries is lower than that of
kerosene, for now only smaller ranges can be reached. Therefore, smaller airline networks are suitable for the
introduction of electrified aircraft and the focus of this research is on regional airlines. Since these aircraft are
in a conceptual design phase, it is relevant to study the relation between electrified aircraft design and airline
planning. This research aims to study how airlines can strategically adapt to fleet replacement by not-yetdesigned electrified aircraft. Therefore, strategic airline planning and electrified aircraft design are integrated.
Achieving a combination of these disciplines requires state-of-the-art knowledge, so a literature study on
strategic airline planning and the combination with aircraft design is performed and briefly presented in section 1.1. The gaps in the literature and forthcoming challenges are presented in the problem context in 1.2.
Thereafter, the contribution of this research and the structure of this paper are provided in section 1.3 and 1.4.

1.1

Literature Review

The aim of the literature study is to find earlier research on the combination of strategic airline planning and
electrified aircraft design. Therefore, first the strategic airline planning models are studied, followed by the
integration of aircraft design.
Strategic airline planning consists of fleet planning and network development [6]. At first, these aspects were
treated in separate models. Fleet planning models have the goal to create an optimal fleet planning regarding a
1

known network. A basic version of such a planning model is presented by Schick and Stroup [53]. Later research
has evolved to include uncertainties [42, 36, 34, 43, 48, 13, 29] or environmental impact [35].
Network development models aim to find the optimal network for a given aircraft fleet. A basic model is
provided by Jaillet et al. [30]. Extensions to the model are made, amongst others, by; Evans et al. [17] who
included airport capacity constraints, and Wang et al. [58] who included spill and recapture of passengers.
The aim is to see how airlines can strategically adapt to electrified aircraft, where both network and fleet
are yet variable. Therefore, a combination of the fleet planning and network development models is requested.
This leads to a network and fleet model [52] where the network development and fleet choice are simultaneously
performed. So far, the network and fleet models have not considered the operation of electrified aircraft.
Research presents the integration of strategic airline planning and aircraft design. Crossley et al. [11] desires
to determine the appropriate mix for both existing and yet-to-be-designed aircraft and formulates the problem
as a "System-of-Systems" design problem. Formulating the problem this way leads to a Mixed-Integer, NonLinear Programming (MINLP) formulation. Different approaches to the problem have been presented; such
as the decomposition approach of multidisciplinary optimization [11, 10] and the traditional MINLP approach
for small size problems [37]. Taylor and de Weck [57] showed the benefits of optimizing both the network and
aircraft design at the same time and Nusawardhana and Crossley [41] and Davendralingam and Crossley [12]
investigated the long term fleet assignment and the impact on aircraft design. Different studies have been done
to create an efficient algorithm and various approaches are presented, but not one "best" approach is obtained
[24, 25, 26, 46, 47]. Additional details are encountered in later work: Alexandre et al. [3] presented a complex
integrated network approach where both the aircraft family of three aircraft designs and the air transport
networks are simultaneously optimized. The aircraft design has only incorporated kerosene aircraft and not yet
electrified aircraft.

1.2

Problem context

The last references show that there is interest in developing integrated airline network and aircraft design models. However, no work has considered the design and operations of electrified aircraft. Therefore, required
information on these topics is collected and presented in this section. First, the state-of-the-art, challenges and
methods for electrified aircraft design are presented. Followed by the impact on airline operations. Furthermore,
the effect of including environmental impact and regional airline regulations is presented.
In this paper, the definition of electrified aircraft is aircraft driven (partly) by electrical energy from batteries.
These electrified aircraft can be classified into different groups, the fully-electric and hybrid-electric aircraft.
Within the hybrid-electric aircraft, aircraft driven by a battery are serial hybrid-electric and parallel hybridelectric designs. These types can be distinguished by their degree of hybridization [5, 28]. At this moment, the
largest realized electrified aircraft has a capacity of four seats [7]. To serve regional airlines, electrified aircraft
with more than four seats are considered, which are not yet brought into reality. The current state-of-the-art
for regional electrified aircraft thus consists of conceptual aircraft designs. Different conceptual aircraft designs
have been studied and the most challenging aspects turn out to be the feasibility of battery-specific energy, the
payload-range trade-off, and the cost estimation.
The current realized battery-specific energy of an aircraft reaches 207 Whr/kg for the Airbus E-Fan [27].
For the future: NAE expects the specific energy to reach 400-600 Whr/kg at pack level by 2035 [38] and NASA
predicts a future battery technology that can deliver 400-1000 Whr/kg at pack level [44, 31]. Conceptual aircraft
designs often have a required specific energy of 500-750 Whr/kg [55, 19, 4, 32], which is stated optimistic but
possibly feasible for the future [59, 14]. Moreover, aircraft designs with a required battery energy of 2000 Whr/kg
at pack level are presented [23], but this feasibility should be questioned [20]. Among the potential aircraft
designs for regional operations, the fully-electric aircraft require significantly more specific battery energy than
hybrid-electric ones with the same passenger capacity. As increasing the specific energy is already challenging,
it is more likely for hybrid-electric aircraft to become feasible in the future than fully-electric aircraft, especially
for larger aircraft.
In addition, a trade-off occurs between the battery capacity (and thus energy), range, and seats as presented
in the conceptual designs of Finger et al. [20]. When it is desired to increase the range of the aircraft, the
amount of batteries needs to increase to provide the required energy. This increase in batteries raises the weight
of the aircraft and to remain the same maximum take-off weight, fewer passengers can be transported. This is
a vice versa process; when it is preferred to transport more passengers either the specific energy of the battery
needs to increase, or the range decreases.
Further, as no electrified aircraft in regional sizes have been brought into reality, the aircraft cost definition
is challenging. An estimation of costs for electrified aircraft can be made by comparing the ownership cost of
vehicles available so far. Smaller-scale aircraft, the Pipistrel Alpha Trainer and the Pipistrel Taurus do have
both kerosene and electrified versions. For the Alpha Trainer, the electrified version is around 50% more ex2

pensive than the kerosene variant, and for the Taurus, the electrified version is around 16% more expensive [1].
Next to this, an indication of aircraft costs can be given by the cost of electric cars. As electric cars are in a
more mature stadium than electrified aircraft, this could indicate the aircraft price in the longer term. When
looking at the Volvo XC40, the price of a hybrid-electric variant is around 8.5% higher and the fully-electric
variant around 9.8% higher than the fuel-based variant [8].
For this research, the Initiator can be used to obtain electrified aircraft designs. The Initiator is a design
synthesis tool developed at the Delft University of Technology and enables the quick generation of an airplane
conceptual design [16]. The tool can design kerosene, fully-electric and hybrid-electric aircraft. The relation
between aircraft characteristics such as speed, range, required runway, and energy consumption can be obtained.
However, this tool requires quite some manual and computational effort and is thus not suitable to be integrated
within a strategic airline planning model. It can be used to create an initial set of electrified aircraft designs.
Thereby, one aircraft design can have various configurations regarding the trade-off in battery capacity,
range, and seats. Different configurations can be composed by the Breguet Range equation, which provides
the relation between aircraft size, payload (passenger capacity), and range. Originally, this equation was established for kerosene aircraft, as presented in equation 1. Later, de Vries et al. [15] derived the equation for
both hybrid-electric and fully-electric aircraft, presented in equation 2 and 3. As the Breguet Range equation
only needs a set of equations to create new aircraft configurations, this method can be coupled with a strategic
airline planning model. Like this, strategic airline planning and electrified aircraft design can be integrated.
Breguet Range equation for kerosene aircraft [15]:
R = η1 ∗ η3 ∗

WOE + WP L + Wf
ef L
∗
∗ ln(
)
g D
WOE + WP L

(1)

Breguet Range equation for hybrid-electric aircraft [15]:
R = η3 ∗

ef L
ϕ
WOE + WP L + Wf + Wb
∗
∗ (η1 + η2 ∗
) ∗ ln(
)
g D
1−ϕ
WOE + WP L + Wb

(2)

Breguet Range equation for fully-electric aircraft [15]:
R = η2 ∗ η3 ∗

E0_tot
L
∗
D WOE + WP L + Wb

(3)

Where R is the maximum range [m], η1 , η2 en η3 are conversion or transmission efficiencies [−], ef and eb
the specific fuel and battery energy [J/kg], g the gravitational acceleration [m/s2 ], L/D the lift over drag ratio
[−], WOE the operating empty weight of the aircraft without batteries [N ], WP L the payload weight [N ], Wf
the fuel weight [N ], Wb the battery weight [N ], ϕ the supplied power ratio of the battery [−] and E0_tot the
total energy at the start [GJ].
Next to the aircraft design, the airline network should integrate the operations of electrified aircraft. The
main difference in operating electrified aircraft is the charging operation. Charging operations influence the
turnaround time and the turnaround costs. The impact does depend on the method of charging. Charging
can be done by a Battery Recharging Station (BRS) which is similar to the current refueling stations or by
a Battery Swapping Station (BSS) which swaps the empty batteries for charged ones [45]. As the charging
speed of the BRS at this moment leads to too long charging times [49, 21], this method is currently unfit for
electrified airport operations. As a result, the BSS is the feasible option now and research in literature has
been focused on this method or a combination of both methods [45, 33, 50, 51]. Schmidt et al. [54] presented
a methodology for turnaround time estimation using the BSS method. A hybrid-electric aircraft, the SUGAR
Volt, and a fully-electric aircraft, the Ce-liner, are compared with a future version of a conventional kerosene
aircraft, the A320-2035. Within the methodology, the turnaround times are formed by different processes such
as (de-)boarding, cleaning, and refueling, and the critical time path for these processes is obtained as the
turnaround time. As the complete turnaround time from landing until take-off is highly network dependent, it
is interesting to obtain the time differences in operating conventional kerosene aircraft and electrified aircraft
rather than the exact turnaround times. The time differences between kerosene and electrified aircraft are
caused by the refueling and recharging time. In this paper, the refueling and recharging are combined in the
reloading of an aircraft. The reloading time presents the difference in turnaround time without reloading (thus
refueling and/or recharging) and with reloading. For regional aircraft sizes and the BSS method, the reloading
time for kerosene aircraft can be estimated at 5 minutes, for fully-electric aircraft at 10 minutes, and 25 minutes
for hybrid-electric aircraft. Note that these times show the difference in critical times and do not have to equal
actual recharging or refueling times. Cost information on aircraft recharging is scarce in the literature, but
because the energy price varies during the day, the time of charging will impact the turnaround costs. However,
3

in strategic airline planning, no schedule is generated. Therefore, the varying charging price over the day can
not be taken into account.
Thereby, especially at the start of implementing electrified aircraft, it is likely that the charging facilities
are only available at a few airports. Due to this varying availability, electrified aircraft can not be charged at
every airport, and thus should reach a charging facility within its range. For conventional aircraft, refueling
is often possible at every airport and the network can be translated into single flights. For electrified aircraft,
these single flights should be replaced by routes, starting and ending at a charging facility.
Lastly, the focus is on regional airlines adapting to electrified aircraft. Two important network aspects are the
assessment of environmental impact and the implementation of regulations.
The environmental impact can be a network performance indicator. The air industry brings along different
emissions, where carbon dioxide emission is the most common measure of environmental impact. The amount
of emitted CO2 can be related to the amount of kerosene burned. The emission of 1 kg kerosene is estimated
at 3.11 kg CO2 [60]. With the goal to reduce environmental impact, governments can introduce a monetary
climate tax. Grobler et al. [22] give an indication of the cost of emission, divided into different types of emissions
and types of impact. The global aggregate climate metrics for carbon dioxide is set to be on average $45 per
tonne CO2 , which results in e0.041 per kg CO2 .
Further, regional airlines can be part of a Public Service Obligation (PSO) [56]. A PSO occurs when air
transport services are not profitable but vital for the economic and social development of a region. To ensure
connectivity to these regions, the government may award financial compensation to the carrier that operates
this route in return for compliance with the PSO. Generally, the government provides the subsidy to one single
carrier and so this airline is protected from competition during the PSO period. The government can set a
minimum service frequency or a minimum capacity for connections between airports.

1.3

Contribution

This paper studies how an airline can strategically adapt to electrified aircraft and what the relation is between
electrified aircraft design and airline network development. Therefore, a strategic network and fleet model is
created where the operation of electrified aircraft is considered. Subsequently, a methodology is presented to
couple the electrified aircraft design and obtain the most suitable combination of electrified aircraft configuration
and network development. Both design and operations of electrified aircraft have not been considered in strategic
airline planning models before, so this paper will contribute to assess the adaptation of electrified aircraft.

1.4

Structure

The structure of this paper is as follows. This first section presented the introduction to the topic, the literature
review, and the problem context. Section 2 presents the methodology of this research, presented in a flowchart,
and elaborate upon the different elements. Section 3 introduces the case study which is the airline network of
SATA Air Açores. Section 4 presents the results and various scenarios. Section 5 reflects on the results and
presents conclusions. A discussion on this research and recommendations for future research are provided in
section 6.

2

Methodology

This research aims to see how airlines can adapt to fleet replacement by electrified aircraft and present a
methodology on how strategic airline planning and electrified aircraft design can be connected. Since the impact
on both network development and fleet choice is desired, a network and fleet planning model is chosen as the
strategic model. Electrified aircraft designs are provided by the Initiator and different aircraft configurations
can be obtained by varying relations in the Breguet Range equation. Aircraft configuration can be integrated
into the strategic planning model as this requires only a set of equations.
The methodology on how to integrate aircraft configuration is presented in a flowchart in Figure 1. The
required information consists of network information and an electrified aircraft database. The network information can be obtained by analyzing the current airline network and the electrified aircraft database can be set by
the Initiator. Then a strategic network and fleet model is established where the operation of electrified aircraft
is considered. In an extension of this model, other aircraft configurations of the aircraft given in the database
can be studied and configurations contributing to the airlines objective are presented. The proposed aircraft
configurations are evaluated and one aircraft configuration can be selected to be included as a new aircraft
in the aircraft database. When a new aircraft is added to the aircraft database, again the network and fleet
model is performed and other aircraft configurations are studied. This iteration continues until no new aircraft
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configurations contribute to the objective. Then a final set of aircraft is reached. For this final set of aircraft,
the adaptation of the network to electrified aircraft can be studied by looking at the network performance, the
network development, and the chosen aircraft configurations.

Figure 1: Flowchart methodology
With this approach, every iteration a more profitable combination between electrified aircraft designs and
network development can be obtained. The different elements in the flowchart are elaborated upon in the
following sections. The required input is discussed in section 2.1. The network and fleet model in section 2.2.
Section 2.3 presents the extension to evaluate other aircraft configurations. Lastly, the evaluation of proposed
aircraft configurations and the generation of a new aircraft for the database are presented in section 2.4 and
2.5.

2.1

Input

The required input consists of network information and an initial aircraft database. This information is collected
in an Excel file. The demanded information is elaborated upon in this section.
The network is given by the airports. Airports have a name, often provided by the ICAO or IATA code, and
a maximum runway size. Further, the availability of refueling facilities and possible charging facilities should
be provided. Next to the airport characteristics, the distance and demand for each airport pair are requested.
Other airport information is the maximum time aircraft can be operated per day, which is referred to as the
maximum block time.
Besides the airport information, some general information should be given. Starting with the period for
which the planning is created. This could be one day, a week, or even multiple years. This period is given in
days. As it is unlikely that all future flights will be completely filled, a load factor can be set, which causes the
future flights to have an average occupation percentage. Also, the airline could be part of a PSO, as discussed
in section 1.2, and minimum capacity and frequency per connection are an optional input.
Revenue can be defined in yield by one value per passenger-kilometer for the entire network, or in different
values per airport pair. In the network, passengers can have an extra stop between their origin and destination. When having a stop, the passenger does not have to (de-)board the aircraft, yet it can be inconvenient.
Therefore, the yield for having an extra stop can be multiplied by the stop factor. This stop factor is a value
between 0 and 1 and thus reduces the yield. Furthermore, passengers may have a transfer. This requires the
passengers to (de-)board another aircraft. As this is inconvenient, a transfer factor, between 0 and 1, can be
set to multiply (and thus reduce) the yield.
Furthermore, the available aircraft for the network should be provided in the initial aircraft database. For
this set of aircraft, various information is required such as the number of seats, speed, required runway, and
maximum range. Information on the battery and fuel capacity is given by the maximum battery energy and
fuel capacity for the mission, battery energy and fuel consumption per kilometer, and battery energy and fuel
consumption per landing and take-off cycle. Furthermore, time estimations for turnaround without reloading
(thus refueling and recharging), reloading, and the landing and take-off cycle are requested.
For the costs, the ownership costs per aircraft and operating costs per flight are considered. Ownership
costs are defined per aircraft per day. Operating costs are determined per aircraft per flight leg and can be
divided into fixed costs, time-based costs, distance-based costs, fuel costs and battery energy costs. Fixed costs
5

represents costs such as airport use, landing rights, and parking fees and depends on the aircraft type and the
number of flights. Further, time-based costs are costs that are defined per hour and represent costs such as cabin
and flight crew. Distance-based costs depend on the flown kilometers and represent costs such as maintenance.
Besides these costs, the cost regarding CO2 tax and costs for consumed fuel and battery energy are added to
the operating costs. Therefore, values for the CO2 emission per kg kerosene, the CO2 tax in e/kg, fuel cost
and energy cost should be provided.

2.2

Network and fleet model

The network and fleet model is based on existing network and fleet models but considers the operation of
electrified aircraft. The input of the model is presented in section 2.1. For the network and fleet model, it is
important to define the objective, as the model will develop the network and fleet choice towards the objective.
For an airline, the objective is often to maximize profit but an alternative objective such as maximizing revenue,
minimizing cost, or minimizing CO2 emissions can be chosen as well. The objective is maximized by assigning
passengers to flights and assigning flights to aircraft. The model can assign passengers to direct flights or transfer flights. The results of the model present the network performance in terms of revenue, cost, and emissions,
present the network development in terms of flights, frequencies, and passenger flows, and present the fleet choice.
The network and fleet model considers the operation of electrified aircraft. Compared to the operation of
kerosene aircraft, the electrified aircraft need to be recharged. It is assumed that the recharging of aircraft is
done by a battery swap method, as presented in the Problem context. Further, it is identified that if not every
airport has a charging facility, the network should be defined in routes instead of single flights. Routes consist
of one or multiple subsequent flights which start and end at a charging facility. To implement routes instead of
single flights in the network and fleet model, routes and their characteristics are defined.
Routes thus consist of a set of one or multiple flights. The first and the last airport on the route should
have a charging facility but do not have to be the same airport. Possible airports between the first and last
airports are airports without a charging facility and can not be equal the previous airport on the route. For the
routes, all possible combinations within these conditions are considered. An illustration the route establishment
is presented in Figure 2. In this illustration, the network is given by airport A, B, and C and only airport A
has a charging facility. The routes in this example are presented on the right. It can be noted that routes can
become quite long, thus a maximum route size is set which defines the maximum number of flights per route.
Furthermore, the routes with a total distance longer than the maximum aircraft range and routes with airports
with a smaller minimum runway than the required minimum aircraft runway are not taken into account. A set
of routes is obtained and information on the airports on the route, the number of flights, and the total distance
is saved. It is assumed that passengers can only transfer to first and last airports on the route, thus at airports
with a charging facility.

Figure 2: Illustration of routes versus single flights
To elaborate on the network and fleet model, the notation is presented. The following sets are present in the
model formulation. Note that a flight is used for a single flight and a route for a set of flights.
• N : set of airports, indexed by:
– i : used for flight start airport
– j : used for flight end airport
– a: used for demand origin airport
– b: used for demand destination airport
• R: set of routes, indexed by:
– r : used for route
6

– m: used for transfer route
• K : set of aircraft types, indexed by k
• P: set of PSO requirements for direct flights per airport pair, indexed by s
To interpret the formulation, abbreviations and explanations of parameters are stated.
• LF : load factor
• BT : maximum block time
• T AT : turnaround time
• LT Ot : landing and take-off time
• SF : stop factor
• T F : transfer factor
• period : time span in days
• P SOcaps : minimum PSO capacity on flight s
• P SOf reqs : minimum PSO frequency on flight s
Passengers in this model are allocated to routes instead of single flights. To do this, additional parameters are
set to connect demand and flights to routes. These binary parameters are:
• R1ri,j , this equals 1 if flight i to j is part of route r
• R2ra,b , this equals 1 if route r can transport passengers from a to b
• R3ra,b i,j , this equals 1 if on route r, travelling from a to b, flight i to j is taken
• R4r,m
a,b , this equals 1 if route r followed by route m can transport passengers from a to b
• stopsra,b , stopsr,m
a,b , the number of extra stops on route r (and m) for a passenger travelling from a to b
• SRsr , this equals 1 if route r is contributing to the PSO requirement s
As the model assigns routes to aircraft, the performance of each aircraft per route needs to be determined. First
of all, the required fuel and battery energy per route per aircraft type are determined in equation 4 and 5. If
the required fuel and battery energy can be stored in the aircraft and the runway size complies, the route can
be flown by the aircraft type and parameter AR is adjusted, see equation 6. When the route can be flown by
the aircraft type, the other performance values, such as emission, time, and cost are determined as presented
in equation 7, 8 and 9. Note that per route, the aircraft is reloaded (thus recharged and/or refueled) once and
the cost definition shows the operating cost.
f uelkr =f uel_per_kmk ∗ distancer + f uel_per_LT Ok ∗ f lightsr

(4)

batterykr =battery_per_kmk ∗ distancer + battery_per_LT Ok ∗ f lightsr
ARkr =10000 if route r can be flown by aircraft k, else value is 0

emissionrk
timerk
costrk

=emission_f uel ∗

f uelkr

=distancer /speedk + (LT Ot + T AT ) ∗ f lightsr + reload_timek
+ f uel_cost ∗

(6)
(7)

=cost_tripk ∗ f lightsr + cost_hourk ∗ timerk + cost_kmk ∗ distancer
f uelkr

(5)

+ energy_cost ∗

battrk

+ CO2 _tax ∗

(8)
(9)

emissionrk

Based on existing network and fleet models and the additional model elements, a Linear Programming (LP)
model is built to optimize the network to the objective function. The decision variables, objective function, and
sets of constraints are presented in the following LP formulation.
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Decision variables
• ack : Amount of aircraft needed from type k
• zkr : Frequency of aircraft k on route r in given period
• xra,b : Number of passengers that go from airport a to b on route r in given period
r,m
• wa,b
: Number of passengers that go from airport a to b on route r followed by route m in given period

Objective function
The objective function (OF) can be defined based on the objective of the airline. Generally, the objective of an
airline is to maximize profit, thus maximizing the revenue minus cost (see equation 10). The formulation for
revenue is given in equation 11 and for cost in equation 12.
OF = maximize profit = maximize Revenue - Cost

Revenue =

XXX

r∈R a∈N b∈N

[yielda,b ∗ dista,b ∗ SF

stopsra,b

∗ xra,b +

X
m

(10)
[yielda,b ∗ dista,b ∗ T F ∗ SF

stopsr,m
a,b

∗

r,m
wa,b
]]

(11)

X X
Cost =
[
[costrk ∗ zkr ] + cost_ownershipk ∗ ack ]

(12)

k∈K r∈R

Set of constraints
Set of constraints C1 : the total sum of passengers that travel from airport a to b should be smaller or equal to
the demand from airport a to b.
X
X r,m
[xra,b +
wa,b ] ≤ demanda,b
∀a, b ∈ N
(13)
r∈R

m

Set of constraints C2 : number of passengers that travel from a to b on route r is less or equal to the demand
from a to b if route r can serve demand from a to b.
xra,b ≤ demanda,b ∗ R2ra,b

(14)

∀a, b ∈ N, r ∈ R

Set of constraints C3 : number of passengers that travel from a to b on route r followed by route m is less or
equal to the demand from a to b if route r and m combined can serve demand from a to b.
r,m
wa,b
≤ demanda,b ∗ R4r,m
a,b

(15)

∀a, b ∈ N, r, m ∈ R

Set of constraints C4 : the flow of passengers from airport i to j on route r should be less or equal to the total
seats on aircraft flying from airport i to j on route r.
XX
X r,m
X m,r
[xra,b ∗ R3ra,b i,j +
[wa,b ∗ R3ra,endr i,j ∗ R4r,m
[wa,b ∗ R3rstartr ,b i,j ∗ R4m,r
a,b ] +
a,b ]] ≤
m

a∈N b∈N

m

X
[]R1ri,j ∗ zkr ∗ seatsk ∗ LF ]

(16)

k

∀r ∈ R, i, j ∈ N

Set of constraints C5 : aircraft can only fly route r with aircraft type k if possible
zkr ≤ ARkr

∀k ∈ K, r ∈ R

Set of constraints C6 : for all start and end (charging airports), #aircraft landing = #aircraft take off
XX
XX
[
[R1ri,c ] ∗ zkr ] =
[
[R1rc,j ] ∗ zkm ]
∀k ∈ K, c ∈ Ncharging=possible
r

(17)

(18)

m j∈N

i∈N

Set of constraints C7 : maximum time an aircraft is used should be smaller or equal to the total block time
X
[timerk ∗ zkr ] ≤ BT ∗ ack ∗ period
∀k ∈ K
(19)
r∈R

8

Set of constraints C8 : fulfill PSO requirements. C8a for frequency requirements and C8b for capacity requirements
X
X
[SRsr ∗
zkr ] ≥ P SOf reqs
∀s ∈ P
(20)
X

r∈R

[SRsr ∗

r∈R

X

k∈K

k∈K

[seatsk ∗ zkr ]] ≥ P SOcaps

∀s ∈ P

(21)

Solving this LP model, the outcome regarding network performance, network development, and fleet choice can
be obtained. The optimization can require quite some time. As this is a strategic model, a good estimation of
the objective value is required rather than the exact outcome. Therefore, a time limit for the optimization can
be set in the input file.

2.3

Extension to other aircraft configurations

An extension to the Network and fleet model is created to evaluate other aircraft configurations. The goal is to
study other aircraft configurations to enhance network performance. First, the method to define other aircraft
configurations is presented, followed by the LP model extension.
For electrified aircraft, the payload-range trade-off is an important design aspect. This trade-off leads to different
configurations of one aircraft design. These different configurations can be created by using the Breguet Range
equation, presented in section 1.2. When only the payload-range trade-off is considered for an aircraft design,
the maximum take-off weight and the design point are assumed to be constant. In this situation, the efficiencies
(η1 , η2 , η3 ), the battery- and fuel-specific energy (eb , ef ), the lift over drag ratio (L/D), the supplied power ratio
(ϕ) and the operating empty weight (WOE ) are constant as well. Varying elements in the equations will then
only be the range (R), payload weight (WP L ), and the energy given in Wf , Wb and E0_tot . To illustrate, the
Breguet Range equations are again presented in equation 22 and 23, but now constant parameters are given in
red en varying parameters in blue. Only the equations for electrified aircraft are presented since the focus is on
electrified aircraft design.
Breguet Range equation for hybrid-electric aircraft [15]:
R = η3 ∗

ϕ
WOE + WP L + Wf + Wb
ef L
∗
∗ (η1 + η2 ∗
) ∗ ln(
)
g D
1−ϕ
WOE + WP L + Wb

(22)

Breguet Range equation for fully-electric aircraft [15]:
R = η2 ∗ η3 ∗

E0_tot
L
∗
D WOE + WP L + Wb

(23)

It is chosen to change the aircraft configuration by one row of seats per iteration. If one row of seats is added to
the aircraft, the payload weight increases with the weight of this additional row of seats. To keep the maximum
take-off weight constant, the energy weight (both Wf and Wb ) should decrease. The new values of Wf , Wb and
E0_tot can be defined by solving equations 24, 25 and 26[15]. Again, constant values are presented in red while
varying values are in blue.
Wenergy_tot = Wb + Wf
eb
∗ ϕ ∗ E0_tot
Wb =
g
ef
Wf =
∗ (1 − ϕ) ∗ E0_tot
g

(24)
(25)
(26)

With the new values for Wf , Wb and E0_tot , the range for this aircraft configuration is calculated by the
Breguet Range equation. If the payload increases and thus the total energy weight reduces, the range reduces
as well. For a decreased payload, it is vice versa. As the maximum take-off weight and design point are
constant, other aircraft characteristics do not change. If it is assumed that the cost values are constant for
different configurations, only a trade-off between range and passenger capacity is obtained for a new aircraft
configuration.
Note that the aircraft configuration is limited by the aircraft exterior, and a maximum number of seats can
fit in the aircraft. When this limit is reached, no aircraft configurations with more seats can be established
using this approach.
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To compare the performance of other aircraft configurations to the original aircraft configuration, an extension
to the network and fleet model is created. In this extended model, it is possible to evaluate other configurations with one extra row or one less row of seats to the original aircraft. The most profitable configuration is
chosen per route (per aircraft type). This leads to two new decision variables: extra_rowkr and less_rowkr . So,
an aircraft can have a configuration with one extra row on one route (for all frequencies on this route) and a
configuration with one less row on another route. Now, differences to the network and fleet model are presented.
First of all, the trade-off between payload and range impacts the routes that can be flown. Removing one
row from the aircraft extends the aircraft range. Due to this, routes within this extended range can be flown
with decreased capacity but not with the original aircraft capacity. On the other hand, adding one row to the
aircraft diminishes the aircraft range. Due to this, some routes are not available anymore for aircraft with an
increased capacity. To define which routes can be flown with which configuration, performance calculations such
as presented in equation 4-9, should be defined for new aircraft configurations. This leads to two additional
parameters AR_less and AR_extra:
• AR_lessrk , this equals 1 if route r can only be flown by aircraft k when having one less row
• AR_extrark , this equals 10000 if route r can be flown by aircraft k when having one extra row
A set of constraints C9a, presented in equation 28, makes sure that if a route can only be flown by an aircraft
configuration with one less row, this configuration is chosen. A set of constraints C9b, presented in equation
29, ensures that an extra row can only be added if the aircraft can still fly this route.
The other change to the model is the capacity change. This impacts the number of passengers that can be
transported and is implemented in the set of capacity constraints C4, presented in equation 27.
To guarantee that the same configuration is chosen for every frequency per aircraft type per route, a set
of constraints C10 is added, presented in equation 30-34. For this set of constraints, a binary variant of both
decision variables extra_row and less_row, and a variable to state no change in rows: row_0 and its binary
variant are required.
With the new model elements, the LP model for the extended network and fleet model is presented. Note:
only the differences are presented.
Decision variables
• extra_rowkr : one row is added for all frequencies of aircraft type k on route r
• less_rowkr : one row is removed for all frequencies of aircraft type k on route r
• row_0rk : no row changes for all frequencies of aircraft type k on route r
• extra_row_binarykr : binary value of extra_rowkr
• less_row_binarykr : binary value of less_rowkr
• row_0_binarykr : binary value of row_0rk
Sets of constraints
Set of constraints C4 : flow from airport i to j on route r should be less or equal to the total seats on aircraft
flying from airport i to j on route r
XX
X r,m
X m,r
[xra,b ∗ R3ra,b i,j +
wa,b ∗ R3ra,endr i,j ∗ R4r,m
wa,b ∗ R3rstartr ,b i,j ∗ R4m,r
a,b +
a,b ] ≤
a∈N b∈N

X
k

m

R1ri,j

∗

(zkr

∗ seatsk +

m

(extra_rowkr

− less_rowkr ) ∗ seats_per_rowk ) ∗ LF

(27)

∀r ∈ R, i, j ∈ N

Set of constraints C9a: if a route can only be flown by an aircraft configuration with one less row, make sure
this configuration is chosen
zkr ≤ less_rowkr
∀r, k ∈ AR_lessrk = 1
(28)
Set of constraints C9b: make sure that a route can only be flown by a configuration with one extra row if the
range is still feasible
extra_rowsrk ≤ AR_extrark
∀k ∈ K, r ∈ R
(29)
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Set of constraints C10a/C10b/C10c/C10d/C10e: per route per aircraft type all frequencies have extra, less or
not changed number of rows. Where M » z and »#ac
extra_row_binarykr + less_row_binarykr + row_0_binarykr = 1
extra_rowkr

less_rowkr

row_0rk

+
+
= zkr
extra_rowkr ≤ M ∗ extra_row_binarykr
less_rowkr ≤ M ∗ less_row_binarykr
row_0rk ≤ M ∗ row_0_binarykr

∀k ∈ K, r ∈ R

(30)

∀k ∈ K, r ∈ R

(32)

∀k ∈ K, r ∈ R

(34)

∀k ∈ K, r ∈ R

(31)

∀k ∈ K, r ∈ R

(33)

The result of the extended LP model presents aircraft configurations that are enhancing the network performance. It indicates which aircraft configuration is profitable per aircraft type per route. An example of the
model outcome is presented in Table 1.
Table 1: Example of output of extension to other configurations
aircraft
FE20
FE28
FE48

one less row
0
2
4

one extra row
4
3
2

original rows
4
0
0

sum
8
5
6

In the model, for every aircraft type, the configuration is chosen per route. In this table, per aircraft type,
the number of routes where a configuration is chosen is presented. Thus for this example, for aircraft FE20
the configuration of having one less row is not chosen, the configuration of having one extra row is chosen for 4
routes and the original configuration is chosen for 4 routes. In the next block in the flowchart Evaluate proposed
configurations, one aircraft configuration is chosen to be included in the aircraft database.
Besides the selected configurations, the outcome also gives information on the network performance, development, and fleet choice, but this can not be stated as true. Since the choice for configuration is determined per
aircraft type per route, this leads to the option to switch the aircraft configuration for every different route that
is flown, which is not feasible in reality. Therefore, the output can be used as a comparison with the network
and fleet model, but to say anything about the "real" performance, the network and fleet model should be used.

2.4

Evaluate proposed configurations

The next step in the flowchart is to select a new aircraft configuration and add this to the aircraft database.
Per iteration, one new aircraft can be added. The new aircraft name is based on the original aircraft and
the modification in rows, thus for example aircraft FE20 with a configuration of one extra row will become
FE20+1, and with one less row FE20-1. When multiple aircraft configurations are proposed in the output of
the extension model, like the output presented in Table 1, one should be chosen. The choice is made by the
following algorithm,
P illustrated in Figure 3. The column one less row is now presented by -1, one extra row by
+1, and sum by . The column original rows is not shown.
1. Skip all the aircraft configurations which are outside the aircraft limitations or already present in the
aircraft database.
2. Choose the aircraft configuration which is most often chosen. Thus the highest number in columns [-1 ]
and [+1 ].
3. WhenP
multiple aircraft
P are selected in step 2, the aircraft which is relatively most chosen, with the highest
[-1 ]/[ ] or [+1 ]/[ ] of the aircraft configurations found in step 2 is chosen.
4. When again multiple aircraft configurations are selected, just the first one (row-column) is chosen.

Figure 3: Illustration of the algorithm to choose a new aircraft configuration
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2.5

Generate a new aircraft configuration

In section 2.4, a new aircraft configuration to add to the aircraft database is selected. To include this new configuration, the aircraft characteristics should be known. As discussed before, the exterior design and maximum
take-off weight of the aircraft will be constant which causes most of the aircraft characteristics to be constant as
well. The new configuration has new values for the payload, the maximum fuel weight, the maximum battery
energy, and the maximum range. These values are determined as presented in section 2.3. These values need
to be collected together with the new aircraft name and the new number of seats.
The new aircraft configuration is added to the aircraft database to run both the network and fleet model as
the extension to evaluate other configurations. The network performance, development, and chosen fleet can be
obtained, and interesting aircraft configurations are suggested for each iteration. When the algorithm presented
in section 2.4 is not able to select a new aircraft configuration to add to the aircraft database, a final set of
aircraft configurations is reached. The network performance, network development, and fleet choice with this
final set of aircraft configurations presents the final network choice.

3

Case study

The network of SATA Air Açores is implemented to test the presented methodology. SATA Air Açores is
a regional airline and part of the SATA network which can be divided into SATA Air Açores and SATA
International. SATA Air Açores is established in 1941 in Ponta Delgada to connect the isolated regions of
Azoren and provides flights between these islands and a connection to the larger airline network(s) [2]. Serving
these isolated regions is not profitable for the airline and therefore the government has chosen to set PSO
regulations and subsidize the airline for operating specific connections.
In this part, the current situation is presented by its network and fleet in section 3.1 and 3.2. To connect
electrified aircraft design and strategic airline planning, additional information regarding the design and operation of electrified aircraft is required and presented in section 3.3. Further assumptions are stated in section
3.4.

3.1

Network

The network consists of nine islands in the Azoren, presented in Figure 4. The corresponding airports and their
specifications are given in Table 2. The network is connected to the larger network of SATA International by
the airports Ponta Delgada, Terceira, and occasionally Horta.

Figure 4: Map of SATA Air Açores network [2]
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Table 2: SATA Air Açores Airports
Location
Santa Maria
San Miguel - Ponta Delgada
Terceira
Graciosa
São Jorge
Pico
Faial – Horta
Flores
Corvo

ICAO code
SMA
PDL
TER
GRW
SJZ
PIX
HOR
FLW
CVU

IATA code
LPAZ
LPPD
LPLA
LPGR
LPSJ
LPPI
LPHR
LPFL
LPCR

Refuel facility
Yes
Yes
Yes
No
No
Yes
Yes
No
No

Runway length
3048 m
2323 m
3310 m
1268 m
1270 m
1655 m
1595 m
1342 m
761 m

In the network, refueling is not possible at every airport. Therefore, this network already consists of routes
instead of single flights. At the airports, an average turnaround time of 30 minutes is obtained, including
refueling the aircraft. The flight times, including the landing and take-off times and excluding turnaround
times, are given per city pair per aircraft type.
The revenue of the network is gained by the yield of passengers. The yield depends on the city pair and is
given in yield per passenger per kilometer per city pair. For the distance, the great circle distance between the
origin and destination airport is inserted.
For the network, PSO requirements have been established for multiple network aspects; minimum values for
frequency, capacity, and cargo weight are set. These values are set for direct flights between airport pairs. The
financial compensation is not fixed and determined afterwards. Therefore, this compensation is not included in
the network and fleet model, which likely results in negative profit values. Furthermore, the airline network is
located in an outermost region, which is at this moment excepted from climate tax.

3.2

Fleet

The flights between the islands of Azoren are currently covered by two turboprop aircraft from De Havilland
Canada and Bombardier Aerospace. The two aircraft and their specifications are presented in Table 3.
Table 3: SATA Air Açores Fleet
Aircraft
Type
Seats (max)
Range (max)
Speed (max)
Required runway
Ceiling
Maximum fuel weight
Fleet size

Q200
DHC-8-200 Dash 8 / 8Q
37
1839 km
535 km/h
974 m
7620 m
2500 kg
2

Q400
DHC-8-400 Dash 8Q
80
2656 km
667 km/h
1431 m
7620 m
5000 kg
4

Other important aspects of the fleet are the fuel consumption per kilometer and per landing and take-off
cycle. These values are provided by the Initiator, presented in section 1.2, for kerosene aircraft.
The cost of operating these aircraft is provided in the time-based cost. Yet the cost does not only contain
time-based costs, but also ownership and fixed costs. Therefore, the given cost is divided into ownership cost,
fixed cost, and variable cost per hour by taking the average division for regional passenger airlines established
by FAA [18]. This leads to the cost estimation presented in Table 4. Note that these costs exclude fuel and
energy costs.
Table 4: Cost of fleet
Q200
Q400

cost/day [e]
4167
6596

cost/trip [e]
1312
1679
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cost/hour [e]
1638
2625

3.3

Operating electrified aircraft

For electrified aircraft, the design and operation are implemented. Starting with the aircraft design where the
initial electrified aircraft database is established by the Initiator. The created set of aircraft is inspired by the
current fleet of regional airlines and opportunities in electrified aircraft design and presented in Table 5. The
database consists of 3 fully-electric aircraft and 5 hybrid-electric aircraft. It can be obtained that the hybridelectric aircraft can reach a higher passenger capacity and requires a lower battery-specific energy for their 28and 48-seat aircraft. Note that only a fraction of the specifications is given, more required information can be
found in Appendix A.1, Table 11.
Table 5: Initial electrified aircraft database
Fully-electric

Hybrid-electric

FE20: 20 seats,
400 km range,
eb = 500 Whr/kg
FE28: 28 seats,
1036 km range,
eb = 700 Whr/kg
FE48: 48 seats,
1000 km range,
eb = 700 Whr/kg

HE20: 20 seats,
400 km range,
eb = 500 Whr/kg
HE28: 28 seats,
1036 km range,
eb = 500 Whr/kg
HEA48: 48 seats,
1000 km range,
eb = 500 Whr/kg
HEB48: 48 seats,
1302 km range,
eb = 700 Whr/kg
HE70: 70 seats,
1530 km range,
eb = 700 Whr/kg

In the methodology, other aircraft configurations for aircraft in the database are evaluated. Therefore, aircraft limitations for a maximum amount of seats should be taken into account. For the presented database,
the maximum addition in seats is one row of seats for aircraft up to 48 seats and two rows of seats for larger
aircraft. The number of rows can always decrease until no more seats are left.
Costs for electrified aircraft are based on the cost of kerosene aircraft. The cost values for aircraft Q200 and
Q400 are translated to linear cost equations dependent on the number of seats. The resulting equations are
presented in Table 6 and are used to give a cost estimation of the electrified aircraft.
Table 6: Cost formulation
Cost division
Cost per aircraft per day
Cost per trip
Cost per hour
Cost per km

Relation to number of seats
2429 + 56.5 ∗ #seats
367 + 8.5 ∗ #seats
987 + 23.0 ∗ #seats
0 + 0 ∗ #seats

Next to the electrified aircraft design, the operations required for electrified aircraft should be determined. The
electrified aircraft operation focuses on the charging operation. The electrified aircraft will be recharged by a
battery swapping station. The required time for recharging and refueling is taken into account by the relative
reloading times stated in Table 7. These values were introduced in section 1.2.
Table 7: Relative aircraft reloading times
Aircraft type

Reloading time

kerosene
fully-electric
hybrid-electric

5 min
10 min
25 min

With the relative reloading time, the turnaround time per aircraft technology type can be distinguished.
The turnaround time including refueling for the kerosene fleet is set at 30 minutes, which shows a turnaround
time excluding refueling equal to 25 minutes. Turnaround times including reloading for the different aircraft
technologies will become, 30 minutes for kerosene aircraft, 35 minutes for fully-electric aircraft, and 50 minutes
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for hybrid-electric aircraft.
Furthermore, the charging locations should be defined in the network. To start with, the charging facilities
will be located at the same airports as where refueling facilities are present. This results in a situation where
recharging is not possible at every airport, and the network should be defined in routes instead of single flights.
To achieve this, routes are defined as presented in the Network and fleet model. Routes can consist of one
or multiple subsequent flights, and start and end at an airport with a charging facility.

3.4

Model assumptions

To implement the airline network in the presented methodology, the following assumptions have been made.
• The objective is to maximize profit.
• The model is run for an average week, thus 7 days. The input consists of average weekly demand and
average weekly PSO requirements. The demand includes demand for connecting flights.
• The PSO requirements for frequency and capacity have been taken into account.
• The load factor is assumed to be 0.85, thus future flights expect to be filled for 85%.
• The stop factor and transfer factor are assumed to be 1, thus stops and transfers do not impact the yield
value.
• The maximum time an aircraft can be operated per day, the maximum block time, is set at 9.35 hours.
• The required runway of Q200 is decreased to 760m to be operated in CVU and the required runway of
Q400 is decreased to 1340m to be operated in FLW. This can be assumed while the take-off weight is
smaller than the maximum take-off weight.
• Kerosene price is e0.80 per kg.
• Battery energy is e0.1445 per kWh.
• For the aircraft configuration, the weight of one extra seat including passenger and baggage is 112 kg.
• The maximum route size is set at 4 airports, thus 3 subsequent flights. Larger route sizes lead to long
computational times.
• A good estimation of the network and fleet is reached within 600 seconds, therefore the time limit for the
optimization is set at this value.

4

Results

With the information presented in the previous sections, the methodology is executed. The interest is to
study the adaptation of SATA Air Açores to fleet replacement by electrified aircraft. The effect on network
development, network performance, and fleet choice can be compared with a reference situation, which is the
current situation. In the reference situation, the fleet is given by the aircraft currently operated, the Q200 and
Q400. This reference situation can also serve as model validation and is presented in section 4.1.
Then in section 4.2, the methodology is performed with a fleet consisting of electrified aircraft. The choice
for aircraft configuration and network is first presented for a fully-electric fleet and a hybrid-electric fleet
independently. Thereafter, the results for a mixed fleet of fully- and hybrid-electric aircraft are presented. As
it is likely in the future situation that kerosene aircraft are not replaced at one moment, the mixed situation of
both electrified and kerosene aircraft is obtained as well.
The outcome consists of information regarding network performance, network development, and selected
aircraft designs and configurations. A lot of information can thus be presented. The goal of this paper is
to study how airlines can strategically adapt to the implementation of electrified aircraft and see the selected
aircraft designs. Therefore, the choice has been made to focus on the airline performance in terms of profit and
CO2 emission, the difference in operating routes, and chosen aircraft designs.
The airline can not only adapt to electrified aircraft by changing its routes, frequencies, and fleet, but by
changing network characteristics as well. Characteristics that can be influenced by the airline are fleet diversity,
location of charging facilities, turnaround times, reloading times, and the maximum block time. The impact of
changing these network characteristics on the adaptation is analyzed by scenarios in section 4.3.
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Besides the airline choices, external factors can influence the adaptation. This could CO2 taxes, fuel and
battery energy prices, and costs of electrified aircraft. The impact of these factors on the airlines’ adaptation is
analyzed in scenarios in section 4.4.
To study the choice for aircraft design, the aircraft costs per aircraft type and per seat are presented in Table 12
in Appendix A.2. These cost values include the cost for fuel and energy consumption with the prices presented
in the Model assumptions. Note that new aircraft configurations are included in the table.

4.1

Reference situation

The reference situation is implemented by selecting the current kerosene aircraft, the Q200 and Q400, as
available aircraft for the fleet. For this situation, the aircraft configurations are not variable, and thus the
network and fleet model is executed without the extension for other configurations. A selection of the results is
presented in Table 8. The number after the aircraft type presents the amount of aircraft chosen. More details,
for example on the cost values and the number of passengers transported, are presented in Table 13, Appendix
B.1.
Table 8: Result current fleet

kerosene fleet

Profit (OF)
[e]
−94.0 ∗ 104

CO2 emission
[kg]
30.3 ∗ 104

Aircraft fleet
Q200 (3), Q400 (2)

For this situation, the routes flown per aircraft type are visualized in Appendix B.2, Figure 10. Both aircraft
operate on various distances, but the largest route distances are only operated by the Q400. The profit is given
by a large negative value since the financial compensation of the PSO flights is not included. Therefore, also
other situations and scenarios will result in negative profit values.

4.2

Situation with electrified aircraft

In this section, the methodology is performed with a fleet of electrified aircraft. Besides other available aircraft,
the situation is not changed compared to the reference. First, the independent situations of a fully-electric fleet
and a hybrid-electric fleet are presented.
When the methodology is performed for an exclusively fully-electric aircraft fleet, the results are presented in
Table 9. By choosing a profitable new aircraft configuration each iteration, the objective function becomes
higher throughout the iterations. In iteration 3, no other aircraft configurations are proposed and thus the
final set of aircraft designs is reached. For the fully-electric aircraft fleet, configurations with an increased
payload and decreased range are preferred. The largest aircraft design, the FE48+1 is most dominantly chosen.
Extensive results on the performance of the final iteration are given in Appendix B.1.
Table 9: Result fully-electric fleet
IT
FE
FE
FE
FE

0
1
2
3

Profit (OF)
[e]
−118.0 ∗ 104
−111.9 ∗ 104
−108.3 ∗ 104
−107.9 ∗ 104

CO2 emission
[kg]
0
0
0
0

Aircraft fleet

New aircraft

FE28 (2), FE48 (5)
FE20 (1), FE28 (2), FE48+1 (4)
FE20 (1), FE28+1 (2), FE48+1 (4)
FE20+1 (1), FE28+1 (2), FE48+1 (4)

FE48+1
FE28+1
FE20+1
none

Throughout the iterations, the two FE28 and five FE48 aircraft are replaced by one FE20+1, two FE28+1,
and four FE48+1. While the fleet size stays at 7 aircraft, the ownership cost (−5%) and operating cost (−7%)
reduce. Slightly fewer passengers are transported (−1%).
This new situation of operating exclusively fully-electric aircraft leads to a reduction in profit (−15%)
compared to the reference situation. The fleet of 5 kerosene aircraft is replaced by 7 fully-electric aircraft, which
requires higher ownership costs (+16%). The minimum trip time for this network has increased (+15%) due to
lower speed and increased reloading times. This causes a larger fleet and higher operational costs (+7%). Still,
fewer passengers are transported (−9%) which induces a lower revenue (−10%). It should be noted that when
operating exclusively fully-electric aircraft, the CO2 emission equals zero.
Three different aircraft designs have been chosen. The FE20+1 is chosen mainly on shorter routes and the
FE28+1 on longer routes. The FE48+1 is chosen for various route distances. Most of the chosen routes match
the chosen routes in the reference situation. However, the largest route flown is 762 km and thus smaller than
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the reference situation (−25%), while the average route length is around equal (+1%). The total available seat
kilometers decreased (−12%).
In Table 10, the results are presented when the methodology is performed for an exclusively hybrid-electric
aircraft fleet. Again each iteration, a profitable aircraft configuration is chosen and contributes to the objective
function. No more aircraft configurations are proposed in the third iteration, and a final set of aircraft designs is
reached. The final set of aircraft designs is presented by a combination of original and new aircraft configurations.
Not one aircraft design dominates in this situation. Besides the objective function which increases over the
iterations, the CO2 emission decreased over the iterations. Extensive results on the performance of the final
iteration are presented in Appendix B.1.
Table 10: Result hybrid-electric fleet
IT
HE
HE
HE
HE

0
1
2
3

Profit (OF)
[e]
−111.8 ∗ 104
−110.2 ∗ 104
−107.9 ∗ 104
−106.3 ∗ 104

CO2 emission
[kg]
11.2 ∗ 104
11.0 ∗ 104
10.9 ∗ 104
10.8 ∗ 104

Aircraft fleet

New aircraft

HE20 (1),
HE20 (1),
HE28 (3),
HE20 (1),

HE70+1
HE70+2
HE28+1
none

HE28 (1), HEA48 (2), HEB48 (1), HE70 (1)
HE28 (1), HEA48 (2), HEB48 (1), HE70+1 (2)
HEA48 (1), HEB48 (1), HE70+2 (2)
HE28+1 (2), HEA48 (1), HEB48 (1), HE70+2 (2)

Throughout the iterations, one HEA48 aircraft is replaced by a new configuration, and the HE28+1 and
two HE70 aircraft are replaced by two HE70+2 aircraft. This decreases both ownership (−3%) and operating
cost (−4%). Furthermore, the emission decreases (−3%) while slightly more passengers are transported (+1%)
compared to the initial hybrid-electric situation.
Compared to the reference situation, operating exclusively hybrid-electric aircraft leads to a smaller profit
(−13%) and a decrease in CO2 emission (−64%). For the fleet, 7 hybrid-electric aircraft are chosen which bring
higher ownership costs (+25%). The operating costs are increased as well (+3%), which can be related to the
increased minimal trip time due to higher reloading times and reduced speed. In this new situation, fewer
passengers are transported (−10%) which results in less revenue (−11%).
Five different aircraft designs have been chosen. The HE20 mainly operates on short routes and the HEB48
on medium-sized routes. The other aircraft, the HE28+1, the HEA48, and the HE70+2, operate on various
route distances. Again, most operated routes match the chosen routes in the reference situation. Also, the
maximum route distance is similar to the reference situation. However, the total available seat kilometers are
decreased (−13%).
The chosen aircraft configurations are collected and mixed situations are implemented into the airline network.
First, all electrified aircraft are taken into account, followed by a mix of electrified and kerosene aircraft. In
both situations, the new aircraft configurations selected for fully- and hybrid-electric aircraft are included and
no new aircraft configurations are proposed to add to the aircraft database.
The results of these mixed situations are presented together with the exclusive situations in Figure 5. In this
figure, the profit and CO2 emission are presented per situation simultaneously with the chosen aircraft fleet.
The labels present the fleet composition, where FE presents fully-electric aircraft, HE presents hybrid-electric
aircraft and KE presents kerosene aircraft. More information on the performance per fleet composition is presented in Appendix B.1.
In the situation where all electrified aircraft are available (FE +HE ), the profit is increased regarding the exclusively fully-(FE ) or hybrid-electric (HE ) situations. Compared to the reference (KE ) situation, the profit
is yet decreased (−6%) but the CO2 emission is highly decreased as well (−81%). For the fleet, 6 aircraft are
chosen which increases the ownership costs (+12%). Having a longer minimal trip time (+15%) leads to higher
operating costs (+1%). The amount of passengers and the revenue is decreased (both −8%). The new fleet
consists of a mix of hybrid- and fully-electric aircraft. Furthermore, the chosen routes are like the reference situation and have similar maximum and average distances. The total available seat kilometers are decreased (−11%).
When both electrified as kerosene aircraft are available for the network (FE +HE +KE ), a mix of these aircraft
technology types is chosen. Compared to the reference situation, the profit has increased (+1.4%) and the CO2
emission is decreased (−49%). Since this situation is more profitable than the reference situation, the replaced
aircraft are studied. Table 12 is used.
The smaller kerosene aircraft in the reference situation, three Q200 aircraft, are replaced by two FE20+1,
one HE28+1, and one HEB48. The FE20+1 is an aircraft with a smaller capacity than the Q200 and thus
both ownership and operating costs per aircraft are lower. However, the costs per seat show higher ownership
and operating costs than for the Q200. Therefore, the FE20+1 aircraft is interesting for routes where a small
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Figure 5: Performance with different fleets
capacity is required. Secondly, the HE28+1 is chosen. When looking at the costs per seat, the ownership costs,
costs per trip, and costs per hour are all somewhat higher than for the Q200, but the costs per kilometer are
lower. Therefore, this aircraft is interesting to operate the longer distances that were previously flown by Q200.
Thirdly, the HEB48 is chosen. This aircraft has a larger capacity and is more expensive per aircraft than the
Q200, but per seat, it has lower ownership and operating costs. Due to this, the aircraft is profitable to be
operated on routes where a larger capacity is required. The operated routes in the FE +HE +KE situation
are comparable with the reference situation. Per aircraft type, operated routes are presented in Appendix B.2,
Figure 11.
For the fleet, now 6 aircraft are chosen instead of 5 in the reference case. This, together with the aircraft
characteristics, leads to a situation with increased ownership costs (+9%), but a decrease in operational costs
(−6%). Fewer passengers are transported (−9%) which leads to a decrease in revenue (−10%). The total
available seat kilometers is decreased (−11%) as well.

4.3

Decisions of the airline

This section presents the impact of the airline on the adaptation of electrified aircraft. The airline has an
impact on some network characteristics, namely the fleet diversity, location of charging facilities, turnaround
times, reloading times, and maximum block times. The goal is to study the impact of varying these values
on the adaptation of electrified aircraft. Since an adaptation is interesting when it is profitable for the airline,
profitable network and fleet choices are studied for different scenarios. In previous results, minimal variation is
obtained in the selected routes. Therefore, the focus is on the network performance and fleet choice. It should
be taken into account that some changes require additional cost, but this is not elaborated upon. The reference
situation in this section is the mixed situation with electrified and kerosene aircraft, presented in the previous
section, and is labeled the initial situation.
Starting with the fleet diversity. In the mixed situation with electrified and kerosene aircraft, four different
aircraft types are chosen to operate in the network. Regarding aircraft maintenance, it is beneficial for an airline
to have less fleet diversity. Therefore, the impact of having a maximum fleet diversity is studied. Scenarios with
a limit of 3, 2, and 1 different aircraft type(s) are studied and results are presented in Figure 6. Performance
in profit and CO2 emission per scenario can be obtained on the axes. Furthermore, the colored squares give
information regarding the fleet choice. The initial situation, without a diversity limit, is presented in blue.
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Figure 6: Performance with maximum fleet diversity
Minimizing the fleet diversity leads to the choice to operate less electrified aircraft, and thus makes the
adaptation of electrified aircraft less attractive. The scenario with a maximum fleet diversity of two will even
be most profitable with the current kerosene fleet.
Secondly, the choice of placement of charging facilities is analyzed. At this moment, refueling is possible at
airports: PDL, TER, HOR, PIX, and SMA and it is assumed that charging facilities are located here as well.
To see the impact of varying the amount of charging locations in the network, first the airports are arranged
based on their demand sum. The order of airports in demand sum (from large to small) is PDL, TER, HOR,
PIX, SJZ, SMA, FLW, GRW, and CVU. Scenarios with one up to nine charging locations are created, where
charging is possible at the largest demand airports. So in the scenario with 5 charging locations, these are
situated at PDL, TER, HOR, PIX, and SJZ. Note that this is different than the initial situation which also has
5 charging locations. Performance in profit and CO2 emission per situation are presented in Figure 7 together
with the performance of the initial situation. Labels present the amount of charging locations. To distinguish
different scenarios, the choice is made to limit the axis to a smaller range. Therefore, the scenario with one
charging location is not visible in the graph but is presented on the right. Besides the performance, the chosen
fleet is presented as a colored square.

Figure 7: Performance with different charging locations
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With 3 or 4 charging locations in the network, the network and fleet choice is similar to the initial situation.
Both a lower and a higher amount of charging locations show the preference for operating a small kerosene
aircraft, the Q200, instead of an electrified aircraft.
By interpreting these results, it should be noted that in this model the aircraft are recharged at every charging location. Therefore, having more charging locations requires more time and thus cost.
As third, the impact of changing time values in the network on the adaptation is studied. The values of the
maximum block time, turnaround time, and reloading time are taken into account.
The maximum block time defines the number of hours an aircraft can be operated per day and equals 9.35
hours in the initial situation. To see the impact of the maximum block time on the adaptation, the block time
is varied to 7,8,11, and 12 hours. The turnaround time without reloading in the initial situation is 25 minutes.
To see the impact of speeding up or slowing down airport operations, a turnaround time is varied by 5 and 10
minutes up and down. The reloading time differs per aircraft technology type. The reloading time of electrified
aircraft is quite higher than for kerosene aircraft. Therefore, the impact of speeding up the battery swap process
by 10 minutes is interesting. Further, the impact of having equal reloading times for kerosene and electrified
aircraft, thus all 5 minutes, is studied.
The proposed scenarios are implemented and results for adjusting operation times are visualized in Figure
8. Again the performance in profit and CO2 emission is presented on the axes of the graph, and the fleet choice
by the colored squares.

Figure 8: Performance with different operating times
When looking at the variation in maximum block time, the maximum block time impacts the fleet size.
When having an increased maximum block time, fewer aircraft are operated in the fleet and electrified aircraft
are absent compared to the initial situation. Decreasing the maximum block time causes more aircraft to be
chosen in the fleet, with the choice of kerosene aircraft.
Decreasing reloading times for electrified aircraft by 10 minutes leads to more profit, but no other network
and fleet choices. Setting all reloading times to 5 minutes causes a fleet replacement of one Q400 by electrified
aircraft. In this situation, only hybrid-electric aircraft are chosen beside one Q400.
Decreasing the turnaround time at the airport causes more profit and fewer aircraft in the fleet. Similar to
increasing the block time, one electrified aircraft is missing compared to the initial situation. Increasing the
turnaround time causes an electrified aircraft to be replaced by a Q200.

4.4

External factors

Additionally, external factors impact the adaptation of electrified aircraft. Cost values are dependent on the
CO2 tax, the pricing of kerosene and energy, and the costs of electrified aircraft. Similar to section 4.3, new
scenarios are compared to the mixed situation of electrified and kerosene aircraft and the focus is on network
performance and fleet choice.
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In the initial situation, the CO2 tax is zero. In the Problem context, a CO2 tax of e0.041 per kg CO2
is proposed. Scenarios are created with this value and multiplications of this value to see the impact on the
adaptation. The initial kerosene price e0.80 per kg and the energy price e0.1445 per kWh. The impact of
the kerosene and energy price is evaluated by scenarios with doubled or halved prices. The initial costs for
electrified aircraft are similar to kerosene ones. Most likely, electrified aircraft will be more expensive. Based
on the information in section 1.2, the costs of aircraft with a 500 Whr/kg battery are increased by 5%, 7.5%,
and 10%, and of aircraft with a 700 Whr/kg battery simultaneously by 8.5%, 12.75%, and 17% to the initial
situation. Results for all scenarios are presented in Figure 9. Performance in profit and CO2 emission is
presented in the axes of the graph, and the fleet choice by the colored squares.

Figure 9: Performance with different CO2 taxes, fuel and energy prices, and aircraft ownership costs
A CO2 tax up to e0.164 per kg will not impact the network and fleet choices, only increased costs due to
the tax occur. Higher values for CO2 tax will present the choice for more fully-electric aircraft and a lower
CO2 emission. Doubling the energy price or halving the kerosene price leads to the choice for more kerosene
aircraft and more CO2 emission. On the other hand, halving the energy price or doubling the kerosene price
does not have a large impact on the adaptation, besides the changed cost. Increasing the ownership costs for
aircraft with a battery technology of 500 Whr/kg and 700 Whr/kg with 5% and 8.5% respectively has no large
impact on the network and fleet choice. But increasing the by more than 7.5% and 12.8% respectively leads to
the airlines’ choice for operating more kerosene aircraft.

5

Conclusions

This research aims to study how airlines can strategically adapt to (the introduction of) electrified aircraft.
Since the design of electrified aircraft is yet in a conceptual phase, a methodology is presented where strategic
airline planning and electrified aircraft design are connected. In this methodology, new profitable aircraft configurations are found which give a positive contribution to the airline network. Results show that new aircraft
configurations indeed contribute to the objective.
The methodology is performed on the airline network of SATA Air Açores, to study the airlines’ adaptation to a
proposed electrified fleet. With the objective to maximize profit, the network and fleet choices for different fleet
types are presented in Table 5. Operating only electrified aircraft leads to a large reduction in CO2 emission
but a less profitable situation than the reference situation. However, operating a combination of electrified and
kerosene aircraft leads to a more desirable network in terms of profit and CO2 emission. Besides the network
performance, it can be obtained that configurations with an increased capacity and a decreased range for electrified aircraft are preferred. In all situations, similar operating routes are selected. This is related to the fixed
PSO requirements. With the new available aircraft types, the airline adapts by choosing aircraft types that can
fulfill PSO requirements while the total available seat kilometers are decreased.
The influence of the airline on the adaptation of electrified aircraft is studied. For this, the situation with
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both electrified and kerosene aircraft is used. The airline can decide on fleet diversity, amount of charging
locations, and operating time. When no limitation on the fleet diversity is set, a mix of electrified and kerosene
aircraft is chosen. But by setting a limitation of 3, 2, or even only 1 aircraft type per fleet, the preference goes
to kerosene aircraft. Therefore, allowing a fleet diversity of more than 2 would be stimulating for the adaptation
of electrified aircraft. Further, the amount of charging locations can highly impact the preference for electrified
aircraft. The airline can stimulate the adaptation of electrified aircraft by selecting specific charging locations.
Third, the airline can adapt its operating times; such as maximum block time, reloading time, and turnaround
time. From the analysis results that changing the maximum block time is not advantageous for the choice of
electrified aircraft and the same holds for varying turnaround times. The network and fleet choice do change
by changing these time values but to more kerosene aircraft instead of electrified aircraft. The reloading time
is mainly important for the adaptation of hybrid-electric aircraft. When the reloading times for hybrid-electric
aircraft are shortened to the reloading times of kerosene aircraft, choosing electrified aircraft is more attractive.
Thus, for the adaptation of electrified aircraft by SATA Air Açores, focus on the fleet diversity, charging locations, and hybrid-electric reloading times rather than other operating times.
External factors that can impact the adaptation are the CO2 tax, the price of fuel and energy, and electrified aircraft cost. For this airline, a CO2 tax starting from e0.328 per kg will stimulate the adaptation of
electrified aircraft compared to the situation without CO2 tax. Regarding the pricing, lowering kerosene and
increasing battery energy prices will lead to a preference for more kerosene aircraft. While lowering energy
prices or increasing kerosene prices does not impact the choice for electrified aircraft. Further, the ownership
costs of electrified aircraft can increase up to 5% and 8.5% for a battery-specific energy of 500 Whr/kg and
700 Whr/kg respectively without having much impact on the adaptation. Larger increments of ownership costs
lead to the preference for kerosene aircraft. It is remarkable to see that a HEB48 aircraft is chosen alongside
kerosene aircraft in the fleet, while this aircraft has a high-level battery technology. Hence, for the adaptation
of electrified aircraft, the choice for electrified aircraft can be stimulated by a large enough CO2 tax but not
by halving the energy price or doubling the kerosene price. The price of electrified aircraft can increase to a
certain extent without having a large impact on the adaptation.
The adaptation of electrified aircraft is thus related to the current situation and decisions of the airline and
external factors. However, for SATA Air Açores, the choice for network development is highly influenced
by the PSO requirements set by the government and operating routes do not vary much when operating
electrified aircraft. The choice for electrified aircraft designs shows a preference for a smaller fully-electric
aircraft (FE20+1 ) in combination with a larger hybrid-electric aircraft (HEB48 ) and the largest kerosene
aircraft (Q400 ). Looking at configurations, the option to have an increased passenger capacity and a decreased
range is preferred. This can be related to small distances between the airports. In various scenarios, it is
preferred to operate only the larger hybrid-electric aircraft besides the current fleet which makes this electrified
aircraft design suitable for multiple airline scenarios.

6

Discussion and Recommendations

This section presents and discusses the limitations of this research and proposes recommendations for future
research.
Starting with the limitations of this research. In the presented methodology, choices have been made that affect
the research outcome.
The first to discuss is the model choice for the charging operation of electrified aircraft. In the network
and fleet model, the aircraft is recharged in every route, and thus recharges every time the aircraft reaches an
airport with a charging facility. If a route only consists of one flight, this means the aircraft is recharged after
one flight, which might not be necessary. Charging the aircraft when this is not necessary will lead to redundant
costs and operating time. However, this choice has been made since this is a strategic model, and no schedule
is created. Therefore, the state of charge of the aircraft can not be obtained and it can not be included if an
aircraft has to recharge for its next route.
Secondly, the choice of the aircraft design method. For this research is chosen to create initial electrified
aircraft designs with the Initiator, and establish different configurations with the Breguet Range equation. For
the initial set of aircraft, the seat versus range configuration can be modified, but no new exterior designs are
considered. This limits the exterior design to the initial set given. Next to this, a limit exists for the configuration as well. Per iteration, the configuration can be adjusted by one row. Thereby, a maximum on the number
of rows that can fit in the aircraft is set. Due to this, not all electrified aircraft sizes in terms of passenger
capacity can be evaluated. Thus in this research, the aircraft design is limited to the initial aircraft database
and constrained configuration options. When the research presents the final set of aircraft designs, it does not
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mean that there are no other profitable aircraft designs. However, it does mean that there are no profitable
aircraft designs within the research possibilities.
The methodology is executed on SATA Air Açores. For this airline, some limitations occur as well.
Starting with the influence of the PSO regulation. In this network, none of the routes is profitable to be
operated and thus the impact of PSO requirements on the chosen routes is high. Only flights that should be
flown are flown and varying the airlines’ fleet has little impact on the route choice. Therefore, this situation is
not suitable to study the impact of operating electrified aircraft on the route choice.
Furthermore, the costs of the eight electrified aircraft presented in the initial aircraft database is highly
uncertain. However, these cost values highly impact the network and fleet choice since the objective is to
maximize profit.
Lastly, to reduce computational time, a maximum of possible routes is set to routes with a maximum of
three successive flights. This limits the case study because the impact of a combination with larger route sizes
can not be studied. Only the impact of having exclusively routes with four successive flights is obtained in a
sensitivity analysis.
For future research, recommendations are resulting from this research.
Starting with the establishment of routes. In this research, all possible combinations of successive airports,
starting and ending at a charging airport, are taken into account. For the case study, this resulted in high
computational time. For future research, it is recommended to introduce a pre-selection of routes. With a
pre-selection, unlogical routes can be eliminated, the number of routes will decrease and more route sizes can
be included without exceeding computational limits.
Secondly, when evaluating the impact of decisions of the airline and external factors, cross effects are not
included. As multiple aspects can change, it is recommended for future research to study the impact of changing
multiple elements and their cross effects on the network and fleet choice.
Another recommendation for future research is a more extensive aircraft design method. In this research,
the electrified aircraft design is limited to the initial aircraft database and constrained configuration options.
The exterior of a given aircraft can not be adjusted. When it is possible to propose an aircraft type with
linear expressions for size, total fuel and battery energy, fuel and battery energy consumption, and runway size
dependent on the amount of seats, these expressions can give various exterior and interior aircraft designs. The
linear expressions enable the aircraft design to be coupled with the network and fleet model. Like this, the
electrified aircraft design is less limited and various aircraft sizes and configurations can be chosen. Therefore,
for future research, it is recommended to find a way to present variable aircraft designs and their characteristics
in linear expressions dependent on the number of seats. And to couple this design method with the presented
network and fleet model.
Nevertheless, the cost estimation for operating electrified aircraft should receive attention. Since information on the ownership, operating, and charging costs is lacking, this research consists of estimations and it is
recommended to investigate these cost values.
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Appendices
Supplementary information on the case study
Initial electrified aircraft database

The required aircraft specifications for the network and fleet model are presented in Table 11.
Table 11: Specifications of initial aircraft database
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A.2

Aircraft costs including fuel and energy cost

The aircraft costs, including fuel and energy costs, are presented to interpret why aircraft are chosen. The fuel
and energy costs are taken as presented in Model assumptions, a value of e0.80 per kg kerosene and e0.1445
per kWh. The consumption per kilometer and trip (landing and take-off cycle) is included in the cost values.
The total costs are presented per aircraft type and per seat in Table 12. Note, that new aircraft configurations
found in the results are already added.
Table 12: Aircraft costs including fuel and energy per aircraft and per seat
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average cost per seat [e]
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B
Extensive results

Performance results with different fleets
Table 13: Performance results with different fleets

B.2

Visualization of routes per aircraft type

For the reference situation, chosen routes to operate per aircraft type are visualized in Figure 10. The colors
represent the routes and the stroke size will correspond with the frequency on that route. Both aircraft operate
on various distances, but the largest route distances are only operated by the Q400.

(a) Q200 (3 ac, max freq=17, avg. dist=222km, max
dist=762 km)

(b) HE28+1 (2 ac, max freq=17, avg. dist=229km, max
dist=1020 km)

Figure 10: The developed network for the reference situation (kerosene aircraft)
For the mixed situation with electrified and kerosene aircraft, chosen routes to operate per aircraft type are
visualized in Figure 11. The colors again represent the routes and the stroke size will correspond with the
frequency on that route. The routes flown by the Q400 are similar to the reference situation. The routes flown
by the Q200 in the reference situation are now distributed over the FE20+1, the HE28+1, and the Q400.

(a) FE20+1 (2 ac, max freq=18, avg. dist=158km, max
dist=278 km)

(b) HE28+1 (1 ac, max freq=5, avg. dist=464km, max
dist=762 km)

(c) HEB48 (1 ac, max freq=9, avg. dist=243km, max
dist=480 km)

(d) Q400 (2 ac, max freq=14, avg. dist=213km, max
dist=1020 km)

Figure 11: The developed network for a situation with fully-electric, hybrid-electric, and kerosene aircraft
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I NTRODUCTION
Worldwide, efforts to reduce the climate change are in progress [1]. As the air transport is
responsible for around 2% of the CO2 emission in 2018 and is still expanding (disregarding the Covid pandemic impact) [2], it is important to give attention to new measures
that diminish the air transport share.
In order to reduce the environmental impact of air transport, different concepts have
been created. The Destination 2050 report [3], presented by Europe’s airlines, airports,
aerospace manufacturers and air navigation service providers, proposes four areas of
environmental development. The first is focused on improvements in aircraft and engine technologies, the second on sustainable aviation fuels, the third on smart economic
measures and the fourth on improvements in air traffic management and aircraft operations. Within this work, the first area is targeted. Improvements in aircraft and engine
technologies and subsequent fleet replacement should reduce the contribution of aviation to climate change. This could again be done in different ways. First of all the current propulsion systems can be made more fuel efficient. Secondly, hydrogen powered
aircraft have potential to reduce the aircraft emissions. As third, aircraft driven by electrical energy will have less impact on climate change as fuel consumption and therefore
emissions caused by fuel are reduced. The focus of this work is on the third option, and
will present the introduction of electrified aircraft in the aviation industry. New aircraft
technologies flying on fully-electric or hybrid-electric propulsion will replace the current
airline fleet.
In order to switch to electrified aircraft, the airline network and the aircraft designs
should be aligned. The development of electrified aircraft is starting at small aircraft
designs and slowly expanding to larger ones [4] as the battery technology improves. To
implement electrified aircraft as soon as possible, first the airline industry using smaller
aircraft and ranges, thus regional airlines, will get attention. This work will concentrate
on the regional airline network in Europe. This literature study will provide an overview
of the current state-of-the-art in airline planning, the regional airline network in Europe
and electrified aircraft designs with corresponding operations. The goal of the literature
study is to find a way to combine electrified aircraft design with airline network development.
Background information on the airline planning process and the regional airline network in Europe is exposed in the first chapter, Background. Then the impact of incorporating electrified aircraft for an airline is evaluated in the second chapter, Electrified
Operations. In order to see the current state-of-the-art models in airline fleet and network planning, the development of the optimization models have been elaborated upon
in chapter 3, Planning models. Eventually, the important findings and gaps in literature
will be discussed in the Conclusion.
1

1
B ACKGROUND
1.1. T HE P LANNING F RAMEWORK
This section provides an overview of the airline planning process and highlights the focus of this project. A planning framework is presented in Figure 1.1. In this figure, different steps within the process are shown together with their time horizon on the left
and the decision type on the right. The blue circle highlights the focus of this report,
the long-term strategic airline decisions. Additional information to this section can be
found in the book of Belobaba, Odoni, and Barnhart [5].

Figure 1.1: The Planning Framework [6]

The first outlined planning phase is the fleet planning [5]. In this long-term strategic
phase an optimization of the future fleet is done. The objective of this phase is usually
to optimize the airline’s financial position by making decisions on when to retire existing
3
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aircraft or acquire new aircraft. The decisions include the timing to acquire and retire together with the amount and type of aircraft. When a new aircraft is planned for the fleet,
this could take 10-15 years before the aircraft is actually present, therefore these types
of decisions belong to the long term strategic decisions. The fleet planning is based
on future demand, the revenue per seat or per flight and the fleet costs. Two different
approaches can be used: the "top-down" or "macro" approach, or the "bottom-up" or
"micro" approach. The "top-down" approach is based on relatively high-level aggregate
analysis, where aggregate demand and cost data is used to evaluate financial impacts of
the aircraft for a subsystem, region or route. This approach allows for a rapid evaluation of new aircraft types. The "bottom-up" approach is based on a much more detailed
analysis of data and forecasts in the specific route network. Detailed models are used
to produce the demand, operating cost, revenue, schedule and competitive characteristics which impact the fleet planning. As the approach takes much more details into
account, the output is more detailed but also requires more effort of input and computational power. In practice, high uncertainty in future competition, demand and other
conditions lead the future to remain highly speculative, and the simpler "top-down" approach is more commonly used. Relevant fleet planning models will be discussed in
Section 3.1, Fleet planning.
Next to fleet planning, network development [5] is another long-term strategic planning phase. Network development is also called network planning or route planning,
but should not be confused with aircraft-routing which is part of the tactical planning.
In the network development phase, the specific routes to be flown by an airline are determined. Routes are evaluated by their profitability and economic considerations, formed
by demand and revenue forecasts and the available airline fleet. An important consideration within network development is the choice for a hub, which distincts two network
types: a Point-to-Point (PTP) network and a Hub-and-Spoke (H&S) network. Within a
PTP network, all airports could be connected to each other, offering direct flights from
place to place. Within a H&S network, one or multiple locations are chosen as a hub
which are connected to all or several spoke airports. When this hub is not the origin or
destination of the travel, the airport is used as a connecting stop between two flights in
the passengers itineraries. H&S networks allow for feasible routes to cities with a small
demand. In both networks, the routes will be chosen by their profitability. Like fleet
planning models: demand, operating cost and revenue forecast give the input for the
network consideration. Again, competitive effects are hard to implement. Relevant network development models will be discussed in Section 3.2, Network planning.
The last planning phase highlighted in the Planning Framework, is the frequency
planning [5]. Within the frequency planning phase is determined how often the airline
should operate flights on the selected route(s). In this book, the frequency planning is
stated as a part of the schedule development, and thus more as a tactical planning phase.
Throughout literature is obtained that frequency planning is often combined with network planning in order to determine the routes to fly, and therefore this planning phase
is highlighted as well. The frequency planning is based on the aircraft fleet, available
routes in the network and the demand per route. Frequency planning gives an indica-
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tion of the flight schedule without determining exact departure, arrival and on-ground
times. Within this planning phase can also be evaluated whether it is more profitable
to fly a smaller aircraft multiple times per period, which is more convenient for the passenger as multiple departure times are available, or have a larger aircraft flying once per
period, which results in lower cost per seat kilometer on the route. Consequently, the
frequency planning is highly related to the fleet choice of the airline as well.

1.2. R EGIONAL AIRLINE NETWORK E UROPE
Within the scope of this work, the regional airlines of Europe are considered. Regional
airlines have arisen to connect airports with a smaller demand to larger airports that
cooperate with legacy airlines. In this way, demand from small airports can be connected
to the larger airline network.
At this moment, around forty regional airlines are present in Europe. The goal and
network of these airlines can highly differ. For example, KLM Cityhopper is operating
in a H&S network which reaches to cities throughout whole Europe while Sylt Air only
connects the island Sylt with Hamburg, Germany. This difference can be explained by
the function of regional airlines. When regional airlines are introduced to connect airports to the larger airline networks, they form a network with the aim to connect airline
networks rather than to have an own independent airline network. In this section the
regional airlines of Europe have been arranged on their network topology and aim. The
categories are: small networks with only a few routes, medium size networks with routes
mainly within the country, large networks that serve multiple countries and very large
networks that serve almost every country in Europe.
Small regional airlines provide a connection between a few airports to a larger airport. These airlines can connect one or more islands to the mainland such as Sylt Air
(Germany), Helvetic Airways (Switzerland) and Skybus to Isles of Scilly (UK) or provide
a connection from smaller cities to larger ones within the country such as People’s (Austria), Eagle Air (Iceland), Norlandair (Iceland) and AeroBratsk (Russia). Another small
regional airline is SATA Air Açores (Portugal), which provides a connection between islands in Azoren and Madeira. Illustrations of these different airlines are presented in
Figure 1.2.

(a) Sylt Air, Germany [7]

(b) Eagle Air, Iceland [7]

(c) SATA Air Açores, Portugal [7]

Figure 1.2: Small regional airlines Europe

Medium size regional airlines fly within the country and occasionally to a city in a
neighbouring country. As the goal of the airline is to connect to larger airline networks,
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the network topology of this regional airline could be quite free, such as Chalair and
TwinJet (France). But the network could also be more structured and focused on one
main airport, in this case the regional airline network will form as a H&S network. Examples of these medium size airlines are: Nordic Regional Airlines (Finland), Polar Airlines (Russia), Braathens Regional Airlines (Sweden), Aurigny Air Services (UK) and Blue
Islands (UK). Most of the connections within the network are with one or multiple hubairports, but also connection between the spoke-airports occur. When the airline aims
to connect these airports to each other rather than to a larger hub-airport, the airline
network will move to a PTP network. European examples of regional airlines with this
network type are Air France Hop (France), Widerøe (Norway) and Loganair (UK). Connections between cities, but not all cities, are offered. Different airlines networks are
visualized in Figure 1.3.

(a) Chalair, France [7]

(b) Braathens Regional Airlines, Sweden [7]
(c) Widerøe, Norway [8]

Figure 1.3: Medium size regional airlines Europe

Large regional airlines serve multiple countries in Europe. The same type of networks
as within the medium size regional airlines can be distinguished. First of all, some airlines operate various, not always connecting, routes, such as Danish Air Transport (Denmark). Single routes between two airports are served together with multiple routes to
one larger airport. More structure is gained when the network is focused on one or more
hubs, as in a H&S network, examples of airlines types having this network connecting
multiple countries are Sun Air of Scandinavia (Denmark), Air Lingus Regional (Ireland),
Alitalia Cityliner (Italy), Air Malta (Malta), TAP Express (Portugal), Carpatair (Romania)
and Binter Canarias (Spain). Within these airline networks, one or more hubs are clearly
visible.
Some large airlines have a network which is a mix of a H&S and PTP network. Here,
"hubs" can be distinguished, but also connections between "spokes". Examples of airlines with this mixed network are: Olympic Air (Greece), SkyExpress (Greece), Air Dolomiti
(Italy), Severstal Air Company (Russia) and Eastern Airways (UK). Again, a visualisation
of these airline networks is given in Figure 1.4.

1.2. R EGIONAL AIRLINE NETWORK E UROPE

(b) Air Malta, Malta [7]
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(c) Olympic Air, Greece [7]

(a) Danish Air Transport, Denmark [9]

Figure 1.4: Large regional airlines Europe

Lastly, even larger airlines can be differentiated. These regional airlines serve almost
every country in Europe. These airlines are Lufthansa Cityline (Germany), CityJet (Ireland), KLM Cityhopper (Netherlands) and Air Nostrum (Spain). All these airlines have a
hub in their own country and fly other European countries with a H&S network. Note
that these regional airlines operate quite independent of larger (non regional) airlines.
The network of Air Nostrum is shown in Figure 1.5.

Figure 1.5: Air Nostrum, Spain [10]
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1.3. S UMMARY
The planning framework presents various steps in the airline planning process. Within
this project, the focus is on the long term strategic planning decisions: fleet planning
and network development. In the fleet planning phase, the acquisition and retirement
planning of the aircraft fleet is determined with the goal to optimize the airline’s financial
position. For these models, a chosen network is used and the aircraft fleet is determined.
To see a desirable network development, network planning models are also part of the
strategic planning of airlines. Here profitable routes and network structure for the airline
will be detected. In these models, the airlines aircraft fleet is known and the network is
determined. In order to adjust both network and fleet together, not one of these planning
phases can be used, but both should be studied and eventually in a way, be integrated.
Furthermore, the regional airline network in Europe is analyzed. Regional airlines have
arisen to connect locations with smaller demand to the network of larger airlines. The regional airlines can be subdivided based on their network size. Various operating ranges
and objectives can be distinguished between the airlines. In order to implement electrified aircraft, the performance of these aircraft should be aligned with the size, ranges
and goals of the airline network type.

2
E LECTRIFIED O PERATIONS
In this chapter, the conditions of operating electrified aircraft are discussed. First of all,
the state of the art of electrified aircraft is presented and discussed. Then the adaptations
to the current airport infrastructure in order to operate electrified aircraft and the impact
on airline operations is reviewed.

2.1. E LECTRIFIED AIRCRAFT
In order to integrate electrified aircraft operations into airline planning, the current stateof-the-art of electrified aircraft designs should be analyzed. Within the electrified aircraft
designs, a distinction is made between fully-electric and hybrid-electric aircraft designs,
which will be discussed separately. Fully-electric aircraft are also called ‘pure-electric’
or ‘universally-electric’ aircraft [11]. Within the scope of this project, the aircraft have a
commercial purpose to transport passengers.
Since 2000, various manned, electrified, fixed-wing aircraft have flown. The maximum
capacity realized so far is 4 seats [11]. To operate regional flights, an increased capacity
is required. This larger capacity, ranging from 10 to 100 seats, is at this moment only
reached in concept studies. Therefore, this section will provide an overview of the different electrified aircraft design concepts with a minimum amount of four seats. To start
with, some of the aircraft characteristics will be explained, such as the specific energy,
the specific power and the degree-of-hybridization. Then state-of-the-art concepts will
be presented including these characteristics.
The feasibility of the aircraft concepts is highly related to the specific energy and specific power of the aircraft system. The specific energy refers to the energy per mass of
energy storage in the batteries and the specific power to the power of a component per
unit mass in electric motors, power conversion electronics an energy storage devices.
Therefore, the specific energy is related to the level of battery technology and the specific
energy to the aircraft propulsion system. The flying range is directly proportional to the
9
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specific energy of the aircraft [11]. As batteries nowadays have an order 50 times lower
specific energy than liquid fuels, the design for both electrified aircraft and batteries is
challenging [12]. At this moment, the penalty of carrying heavy batteries is larger than
the total energy advantage gained for long-range missions [11]. The currently realized
specific energy of an aircraft reaches to 207 Whr/kg for the Airbus E-Fan [13]. Note that
the specific energy is often referred to as the specific energy at pack level rather than cell
level. The NAE, National Academy of Engineering, expects the specific energy to reach
400-600 Whr/kg at pack level by 2035 [14] and NASA predicts a future battery technology that can deliver 400-1000 Whr/kg at pack level [12] [15]. Besides the specific battery
energy, the specific power of the batteries can be a constraint in the design. Some parts
in the flight envelope can require significantly more power. The battery should be able
to release this power in a short amount of time. Unfortunately, specific power trades off
with specific energy [16]. Next to the specific energy and specific power of the aircraft,
the efficiency of its electrical components has an impact on the feasibility as well. However, the efficiency has a smaller impact on the flying range [11] and therefor the focus
is on the specific energy and power within this study. More information about the efficiency of components and constraints is provided by Pornet et al. [17].
Classifications occur within the electrified aircraft designs. This classification is based on
the degree-of-hybridization of the aircraft. The degree is determined by the hybridization with respect to the specific electric motor power: H p and with respect to the specific
battery energy: He of the aircraft.[18] [19]. The degrees of hybridization are given for a
conventional aircraft, a hybrid-electric aircraft and a fully-electric aircraft in Table 2.1.
Different distinctions can be made within hybrid-electric aircraft. In this study, a distinction is made in 3 categories, but this could be even more detailed. The first one is
a turboelectric aircraft, which uses combustible fuel in order to produce (and store) energy. Thus no energy is available without fuel and the produced energy is used to drive
the propulsors. Turboelectric designs can be identified as simply hybrids without batteries [11]. A schematic illustration of the turboelectric propulsion is visible as a part of
the serial architecture in Figure 2.1b [20].
Table 2.1: Degree of hybridization

aircraft type
conventional
fully-electric
hybrid-electric

subtype

turboelectric
parallel hybrid
serial hybrid

Hp
0
1
>0
>0
<1
1

He
0
1
<1
0
0<He <1
0<He <1

The other hybrid-electric aircraft designs are formed by combining the architectures
mentioned above. A parallel hybrid architecture is a conventional and fully electric propulsion combined, the power is delivered both by a gas turbine or thermal engine powered
by fuel and by an electrical motor powered by batteries. The exact contribution of each
power supply can differ. A schematic representation is given in Figure 2.1a [20].
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Another architecture is a serial hybrid architecture, which is a turboelectric design
combined with a fully-electric one. The energy for the electrical motor is supplied by
energy from the batteries together with the energy from the gas turbine or thermal engine powered by fuel. The exact contribution of each power supply can again differ. A
schematic representation is given in Figure 2.1b [20]. A general form of a hybrid architecture can thus be given by a combination of power supply by fuel and batteries, given
in Figure 2.2 [20].
Consequently, the state-of-the-art concepts will be presented first for fully-electric
aircraft, followed by the hybrid-electric aircraft including the turboelectric aircraft.
To compare the performance of the aircraft designs and their feasibility, for every aircraft design the same performance indicators are presented. These indicators are the
capacity in seats, the peak power (MW), the required battery energy (Whr/kg), the maximum takeoff weight MTOM (kg) and the range (h or nmi). When a value is unknown, no
value is given. It can be noted that aircraft costs are not specified, this choice has been
made since this information is not yet available for these electrified aircraft.

(a) Parallel architecture

(b) Serial architecture

Figure 2.1: Hybrid architectures [20]

Figure 2.2: General hybrid architecture [20]

F ULLY- ELECTRIC AIRCRAFT DESIGNS
So far, several fully-electric aircraft designs are executed in reality, such as the Lange
Antares, the Fisherman Electraflyer, Yuneec, Pipistrel Taurus Electro, IFB Stuttgart eGenius, Chip Yates Long ESA and the Airbus E-Fan [11]. Throughout these designs, only
the Pipistrel Taurus Electro G4 reached a capacity of 4 passengers. As an electric aircraft
for the purpose of regional transport is required, conceptual designs are analyzed where
capacity rises to more than 4 seats .
For the following aircraft designs, specifications have been given in Table 2.2. Starting
with aircraft designs of Eviation and Ampaire, which both have 9 seats. Eviation made a
design consisting two wingtip-mounted pusher propellors and a tailcone propellor with
some boundary-layer ingestion [11] [21]. Ampaire designed the Tailwind aircraft which is
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still in its conceptual phase. A concept featuring an aft boundary layer ingestion propulsor, similar to the STARC-ABL discussed later, is used and the desired range would go to
100 miles [22].
A larger aircraft design is the Airbus VoltAir. This aircraft design is part of an Airbusfunded study for an all-electric regional airliner. This design is interesting for regional
transportation as the capacity is around 33 seats. Unfortunately, this design is only presented in a conference paper by Stückl et al. [23] and not elaborated afterwards. Furthermore, the required battery energy of more than 750 Whr/kg is not (yet) realistic.
The largest fully-electric aircraft designs are the Ce-Liner and Wright Electric. The
Ce-Liner is designed by Bauhaus Luftfahrt and has 189 seats. The aircraft uses a C-wing
shape for high aerodynamic efficiency and HTS electronics [24]. In order to fly, the aircraft requires a battery energy of 2000 Whr/kg which is extremely high compared with
the available battery energy now. NASA with partnership of EasyJet designed the Wright
Electric aircraft design, this aircraft owns 186 seats. The aircraft has distributed motors
and high aspect ratio wings, but is still much in a concept phase and no more specifications are given [25].
Next to the aircraft concept designs, studies to the sizing of electric aircraft has been
done. Finger, de Vries, Vos, Braun, and Bil [26] looked at two methods in order to size
a 19 passenger aircraft. A parallel-hybrid, serial-hybrid and fully-electric aircraft have
been evaluated. The sizing of the fully-electric aircraft is added in Table 2.2. This design
is called "beyond optimistic" regarding the specific power and specific energy of the battery. Larger ranges (> 690 nmi) are not achievable with this fully-electric design, since a
larger range will require more batteries which will lead to a MTOM above 50 tons, which
is infeasible for a 19-seat aircraft.
Table 2.2: Fully-electric aircraft design concepts

Aircraft

Manufacturer

Alice
Tailwind
VoltAir
Wright Electric
Ce-Liner
concept design

Eviation
Ampaire
Airbus
NASA and EasyJet
Bauhaus Luftfahrt
Finger et al. [26]

Seats
9
9
∼33
186
189
19

peak power
[MW]
2*0.64

2
33.5
6 kW/kg

battery energy
[Whr/kg]

MTOM
[kg]
7484

750+

∼33000

2000
1500

109300
81700

Range
[h] or [nmi]
440 nmi
87 nmi
∼900 nmi
695 nmi
900 nmi
214 nmi

H YBRID - ELECTRIC AIRCRAFT DESIGNS
When looking at the hybrid-electric aircraft designs, realized aircraft are: the Siemens
/Diamond E-Star, the Embry-Riddle Eco-Eagle, the Cambridge SOUL and the Airbus EFan 1.2 [11]. These realized aircraft have a maximum capacity of 2 seats and are therefore not suited for regional transportation. Consequently, aircraft designs with a larger
capacity will be discussed. An overview of discussed aircraft design concepts and their
characteristics are given in Table 2.3.
One of the smaller hybrid-electric aircraft designs is the XTI Tri-Fan 600. Due to three
ducted fans in the wings this aircraft can fly in horizontal and vertical direction and suits
as a VTOL (vertical takeoff and landing) vehicle. Battery technologies should evolve in
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order to realize this aircraft [27]. A slightly larger hybrid-electric aircraft is the Zunum
Aero funded by Boeing and JetBlue and is suitable for regional operations. The design
has integrated batteries in the wing and the series hybrid powertrain has an eventual
transition to full electric [28].
The UNIFIER19 has 19 seats and is designed in collaboration of Pipistrel, Politechnico Milano and TU Delft. As the project is still ungoing, not much information about
the performance is yet revealed. It aims to provide a near-zero emission aircraft [29]. Another 19-seats aircraft is the Eco Otter SX of Ampaire, which is a low-emission variant of
the regional Twin Otter turboprob. The aircraft design can transport either 19 passengers
or 4000+ lbs cargo [30].
An hybrid-electric commuter aircraft, named PACIFYC, is designed with a tri-prop
approach (two on-wing padded turbo-props and one aft-fuselage mounted electric motor configured as a pusher-on-pylon installation) for operations with a maximum range
of 700nmi [31]. This aircraft design is further used by Rossi [32] in order to make a procedure to design all-electric or serial hybrid-electric aircraft. Another aircraft design evaluated in the thesis of Rossi is a large regional aircraft. This aircraft is based on an ATR
72-600 and has a turboshaft generator and a high-performance Li-S battery. The aircraft
is not yet feasible as the amount of battery energy required is not yet available.
One more aircraft designed for regional transport is the PEGASUS, Parallel ElectricGas Architecture with Synergistic Utilization Scheme. This concept is a hybrid-electric
regional aircraft and uses parallel hybrid-electric propulsors at the wingtips [33].
Larger regional hybrid-electric aircraft designs are presented by Airbus: the E-Fan X
and E-Thrust. The E-Fan X is a design in cooperation with Rolls Royce and aims for a
capacity from 50 to 100 seats. The project has been ended in 2020, and no more performance metrics are available [34]. The E-Thrust is an aircraft concept designed in 2013
by Airbus and could reach a capacity of 90 seats and serves for regional transport. To the
writers knowledge, no more research is done with this aircraft concept and performance
indicators are not further specified.
At last, an outstanding aircraft design in terms of passenger capacity is presented
for hybrid-electric operations: the SUGAR Volt designed by Boeing. Boeing designed
different SUGAR (Subsonic Ultra-Green Aircraft) concepts and only the SUGAR Volt was
able to meet the NASA’s N+3 fuel burn goal [35]. The aircraft design contains 154 seats
and would be able to fly 3500 nmi. With a required battery energy of 750Whr/kg, this
aircraft is not (yet) feasible.
In addition to the aircraft design concepts mentioned above, different people have
been studying the sizing of hybrid-electric aircraft. The specifications are given in Table 2.4. Zamboni, Vos, Emeneth, and Schneegans [36] has sized a parallel, hybrid and
series hybrid aircraft. The assumption for the cell specific energy is set at 750 Wh/kg,
which they think is very optimistic since this could only be achievable with technologies such as lithium-air. Hoogreef, Vos, de Vries, and Veldhuis [37] looked at an aircraft
with boosted turbofan (parallel-hybrid), a distributed leading-edge propulsion (DLEP)
aircraft (serial-hybrid) and an over-the-wing distributed propulsion with propulsive empennage (ODPwPE) aircraft. The aircraft designs are compared with the A320 Novair and
all have the same specific power and battery energy. The battery power is 2 kW/kg and
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Table 2.3: Hybrid-electric aircraft design concepts

Aircraft
Tri-Fan 600
Zunum Aero
UNIFIER19
Eco Otter SX
PACIFYC
Pegasus
Large regional
E-Fan X
E-Thrust
SUGAR Volt

Manufacturer
XTI
Boeing and
JetBlue
Pipistrel, TU Delft,
Politechnico Milano
Ampaire
Fefermann et al. [31]
NASA
Rossi [32]
Airbus and
Rolls Royce
Airbus
Boeing

Hybrid type

Seats

peak power
[MW]

battery
energy
[Whr/kg]

MTOM
[kg]

Range
[h] or [nmi]

serial

6

1.5

2404

1200 nmi

serial

12

1

5216

700 nmi

serial

19

parallel

19
19
48
70

1
1.1

50-100

4X2

90
154

9

parallel
serial
serial
serial
parallel

174+ nmi
700 nmi
200-400 nmi
700 nmi

500
500
2000-5000

1000
750

68040

3500 nmi

the battery energy is 500 Whr/kg at pack level. de Vries, Hoogreef, and Vos [38] did a
sizing of a hybrid version of the ATR72-600 which is series/parallel partial hybrid. The
battery energy and battery power are optimistic but not beyond realistic. As introduced
earlier, Finger, de Vries, Vos, Braun, and Bil [26] compared different sizing methods. Also
parallel- and serial-hybrid designs have been analysed. A 19-seat aircraft has been sized
based on the different ranges. As the range increases, the battery size and weight increases and the available payload reduces which lead to less passengers which can be
transported. For the serial-hybrid concept, the range of 1275 nmi is unfeasible due to
the weight of the powertrain. Note that these designs are called "beyond optimistic" using a specific power of 6 kW/kg and a battery energy of 1500 Whr/kg.
Turboelectric aircraft designs
Besides the series and parallel hybrid-electric aircraft designs, turboelectric aircraft are
upcoming in the hybrid-electric design concepts. To the writers knowledge, turboelectric aircraft are not yet brought to reality and only conceptual designs exist. The three
main designs within this propulsion technology are the ECO-150R, the STARC-ABL and
N3-X, shown in Table 2.5. The ECO-150R is designed by the aerospace corporation ESAero
and is a single-aisle hybrid electric airplane for commercial transport. It has a series turboelectric architecture with 16 electric fans embedded in the wing. The STARC-ABL,
Single-aisle Turboelectric AirCRaft – Aft Boundary Layer, is designed by NASA. The aircraft design has a conventional single aisle tube-and-wing configuration and uses boundary layer ingestion.[39] The N3-X is designed by NASA and is the largest designed concept so far, and designed with the Boeing 777 characteristics of seats and range: the
aircraft is able to seat 300 passengers and has a range of 7500 nmi [40]. As a turboelectric
aircraft does not require batteries, the required battery energy does not apply.
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Table 2.4: Hybrid-electric aircraft sizing concepts

Aircraft
concept design
ATR72-600
concept design
ATR72-600
concept design
ATR72-600
concept design
Boosted Turbofan
concept design
DLEP
concept design
ODPwPE

Author

Architecture

Seats

peak power
[MW]

battery
energy
[Whr/kg]

MTOM
[kg]

Range
[h] or [nmi]

Zamboni et al. [36]

parallel

70

1.7

750

25600

1530 nmi

Zamboni et al. [36]

hybrid

70

2.6

750

28500

1530 nmi

Zamboni et al. [36]

series

70

3.2

750

28800

1530 nmi

Hoogreef et al. [37]

parallel

180

39.8

500

57900

>800 nmi

Hoogreef et al. [37]

serial

180

28.3

500

86400

>800 nmi

Hoogreef et al. [37]

serial

180

46.0

500

93900

>800 nmi

70

1 kW/kg

500

24100

825 nmi

19
13
5
19
13

6 kW/kg
6 kW/kg
6 kW/kg
6 kW/kg
6 kW/kg

1500
1500
1500
1500
1500

6360
7060
13470
8300
12520

214 nmi
691 nmi
1275 nmi
214 nmi
961 nmi

concept design
ATR72-600

de Vries et al. [38]

concept design
concept design
concept design
concept design
concept design

Finger et al. [26]
Finger et al. [26]
Finger et al. [26]
Finger et al. [26]
Finger et al. [26]

SPPH
series/parallel
partial hybrid
parallel
parallel
parallel
serial
serial

Table 2.5: Turboelectric aircraft design concepts

Aircraft
ECO-150R
STARC-ABL
N3-X

Manufacturer
ESAero
NASA
NASA

Seats
150
154
300

peak power
[MW]
0.780
2.6
50

battery energy
[Whr/kg]
-

MTOM
[kg]
60-75k
60k
227k

Range
[h] or [nmi]
1650 nmi
3500 nmi
7500 nmi

In order to integrate the electrified aircraft to air transportation and select adequate
designs, the industry needs to look out for suitable regulation and certification standards
[41]. As these are not yet specified for electrified aircraft, the implementation of these
aircraft in reality is more difficult. Within Europe, the European Union Aviation Safety
Agency (EASA) is responsible for these adjustments.

2.2. A IRPORT INFRASTRUCTURE
In this section, the required airport infrastructure in order to operate electrified aircraft
is presented. The analysis of the literature will focus on the differences to current airport
operations and infrastructure and the impact on airline operations.
Within the airline operations, the airport infrastructure determines the turnaround
time of an aircraft. The turnaround time is the time between the arrival of an aircraft at
parking position and departure from that position. In regular operations this turnaround
time includes disembarking, boarding, cleaning, refueling and the exchange of catering,
bulk cargo, cargo containers, waste water and potable water. Within electrified airport
operations, this turnaround time will also include recharging the aircraft. Besides, in the
case of a fully-electric aircraft, there is no refueling time.
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In order to charge electrified aircraft, two methods can be used [42]. The first one is
a Battery Recharging Stations (BRS), where the batteries are charged similar to refuelling
fuel in the aircraft. This method is commonly used in electric cars. The other method is a
Battery Swapping Station (BSS), here the empty battery is removed from the aircraft and
is replaced by a full one. For BSS, additional batteries and storage capacity is required
to fulfil the operations. An advantage of this method is that one location can be used
to charge the batteries and this location can be controlled in terms of temperature and
energy grid loading. This is an important advantage as the temperature of batteries influences the battery condition and therefore the degradation and maintenance cost [43].
However, when making a choice between these two methods, the major decision maker
nowadays is charging time. With the BRS method, the turnaround time of the aircraft
highly depends on the charging time. Current chargers have the charging capacity of
around 200kW, and in the future this is expected to be around 400kW and perhaps 800kW
[44]. Note that the most promising vehicle charger design at this moment is the one of
Porsche, with 450kW [45]. A regional aircraft, based on the hybrid-electric versions of the
DH8D, ATR42 and ATR72, needs between 1000 and 1400 kWh [44]. This means that with
the current capacity, the recharging takes around 6 hours, with 400kW chargers around 3
hours and with 800kW chargers around 1.5 hours. A hybrid-electric version of the B737800, thus around 215 seats, even requires between 3500 and 7000kWh [46] and requires
a way longer charging time. Therefore, with current technology, the charging times are
too long to make the BRS method realistic. Research into the airport operations for electrified aircraft therefore only focus on the BSS method, or a combination of BRS and BSS
[42] [47] [48] [49].
As said previously, the focus of this section is on the impact for airline operations.
The airport infrastructure has effect on the airline operations in terms of turnaround
time and costs. Regarding the previous section and available literature, focus is on the
BSS method. For this method, the changing turnaround time will be presented.
Schmidt, Paul, Cole, and Ploetner [50] presented the turnaround times for two new
aircraft types compared to the A320-2035. The A320-2035 is a future concept of the A320
– 2012 considered new technology levels. The two new aircraft designs with a comparable amount of seats are: the SUGAR Volt, a hybrid-electric aircraft, and the Ce-liner,
a fully-electric aircraft, which are both introduced in the previous section: Electrified
aircraft. Both aircraft make use of battery packages to provide energy which can be
swapped to recharge. In order to estimate the turnaround times of these aircraft the
time required for the different processes is determined. The refueling will take place
when there are no passengers inside the aircraft, as do the processes inside the aircraft
cabin such as cleaning and catering.
For the A320-2035 the turnaround lasts 41 minutes based on a full service turn around
process with 180 passengers at gate position. The critical path for the turnaround time
is the passenger disembarking, refueling and passenger boarding.
For the electrified aircraft concepts some assumptions have been made. First, the battery exchange and refueling of the aircraft can happen at the same time. Secondly, the
battery exchange is allowed with passengers onboard (unlike the refueling).
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The operations of a SUGAR Volt will require special equipment to swap the battery
packages. The refueling time will decrease due to the reduced amount of fuel needed for
the flight. As the battery exchange can take place while passengers are in the aircraft and
there is a reduction of 15% in number of passengers, the total turnaround time for the
SUGAR Volt is estimated at 34 minutes. The critical path within this time is given by the
passenger disembarking, cleaning/refuelling and passenger boarding.
The Ce-Liner will operate fully electric and thus need no refueling. As the hybrid
concept, this aircraft need special equipment in order to replace the (even heavier) battery packs. With a passenger increase of 5%, the turnaround time of the Ce-Liner will
be 34 minutes as well. The critical path is the battery/cargo container loading for this
aircraft. If the number of cargo containers can be highly reduced, the turnaround time
could decline to 28 minutes.
Due to safety argumentation, the battery exchange while passengers are on board
could be prohibited in the future. This will have an impact on the turnaround times of
the aircraft concepts. The turnaround time of the SUGAR Volt will increase to 58 minutes
(+71%) and the turnaround time of the Ce-liner to 48 minutes (+41%).

2.3. S UMMARY
In this chapter, the conditions of operating electrified aircraft have been discussed. Starting with the state-of-the-art of electrified aircraft and then going over the required infrastructure for electrified operations.
In order to present the current state-of-the-art of electrified aircraft designs, the designs have been filtered for suitability for regional transport. The minimum amount of
seats for the presented concepts is four. Furthermore, the aircraft designs have been
classified in two groups, the fully-electric and hybrid-electric aircraft designs. Within the
hybrid-electric aircraft designs a distinction between turboelectric, serial hybrid-electric
and parallel hybrid-electric can be made based on their degree-of-hybridization. Conceptual aircraft designs are presented for these different groups and a major point of
discussion is the feasibility of the aircraft designs.
The feasibility of the design is highly related to the specific battery energy and peak
power required. The current realized specific energy of an aircraft reaches to 207 Whr/kg
for the Airbus E-Fan [13]. For the future: NAE expects the specific energy to reach 400600 Whr/kg at pack level by 2035 [14] and NASA predicts a future battery technology that
can deliver 400-1000 Whr/kg at pack level [12][15]. Conceptual aircraft designs often
have a required specific energy of 500-750 Whr/kg, which is stated optimistic but possibly feasible for the future. Moreover, aircraft designs with a required battery energy of
2000 Whr/kg at pack level are presented, but this feasibility should be questioned.
When analyzing these electrified aircraft, note that in the turboelectric aircraft designs still fuel is used to produce energy and fly the aircraft. Batteries replace a part of
the fuel in serial-hybrid or parallel-hybrid architecture or completely in a fully-electric
architecture. Within the aircraft designs which (partly) fly on batteries and suitable for
regional airline operations (more than 4 seats), the fully-electric aircraft desire significantly more specific battery energy than hybrid-electric ones. As increasing the specific
energy is already challenging, it is more likely for hybrid-electric aircraft to become feasible in the future than fully-electric aircraft.
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Furthermore, for electrified aircraft, a trade-off occurs between amount of batteries
(and thus energy), range and seats. When it is desired to increase the flying range of the
aircraft, the amount of batteries needs to increase to provide the required energy. This
increase in batteries raises the weight of the aircraft and to remain the same MTOW, less
passengers can be transported. This works the other way around as well, when it is desired to transport more passengers either the battery capacity needs to increase, or the
range decreases.
Thereafter, the impact of the required airport infrastructure for electrified operations
on airline operations needs to be determined. When looking to the airline operations,
the airport operations influence the turnaround time and the turnaround cost of the aircraft. In order to evaluate this impact, the method of charging is important. Charging
can be done by a BRS which is similar to the current refuelling stations or by a BSS which
swaps the empty batteries for charged ones. As the charging capacity of the BRS at this
moment leads to too long charging times, this method is at this moment unfit for electrified airport operations. The BSS is therefore the only option feasible at this moment,
and research in literature has been focused on this method or a combination of both
methods.
Schmidt, Paul, Cole, and Ploetner [50] presented the turnaround times for two new
aircraft types: the SUGAR Volt, a hybrid-electric aircraft, and the Ce-liner, a fully-electric
aircraft. With a BSS and the allowance to swap batteries while passengers are on board,
both turnaround times require 34 minutes. If the swapping can not take place when
passengers are on board, this turnaround time rises to 58 minutes for the SUGAR Volt
and 48 minutes for the Ce-liner. The reference aircraft is the A320-2035, a future concept
of the A320-2012, and has a turnaround time of 41 minutes.

3
P LANNING MODELS
The steps of the airline planning have been discussed in Section 1.1. For the long-term
strategic planning of an airline, both fleet planning and network planning are presented.
The goal of fleet planning is to determine the optimal aircraft (fleet) for the future within
a given airline network. The goal of network planning (or development) is to determine
the optimal routes to fly with an available fleet. Since in this project, both network and
fleet composition are optimized, both planning phases are considered. In this chapter,
models developed for these planning phases are presented and the evolution over years
is given. First, the fleet planning models will be discussed followed by the network planning models. Subsequently, these planning phases are combined into network&fleet
planning models and aircraft design is integrated in the planning.

3.1. F LEET PLANNING
The fleet planning is an important step in the airline planning process as it highly influences the airlines financial situation. Over the years, many models on fleet planning
have been developed. In order to structure this literature search, a division is made between deterministic and stochastic models. Within the deterministic models, input values are assumed to be known, while in stochastic models the uncertainty of the future is
included. Solution techniques will be presented afterwards.
D ETERMINISTIC MODELS
The first known fleet planning model was that of Dantzig and Fulkerson [51](1954), where
the number of tankers needed to meet a fixed schedule was minimized. This linear programming model is single-stage and hence independent of time. Regarding the size of
the model, it could be solved by hand. As the interest to determine a strategic fleet size
continued, Kirby [52](1959) derived an expression to determine the right fleet size, where
the cost of the vehicle are compared with its usage. In order to take a fluctuating or seasonal demand into account, Wyatt [53](1961) provided a method in which transport cost
are minimized including a periodic demand.
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The first work to make a distinction between aircraft buying and leasing was Fetter
[54](1961). A linear programming model was created to find the optimal mix of leasing
and buying. The demand is modelled as number of transport units required. As there
is no limitation on the addition of extra contracted units, the model can give an operationally infeasible solution. The models of Kirby [52] and Wyatt [53] were not suited
for non-homogeneous fleets and therefore Gould [55](1969) build further upon these
models to include a non-homogeneous fleet. This model is named the first model of the
’general fleet sizing problem’. The demand is presented as a frequency distribution.
The models of Kirby [52] and Wyatt [53] were used again by New [56](1975), who presented an application to the work of Fetter [54] and Gould [55]. In this multi-period linear model, budget restraints and policies to maintain an optimal fleet size over time are
included. The acquisition and disposal of equipment in a transport fleet is planned with
the goal to meet all expected demand while minimizing operational cost. Furthermore
New [56] stated that non-integer solutions are acceptable in order to decrease complexity.
Another author which presented a non-homogeneous multi-stage fleet plan, was
Shube and Stroup [57](1975). A fleet planning per year was created for a 10-year period
where cost are minimized. This linear programming model takes into account among
other things: required service frequencies, traffic growth rates and existing fleet choices
inspired by two schedule planning models of Etschmaier [58](1973) and Simpson [59](1969).
Subsequently, this model is used for application to real airline planning in the linear programming model of Schick and Stroup [60](1981). This model is known to present the
added value of automation of computer (assisted) models compared to manual planning.
With the models presented above, a foundation of deterministic fleet planning models is build. The focus of airline planners is changing to stochastic models, presented
next. Only a few relevant deterministic models are realised over the last years. One of
these is the one of Sayarshad and Ghoseiri [61](2009); where the fleet sizing model is
integrated with fleet allocation. Deterministic travel times are included in the optimization and all travel demand is fulfilled. Furthermore, Bazargan and Hartman [62](2012)
showed a fleet planning model with a top-down approach and presented an extensive
search to collect the relevant parameters. By analyzing historical data, the parameters
are determined and used to create a binary-integer linear programming model to optimize fleet planning.
S TOCHASTIC MODELS
As models evolve, the desire to include uncertainty increases. This could be an uncertainty in demand, but also in aircraft or fuel pricing. Since the beginning of a new era,
the focus in fleet planning is on stochastic modelling.
One of the first stochastic models is the two-stage stochastic model of Oum, Zhang,
and Zhang [63](2000). In this model the optimal purchasing and leasing policy to account for fluctuations and uncertainties in demand is presented where a distinction can
be made between short and long-term leases. In this model the fleet mix characteristics are not comprehended. A following two-stage fleet planning model is of Listes and
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Dekker [64](2002), where a scenario aggregation based approach is used. The goal is to
design a strategic support tool for determining a fleet composition flexible enough for
the successful implementation of the dynamic capacity allocation concept; where the
assignment of aircraft to the flight schedule is done shortly before the actual operation
in order to better match demand and available capacity in cases of high variability in demand. The second stage includes a fleet assignment model. A shortcoming is that multi
periodicity is not included. Some years later, Listes and Dekker [65](2005) presented
the scenario aggregation to determine a robust airline fleet composition for dynamic capacity allocation. This two-stage MILP model searches for a solution balanced between
alternative scenarios. A large drawback again is that multi-period planning is not an
option. Another two-stage stochastic programming example is the work of List, Wood,
Nozick, Turnquist, Jones, Kjeldgaard, and Lawton [66](2003), this model includes uncertainty in demand and operating conditions and focuses on robust optimization by risk
measurements. As the example used in the report is very small, considering larger cases
could result in high computational effort.
Khoo and Teoh [67](2014) presented a model where probabilistic dynamic programming is used to make optimal aircraft fleet decisions. The stochastic demand is based on
the stochastic demand index (SDI) which models random events on demand. A drawback is the really small case used.
Repko and Santos [68](2017) proposes an innovative multi-period modeling approach
to solve the airline fleet planning problem under demand uncertainty. The model uses
a scenario tree approach and determines different scenarios and probabilities. A mixed
integer linear model is used to find the optimal fleet for each scenario. This method can
provide flexible multi-period fleet plans and therefore has an increased robustness.
Based on the combination of the fleet planning model of Bazargan and Hartman [62]
and the stochastic programming techniques of Listes and Dekker [65], Carreira, Lulli,
and Antunes [69](2017) created a two-stage stochastic integer model to find the best possible purchase or leasing strategy in order to supply demand. It is chosen to restrict the
model to two phases as the study is to examine the interaction between buying and leasing. The authors propose an integration with a network design model for future work.
The three step methodology of Sa, Santos, and Clarke [70](2020) generates a robust
fleet that is able to supply any stochastic demand. The model of Repko and Santos [68]
used a predetermined set of probabilities and scenario realizations, but this model employed an autoregressive process, the mean-reverting Ornstein-Uhlenbeck process, to
sample demand evolutions.
Focussing on environmental impact of the fleet planning, Khoo and Teoh [71](2014)
proposed a bi-objective optimization model. Both green performance, defined as the
Green Fleet Index, and the profit are optimized over a multi-stage period. A bi-objective
model with concurrent objectives can result in a Pareto solution, where a trade off in objectives should be made.
Demand uncertainty is a popular topic within stochastic models, but also other uncertainties are taken into account. An example of fuel uncertainty is presented in the
model of Naumann and Suhl [72](2013). However, this two-stage model does not present
fleet planning but schedule planning and route frequency optimization. Lately, fuel
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price uncertainty is also included in fleet planning by Geursen [73](2021).
S OLUTION TECHNIQUES
In order to solve the designed models discussed above, different solution methods have
been proposed. The art of obtaining a solution started with the heuristic method, given
by Polya [74](1957). This method focuses on getting a solution rather than an optimal
one, where the solution is formed based on comparable situations. To find an optimal
solution of the problem, the Simplex method was introduced by Nash [75](2000). This
method is used for example by Dantzig and Fulkerson [51] and Fetter [54] and is the
foundation for many solution techniques that followed. The first was Gomory [76](1958),
who extended the Simplex method to integer variables. In 1960 the Dantzig & Wolfe
Decomposition method is presented. This method could handle larger scale problems
by solving subproblems with the Simplex method. This decomposition method uses
the column generation method. Land and Doig [78](1960) introduced the Branch-andBound method where variables only can take discrete values and the technique is not
limited to integer programming problems. A drawback of this method is the size of the
branches which lead to computational problems. Therefore, Dakin [79](1965) proposed
a revised Branch-and-Bound method where the amount of branches is narrowed and
thus more feasible to solve.
A variation on the Dantzig & Wolfe Decomposition method is presented by Benders
[80](1962) and is known as the Benders Decomposition method. In this method the original problem is divided into a main and second problem and solved separately while new
constraints are added compared to the version of Dantzig and Wolfe [77]. This method
is known as row generation.
A variation on the Branch-and-Bound (B&B) method is presented by Gomory [81](1963):
the Branch-and-Cut method, where cutting planes are added to the B&B method. Cutting planes are formed by constraints and provide an elimination of unfeasible solutions
as quick as possible.
Alternative solving methods are Piecewise Linear Approximation, the L-shaped method
and Lagrangian Relaxation. Piecewise Linear Approximation is presented by Gould [55](1969),
where the original problem presented with functions of the objective, variables and constraints. In this way a non-linear problem can be solved with linear programming methods. Geoffrion [82](1974) proposed the Lagrangian Relaxation method, where some constraints are removed and inserted as a penalty in the objective function. This makes the
problem easier to solve and provides a good approximate solution.
Next to these solving methods, some methods are especially created to solve stochastic programming models. Examples are the L-shaped method, the Stochastic QuasiGradient method, Scenario Aggregation and the Stochastic Decomposition method.
Van Slyke and Wets [83](1969) published the L-shaped method, which is a variation
on the Benders Decomposition. The idea is to approximate the non-linear term in the
objective.
Ermoliev [84](1969) presents the Stochastic Quasi-Gradent (SQG) method. This method
is proposed for models which include uncertainty as no exact values of objective or constraints functions are required.
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Rockafellar and Wets [85](1991) proposed Scenario Aggregation in order to solve stochastic problems. Different future scenarios, based on uncertainties, are defined and optimal
solutions are found to these scenarios.
Higle and Sen [86](1991) combined the work of Van Slyke and Wets [83] and Ermoliev
[84] and presents the Stochastic Decomposition method in order to solve large scale
stochastic programming models.
When the model includes multiple stages, and thus an evolution of the variables over
time, solving a (non-)linear problem is not enough. In order to obtain a solution for
a multi-stage model, dynamic programming is required. This could for example be a
stochastic model where uncertainty develops over time. The first dynamic programming model was presented by Bellman [87](1954). He presented the characteristics such
as the state space, the decision space and the outcome space at every time point. The
value of being in a certain state is evaluated, also known as the Bellman equation. With
time, the dynamic programming models became more and more complex, and the desire to reduce computational time and increase solvability grows. This lack of solvability
is due to the "curse of dimensionality" of dynamic programming. Therefore, Approximate Dynamic Programming (ADP) is introduced. Within ADP the value of a specific
state is approximated instead of calculated. Powell [88](2007) presents an overview of
the different algorithms to estimate these values by ADP.

3.2. N ETWORK PLANNING
In this section, the network planning models will be presented. With the goal to evaluate
the current airline network and possible enhancements, airline network optimisation
models are developed. The demand for the network and available aircraft for operating
the network are taken into account.
One of the first models is the one of Aykin [89](1995), who proposed an interactive
method to solve the hub locations, routing and service types with a heuristics approach.
Focussing specifically on the airline industry; Jaillet, Song, and Yu [90](1996) presented
the airline network design. They introduced an innovative flow-based linear model for
designing networks presenting minimum cost and their associated frequencies, considering local demands and predicted the cost effectiveness of a hub. The model includes
a single airline with a fixed market share. Different policies are proposed in three basic
integer linear programming models together with heuristic schemes.
Simultaneously with a growing demand for air transportation, the impact of airport
capacity constraints is taken into account by Evans, Schafer, and Dray [91](2008). By
combining the network optimization and schedule development the airline profit was
maximized. Additionally, spill and recapture of passengers becomes more important,
and Wang, Klabjan, and Shebalov [92](2014) presented a capacity planning and network
design model which incorporates the spill and recapture effects.
Furthermore, studies have been done to evaluate the chosen airline networks. Lederer and Nambimadom [93](1998) presents a detailed study regarding different network
types and schedules, to obtain understanding of network choices. The influence of dis-
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tances, demand and frequencies on the profit of the airline is evaluated. Results show
that hub, direct, subtour and tour network can each be optimal for selected parameters. Next, conclusions include that direct service has the lowest schedule frequency
and highest schedule reliability. Furthermore, the paper shows that congestion at the
hub has a relatively small effect on the optimal network design. Another evaluation is
done by Wojahn [94](2001) who evaluated different airline networks on their cost minimization. The demand in this evaluation was generated by the gravity model. Especially
the use of a multi-hub network is discussed, which is identified as not cost minimizing.
This network is established by economic and operating forces, such as asymmetric costs,
airport congestion and competition. Bing [95](2014) developed metrics to evaluate the
efficiency and reliability of the network topologies and applies this to the aviation network of China Southern Airlines. Additionally he provides suggestions for optimizing the
aviation network.

3.3. N ETWORK & FLEET PLANNING WITH INTEGRATION OF AIRCRAFT DESIGN
Since airline network choice and fleet choice are in the same time span and related to
each other, models have been developed that combine these planning phases. An example of this type of model is given in the airline planning course of Santos [96]. The model
includes a set of potential aircraft to include in the fleet and potential airports to include
in the network. By deciding the frequency of an aircraft for a specific route in this network, both choices on fleet and network can be made. Here, the frequency can thus be
zero, which means that aircraft type combined with that route is not contributing to the
optimal solution and therefor is not chosen.
Besides combining network and fleet choice in one model, the desire is to create new
aircraft designs, as electrified aircraft for regional purpose are not yet realised. Previously, models have been designed in order to find the optimal aircraft design based on a
specific mission or airline network. For example; Roth and Crossley [97](1998), Isikveren
[98](2002), Cavalcanti, de Mattos, and Paglione [99](2006) and Allan, Lyrio, Machado,
Cavalcanti, Mattos, and Paglione [100](2006) designed a commercial transport aircraft
for a specified mission. Additionally, Bower and Kroo [101](2008) constructed a multiobjective aircraft optimization by including airplane emissions. A model to choose the
suited airliner for an existing airline network is established by Siqueira, Loureiro, and
Mattos [102](2009). Recent work is done by Mattos, Fregnani, and Magalhães [103](2018)
where a multi-disciplinary approach is elaborated for the design of optimal airplane configurations suited for a desired airline network. Besides the minimization of cost, the
Total Network Yield is maximized.
The aircraft design optimization models will result in an optimal aircraft fleet for the
given mission or network, but a yet to be designed network is lacking. In order to optimize both aircraft design and network design, these models should be integrated. The
coupling of network- and aircraft design often leads to a Mixed-Integer, Non Linear Programming (MINLP) formulation. Crossley, Mane, and Nusawardhana [104](2004) inves-
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tigated this problem as "System of Systems" design problem where a mix of existing systems and yet-to-be-determined systems should be established. In this paper: a simple
problem using an airline wishing to investigate in how a new, yet-to-be-designed aircraft
will impact the fleet operating cost, provides an example. Different solving approaches
where considered. The approach solving the MINLP problem generate solutions at high
computational effort. Secondary, the response surface approach is used, and good solutions where attained at much lower computational cost. The final approach was the decomposition approach, which is used already in multidisciplinary optimization (MDO),
here an “allocation domain” and an “aircraft design domain” are present and solutions
are generated at lower computational costs. The conclusion is that for the allocation
of variable resources the MDO-motivated decomposition approach is promising. In
later research, Crossley and Mane [105](2005) applied the method to two airlines, and
the MINLP approach and MDO-motivated decomposition approach were both applied,
again the decomposition approach is favoured due to lower computational effort. In
2007, using a similar problem, Mane, Crossley, and Nusawardhana [106](2007) stated
that the traditional MINLP approach could be used for small size problems, but when
the size increases the MDO decomposition approach is required to solve the problem.
Meanwhile, Taylor and de Weck [107](2006) showed the benefits of optimizing both
the network design and the vehicle design at the same time. The case was an overnight
package delivery between cities with a fixed demand where the vehicle optimization
used a simplified model based on Breguet Range equation. The capacity and demand
requirements of the network where solved by a Simulated Annealing algorithm with an
embedded linear programming solver. Results showed a minimum of ten percent improvement in cost compared to the network design using a set of pre-defined aircraft.
The aircraft design is a long-term decision, regarding the long creating process, and
should therefore be suited as best as possible to the future airline network. Nusawardhana and Crossley [108](2009) investigated the long-term fleet assignment and the impact on aircraft design. As high-fidelity dynamic models for real problems are lacking,
generic dynamic models based on various assumptions are used. Following, Davendralingam and Crossley [109](2009) build upon this work by incorporating passenger
demand models.
Braun, Wicke, Koch, and Wunderlich [110](2011) focussed on a specific aircraft technology: a natural laminar flow aircraft. Using different future aircraft designs provide
various optimal networks for three future scenarios of an existing airline. The network
evaluation caused by this aircraft technology is presented.
Hwang, Roy, Kao, Martins, and Crossley [111](2015) concentrated on creating an efficient algorithm for solving simultaneous allocation-mission optimization problems.
First the integration of aircraft mission analysis and allocation models is done within
a computational framework using the adjoint method for gradient-based optimization.
Then the Mixed-Integer allocation mission optimization focussed on allocation only and
is solved by the branch-and-bound method. Results show that this approach efficiently
finds good local optima. Hwang and Martins [112](2015) extended this work to a larger
network with 128-routes. Later, Hwang and Martins [113](2016) wants to integrate both
aircraft, route and mission variables. A solution for this complex approach is obtained
by a gradient-based optimization with a parallel computational framework. This is again
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done for the 128-route network with accounting for next generation technologies. As
earlier work does not totally capture the coupling between aircraft design and allocation, Roy and Crossley [114](2016) introduced the MINLP problem to solve it. As no
existing generalized MINLP solver is able to address the problem, a framework based on
Efficient Global Optimization (EGO) is used. To extend this method, Roy, Moore, Hwang,
Gray, Crossley, and Martins [115](2017) proposed a new algorithm for solving the MINLP
problem combining branch and bound, Efficient Global Optimization, Kriging Partial
Least Squares, and gradient-based optimization.
Furthermore, Roy, Crossley, Moore, Gray, and Martins [116](2018) included the operator use into account, as this new system should be used alongside other existing systems, this interaction should be optimized. The subsystems are aircraft design, airline
operations and revenue management and the solution is posed as a monolithic optimization problem. Based on the EGO-like optimization, here the A Mixed Integer Efficient Global Optimization (AMIEGO) framework is used.
In recent models additional details are encountered. Alexandre, Fregnani, De Mattos,
and Hernandes [117](2020) presented a complex integrated network approach where
both the aircraft family of three aircraft designs and the air transport networks are simultaneously optimized. The passenger demand is based on the gravity model. The candidate aircraft designs are generated via a genetic algorithm, which allows a preselection of
candidate aircraft based on network profit and direct operating costs. The author states
that the candidate aircraft are more complex and sophisticated than utilized before, as
over 60 aircraft parameters are included regarding: geometry, topology, propulsion, environmental constraints, certification and performance requirements. Airport characteristics are included and additional noise and emissions constraints of airports could
be enforced without much difficulty according to the author. With this information, the
second step of the model is the network optimization task. A linear programming model
determines the optimal network for these fleet options and detects the configuration
where profit is maximized. In order to do this; passenger demand, average ticket price,
aircraft fleet capacity, range and operational cost should be known. This work is extended by Fregnani [118](2020) by not only considering the profit from the network, but
also the cashflow of the manufacturer.
Within these integrated network and aircraft design models, also other model characteristics can be included. In models mentioned, the demand is often based on the current situation or gravity model and thus deterministic. A stochastic or uncertain demand
is taken into consideration by Jansen and Perez, extended to uncertainties in passenger
demand over multiple years [119](2013) [120](2014) [121](2016). Also Davendraingam
and Crossley [122](2011) took uncertainty into account to present risk and uncertainty
of the optimal aircraft design and airline network. Later, this is translated to profit and
risk belonging to the serving particular demand itineraries [123](2014).
An important note to this section is that all the models mentioned above are showing
the design of conventional, fuel consuming, aircraft. No models yet exist that take into
account electrified aircraft in the optimization model.
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In this chapter, the models for fleet planning, network planning and aircraft design are
combined and examined. The chapter is completed with an overview of the models
found in literature.
For fleet planning, a lot of models have been developed. Starting from 1954, the interest to determine the fleet composition to optimize the airlines financial situation has
grown. First, small deterministic models dominated the exploration. But with increasing computational power, larger models could be developed. Within the deterministic
models obtaining a solution is at this moment convenient. The challenge within these
models is to determine the right values for the input parameters and taking realistic constraints into account.
Stochastic fleet planning models were introduced around 2000. Over the last years, a
lot of different approaches have been tried to obtain the best solutions with encounting
uncertainty. Not one "best" approach to stochastic two-stage or multi-stage planning
models have been found, different approaches such as Scenario Aggregation [64][65],
a Stochastic Demand Index [67], Scenario Tree [68] and a Tree Step Methodology [70]
are proposed to implement uncertainty. The challenge within stochastic fleet planning
models is to implement the uncertainty correctly. This requires a good estimation of
the possible scenarios and their probability. Furthermore, models with the integration
of another objective, in this case green performance, have been created [71]. Within
a bi-objective model a trade off between environmental impact and cost can be done
considering a Pareto Frontier.
For network planning, less literature is found. This could be due to the inflexibility
of the airline network structure; as the airline network is highly influenced by other existing airline networks it is more difficult to make a change in network structure than in
fleet structure for an airline. Models have been established to analyze the profitability of
routes and of using hubs [89][90]. In the literature search, often a connection with the
flight schedule or the flight frequencies is obtained [90] [91].
Since airline network choice and fleet choice are in the same time span and related
to each other, models have been developed that combine these planning phases, such as
the one presented in the airline planning course of Santos [96]. Besides combining network and fleet choice in one model, the desire is to create new aircraft designs, as electrified aircraft for regional purpose are not yet realised. The focus will go to models where
the optimal aircraft and fleet design is combined with the network design. Coupling
these aspects, leads to a Mixed-Integer Non-Linear Programming formulation. As solving a MINLP formulation generates solutions at high computational effort, alternative
approaches have been refined a highlighted in literature. Approaches were a response
surface approach approach [104], the multidisciplinary optimization (MDO) decomposition approach [104], a Simulated Annealing approach [107], a generic approach [108],
a gradient-based approach combined with branch-and-bound [111], an Efficient Global
Optimization (EGO) approach [114], a combination of branch-and-bound, EGO, Kriging Partial Least Squares and gradient-based optimization [115] approach and a Mixed
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Integer Efficient Global Optimization (AMIEGO) approach [116]. The MDO-motivated
decomposition approach was relatively popular due to its low computational effort for
larger scale problems.
In recent integrated models, more and more aircraft design details are taken into
account. Yet it is important to notice that no electrified aircraft designs are optimized
with these models.

C ONCLUSION
As stated in the Introduction, airlines should endeavor to reduce the environmental impact of their business. One method to do this is to integrate electrified aircraft in the
airline fleet. To realize this, electrified aircraft need to be incorporated in the long-term
strategic planning of airlines. Within this literature study, relevant literature to the implementation of electrified aircraft to the current regional airline operations in Europe
has been considered. The goal of the subsequent project is to determine the optimal
combination of using electrified aircraft and the regional airline operations in Europe.
Results will provide a selected electrified aircraft fleet together with optional network
enhancements.
First, the long-term strategic planning of airlines is analyzed in Section The Planning Framework. This consists of the fleet planning and network development. Within
the fleet planning phase a known airline network is used and within the network development phase a known fleet is used. As the goal is to both optimize the fleet and the
network, both planning phases are taken into account.
For regional airlines in Europe, the current network structures are studied in Section
Regional airline network Europe. It is concluded that the network structures and objectives of these airlines can differ, some have the objective to serve a larger airline and
some have the goal to operate independently. In order to set up an airline network development model, the goal of that specific airline (or airline type) should be taken into
account.
In the Section Electrified aircraft, the electrified operations are studied. Different
classifications within electrified aircraft are made. If the desire is to power the aircraft
with batteries, fully-electric or hybrid-electric options exist. For the electrified aircraft,
the feasibility is related to the required specific power and required specific battery energy. If an aircraft is desired for regional operations, the aircraft will require a capacity
from 4 to 100 seats. For this capacity, the use of fully-electric aircraft is beyond optimistic.
Therefore, hybrid-electric aircraft will provide a more feasible solution for the future.
Another way in which the electrified aircraft impact the airline operations is in terms
of changed turnaround time. Section Airport infrastructure argues that the charging of
electrified aircraft should take place with a Battery Swapping Station (optionally in combination with a Battery Recharging Station) in order to be feasible due to the long charging times of the batteries. The impact on the turnaround time depends on the permission to swap batteries while passengers are inside the aircraft.
For the development of a long-term strategic airline planning model to incorporate the electrified operations, different types of planning models have been analyzed
in Chapter Planning models. First of all: the fleet planning models, for this planning
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phase many models are developed. The goal of this phase is to obtain an optimal fleet
for a given airline (network). Both deterministic and stochastic models are covered. Furthermore, the environmental impact of the fleet is included in models with a Green Fleet
Index (GFI) and used as an additional objective besides the regular cost or profit based
objective.
Network planning studies the profitable routes and hubs within a airline network
with a specific fleet. As a specific fleet is not yet defined within this project, network
planning alone is not enough to serve the goal of this project. Network planning with
a yet undefined fleet can be found in network & fleet planning models, where both the
airline network and the airline fleet is optimized. In order to include a yet to be designed
aircraft, such as an electrified aircraft, the network&fleet optimization model should include aircraft design optimization. This type of model serves the goal of the subsequent
project, but a drawback occurs when solving this model. A Mixed-Integer Non-Linear
programming model is created, which requires high effort to solve. Different alternative
solving approaches have been proposed in literature, but not one "best" solving method
is found. Furthermore, the models reviewed do not incorporate electrified aircraft so far.
Thus, for the thesis project the focus can be on three different models. The fleet
planning model can provide an optimal fleet composition and fleet replacement strategy over time for an existing airline (network). Over the years, experience is build within
these type of models. Bi-objective models are developed to include the environmental
aspect and uncertainty is included in the stochastic models. Beside the fleet planning
model, the network & fleet planning model is an option for the subsequent project. The
advantage of this model is that the airline network is optimized as well. In order to include yet to be determined aircraft types into the model, the aircraft design should be
integrated. This is done throughout literature, but not yet one "best" approach to this
problem has been formulated. Furthermore, a drawback of these models is a lacking
integration of multiple objectives or uncertainty. For all type of planning models, experience with integrating electrified aircraft in the fleet is not found and therefor shows a
gap in literature.
The involvement of electrified aircraft into these planning models will be a relevant
addition to current literature and the environmental development of airlines. In the thesis project, it would be interesting to integrate two objectives in order to focus on environmental impact besides the airlines financial situation. Furthermore, two objectives
allow for a Pareto solution where the trade off between environmental impact and cost
can be analyzed. Another way to study the impact on different objectives is by doing
sensitivity studies. Thereby, as the focus is on the implementation of electrified aircraft
rather than on estimating the future demand, it would be additional but not necessary
to use stochastic models.
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the electrified aircraft design
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Executive Summary
In order to stimulate aircraft manufacturers and airlines to adapt electrified aircraft, the
most suitable electrified aircraft for current operations should be determined. The focus
of this work is on the regional airlines in Europe. Airlines currently plan their aircraft fleet
and network in the long-term strategic planning phases: fleet planning and network development. This thesis project will propose an optimization model which integrates the electrified aircraft design with these airline planning phases in order to find an aircraft which
suits the airline.
A literature review is done to the integration of aircraft design and long-term airline
planning, which exposed the problem to be Mixed-Integer and Non-Linear and requires
much effort to solve. This thesis project will implement the aircraft design by creating a
manual feedback loop to evolve the aircraft designs. This feedback loop will create a linear
programming model which could be solved without much effort and in the time span of
this project.
The design of electrified aircraft will be studied throughout literature and simulation
models and will be used as input for the optimization model. Furthermore, the feedback
loop will create additional aircraft designs based on the favoured designs of the model.
When the results are verified and validated, the information can be used by aircraft
manufacturers to develop electrified aircraft suitable for regional operations in Europe and
will therefore stimulate the implementation of electrified aircraft in the airline industry.

1. Introduction
Worldwide, efforts to reduce the climate change are in progress [41]. As the air transport is
responsible for around 2% of the CO2 emission in 2018 and the industry is still growing (disregarding the Covid pandemic impact) [6], it is important give attention to new measures
that reduce the emissions of aviation. To have a reduction in emissions, improvements in
aircraft and engine technologies can be performed [43]. For this work, the focus is on the
adaption of electrified aircraft.
In order to replace conventional aircraft by electrified aircraft, the airline network should
be aligned with the new aircraft designs. The goal the project is to find the electrified aircraft designs which best suit the airlines. The development of electrified aircraft is starting
at small aircraft designs and slowly expanding to larger ones [62] as the battery technology
improves. To implement electrified aircraft as soon as possible, first the airline industry
using smaller aircraft, thus regional airlines will be chosen. This work will concentrate on
the regional airline network in Europe. Combining the electrified aircraft possibilities with
the desires of the regional airlines in Europe should result in improved aircraft designs that
suit these airlines and their network development. In order to realize this plan, the Project
Plan is presented.
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To start with, the literature review in section 2 presents the current state-of-the-art in
both airline planning and electrified aircraft operations. Then the research questions and
objectives are discussed in section 3. This is followed by the methodology in section 4.
The experimental set-up is given in section 5 and the results, outcome and relevance of the
project in section 6. Thereafter in section 7, the project planning is presented. In the end,
the conclusions of this thesis project plan are provided in section 8.

2. Literature Review
In this section, the literature found in the literature study will be summarized and presented. First background information on airline planning and the characteristics of regional airlines in Europe will be given in section 2.1. Then the electrified operations are
identified in terms of aircraft designs and required airport infrastructure in section 2.2.
Thereafter, the development of planning models is presented in section 2.3.

2.1. Background
2.1.1 Airline planning framework
The airline planning framework [55] presents various steps in the airline planning process.
Within this project, the focus is on the long-term strategic planning decisions: fleet planning and network development. In the fleet planning phase, the acquisition and retirement
planning of the aircraft fleet is determined with the goal to optimize the airline’s financial
position. The airline network is often assumed known in this planning phase. In the network development phase, the profitable routes and network structure for the airline will be
detected regarding a known aircraft fleet. Specific fleet planning and network development
models will be discussed in section 2.3.
2.1.2 Regional airlines Europe
In this section, the European regional airlines are analyzed. Regional airlines have arisen
with the goal to connect locations with a smaller demand to the network of larger airlines.
The airlines can be subdivided based on their network size. Small regional airlines have
only a few connections and medium size regional airlines have connections within their
own country and occasionally with neighbouring cities. Large size regional airlines connect to multiple cities throughout Europe and very large sized airlines serve almost every
country in Europe. For some airlines, the purpose to serve larger airlines is visible in the
topology, as quite diverse not-connecting routes are served. Some other (mostly) larger
European airlines are operating more independently and a network structure such as Huband-Spoke or Point-to-Point structure can be obtained.

2.2. Electrified operations
In this section, the conditions of operating electrified aircraft are discussed. Starting with
the state-of-the-art of electrified aircraft and then going to the required infrastructure for
electrified operations.

2

2.2.1 Electrified aircraft
In order to implement electrified aircraft in the airline planning, the available aircraft designs and challenges should be studied. At this moment, the largest realized electrified aircraft has a capacity of four [9]. In order to serve regional airlines, the current state-of-theart of electrified aircraft designs with a minimum of four seats is considered. Furthermore,
the aircraft designs have been classified in different groups, the fully-electric and hybridelectric aircraft designs. Within the hybrid-electric aircraft designs a distinction between
turboelectric, serial hybrid-electric and parallel hybrid-electric can be made based on their
degree-of-hybridization [4] [29]. Conceptual aircraft designs are presented for these different groups and a major point of discussion is the feasibility of the aircraft designs.
The feasibility of the design is highly related to the specific battery energy and peak
power required. The current realized specific energy of an aircraft reaches to 207 Whr/kg
for the Airbus E-Fan [27]. For the future: NAE expects the specific energy to reach 400-600
Whr/kg at pack level by 2035 [40] and NASA predicts a future battery technology that can
deliver 400-1000 Whr/kg at pack level [47][31]. Conceptual aircraft designs often have a
required specific energy of 500-750 Whr/kg [60][17][3][32], which is stated optimistic but
possibly feasible for the future [66][15]. Moreover, aircraft designs with a required battery
energy of 2000 Whr/kg at pack level are presented [23], but this feasibility should be questioned [19].
When analyzing these electrified aircraft, note that in the turboelectric aircraft designs
still fuel is used to produce energy and fly the aircraft [9]. Batteries replace a part of the
fuel energy in serial-hybrid or parallel-hybrid architecture or completely in a fully-electric
architecture. Within the aircraft designs which (partly) fly on batteries and are suitable for
regional airline operations (more than 4 seats), the fully-electric aircraft desire significantly
more specific battery energy than hybrid-electric ones. As increasing the specific energy
is already challenging, it is more likely for hybrid-electric aircraft to become feasible in the
future than fully-electric aircraft.
Furthermore, for electrified aircraft, a trade-off occurs between amount of batteries
(and thus energy), range and seats as presented in the conceptual designs of Finger et al.
[19]. When it is desired to increase the range of the aircraft, the amount of batteries needs
to increase to provide the required energy. This increase in batteries raises the weight of the
aircraft and to remain the same MTOW, less passengers can be transported. This works the
other way around as well, when it is desired to transport more passengers either the battery
capacity needs to increase, or the range decreases.
2.2.2 Airport infrastructure
In order to make an airline planning including electrified operations, the impact of changing infrastructure on airline operations needs to be determined. When looking to the airline operations, the airport operations influence the turnaround time and the turnaround
cost of the aircraft. In order to evaluate this impact, the method of charging is important.
Charging can be done by a Battery Recharging Station (BRS) which is similar to the current
refuelling stations or by a Battery Swapping Station (BSS) which swaps the empty batteries for charged ones [48]. As the charging capacity of the BRS at this moment leads to too
long charging times [52][21], this method is at this moment unfit for electrified airport operations. The BSS is therefore the only option feasible at this moment, and research in
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literature has been focused on this method or a combination of both methods [48][33][53]
[54].
Schmidt, Paul, Cole, and Ploetner [57] presented the turnaround times for two new aircraft types: the SUGAR Volt, a hybrid-electric aircraft, and the Ce-liner, a fully-electric aircraft. With a BSS and the allowance to swap batteries while passengers are on board, both
turnaround times require 34 minutes. If the swapping can not take place when passengers
are on board, this turnaround time rises to 58 minutes for the SUGAR Volt and 48 minutes
for the Ce-liner. The reference aircraft is the A320-2035, a future concept of the A320-2012,
and has a turnaround time of 41 minutes.
Information on the changed cost for the turnaround are lacking in literature. As the
energy price varies during the day, the time of charging will impact the turnaround cost.

2.3. Planning models
In this section, the development of long-term strategic planning models in literature is
been presented. Fleet planning models and network development models will be discussed
separately. Subsequently, the integrating of aircraft design into these planning phases is
studied. Note that the objective of this project is to obtain electrified aircraft designs which
best suit the regional airline operations in Europe.
2.3.1 Fleet planning models
Over the years, many fleet planning models have been developed. The goal of fleet planning is to determine the optimal aircraft (fleet) for the future within a given airline network. Since 1954, deterministic fleet planning models were developed [13], started with a
single-stage linear model that could be solved by hand. The model evolved by taking into
account different expressions for the demand [65] and a distinction between aircraft leasing and buying [18]. Including an inhomogeneous fleet was made possible by Gould [22]
and multi-periodicity in the models of New [42] and Shube and Stroup [58]. Application to
real airline planning is done in a following model of Schick and Stroup [56], and presented
the added value of computer automation to manual planning.
As models evolve, the desire to include uncertainty increases and stochastic fleet planning models are established. One of the first is the two-stage stochastic model of Oum,
Zhang and Zhang [45]. Different approaches are used to include uncertainty, such as the
scenario aggregation based approach by Listes and Dekker [37][38] and probablistic dynamic programming by Khoo and Teoh [34]. A multi-period stochastic model is presented
by Repko and Santos [46]. The approaches to include stochasticity are still unfolding at
this moment. Furthermore, other additions to the model have been made. Such as the
inclusion of the environmental impact by Khoo and Teoh [35].
2.3.2 Network development models
The goal of network planning (or development) is to determine the optimal routes to fly
with an available fleet and to evaluate the current airline network and possible enhancements. One of the first models is the one of Aykin [5] who solved hub locations with a
heuristics approach. Jaillet, Song and Yu [30] focused on the airline industry and presented
the airline network design. Additions to the model are made by; Evans, Schafer and Dray
[16] who included airport capacity constraints and Wang, Klabjan and Shebalov [63] who
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included spill and recapture of passengers. The evaluation of networks is presented in literature by Lederer and Nambimadom [36], Wojahn [64] and Bing [7].
2.3.3 Network & fleet development models including aircraft design
Besides the network and fleet development, the objective of this project is to find an optimal set of aircraft that suit the regional airline operations. In literature, various models
have been designed in order to find the optimal aircraft design based on a specific mission
[49][28][10][2]. Extensions to multiple objectives have been done which included aircraft
emissions by Bower and Kroo[8] and to a larger airline network by Siqueiras, Fregnani, and
Magalhães [59]. Note that these models are fleet planning models with a given network and
a yet to be designed set of aircraft.
Later, these aircraft design models have been extended to yet to be determined airline
networks. In these models, the network design is simultaneaously optimized. The coupling
of network- and aircraft design leads to a Mixed-Integer, Non Linear Programming (MINLP)
formulation. Different approaches to the problem have been presented in literature; such
as the decomposition approach of multidisciplinary optimization (MDO) [12][11] and the
traditional MINLP approach for small size problems [39]. Taylor and de Weck [61] showed
the benefits of optimizing both the network and aircraft design at the same time and Nusawardhana and Crossley [44] and Davendralingam and Crossley [14] investigated the longterm fleet assignment and the impact on aircraft design. Different studies have been done
to create an efficient algorithm and various approaches are presented, but not one "best"
approach could be obtained [24][25][26][50][51]. Additional details are encountered in later
work: Alexandre, Fregnani, De Mattos and Hernandes [1] presented a complex integrated
network approach where both the aircraft family of three aircraft designs and the air transport networks are simultaneously optimized. Later, this work has included the cashflow of
the manufacturer [20].

2.4. Conclusion
In the literature study, the conditions for introducing electrified aircraft into the airline
planning are studied. The background gives information about the planning framework
and the current situation of regional airlines in Europe. The section on electrified operations presents the available conceptual electrified aircraft designs and the corresponding
challenges together with the impact of infrastructure adjustments on the airline operations.
Section 2.3 presented the different models used so far in long-term strategic airline planning and showed the integration of aircraft design and airline planning.
In order to translate the literature to a project, the focus should go to one type of model.
In fleet planning models, the development of the current fleet into the electrified fleet will
be determined. In network planning models, the target is on the network development
instead. In literature, an integration of network and aircraft design has been done, which
integrates the fleet planning as well. As the goal of this project is to obtain electrified aircraft designs which best suit the regional airlines in Europe, this last type of models are
most suitable. A drawback of including aircraft design into the planning model is that a
Mixed-Integer, Non-Linear Programming (MINLP) formulation is gained which is hard to
solve. This could be simplified by making a manual iterative process where a new fleet
is chosen. Furthermore, as the goal of this project is to obtain the future situation rather
than the development to the future situation, the model does not have to include multi5

periodicity. Moreover, the goal is not to include uncertainty and therefor a deterministic
single-stage model can be chosen. A choice can be made to include an additional environmental objective.

3. Research Objectives and Questions
This section consists out of two main parts: the research objective and the research questions. To formulate the objective and questions, the problem statement is formulated as:
In order to reduce the environmental impact of aviation, airlines and manufacturers should be stimulated to integrate electrified aircraft. Presenting electrified aircraft design(s) which best suit their operations, based on optimal network and fleet development, will lower the threshold of implementation and
therefore stimulate airlines and manufacturers.

3.1. Research Objective
“To achieve (a) electrified aircraft designs which suit the operations of European regional airlines by means of (b) integrating the aircraft design in a network optimization model”.

3.2. Research Question(s)
The main question of this project will be:
How can suitable electrified aircraft designs for European regional airlines be
determined by integrating the aircraft design in an airline network optimization model?
Subquestions have been established to obtain the answer for the main research question.
1. How can a network optimization model for European regional airlines with electrified
operations be established?
(a) Is there an existing model to build forward upon?
(b) What is/are the objective(s)? Regarding the aims of European regional airlines?
Environmental objective?
(c) What is the desired output?
(d) What are the input parameters?
(e) What are the constraints? (airline and airport)
(f) Is the running time reasonable for this project?
2. How can the aircraft design be implemented into the model?
(a) How is aircraft design implemented in earlier work?
(b) How can the aircraft design evolve?
(c) How will the initial database of electrified aircraft be established?
(d) Which aircraft characteristics should be known?
6

(e) What electrified aircraft designs will be present in the database?
i. What type of electrified aircraft? Fully-electric / serial hybrid-electric / parallel hybrid-electric / turboelectric?
ii. What aircraft are “feasible” regarding their battery technology?
(f) Is the available information sufficient as input for the model?
i. What information is missing? And how can this be obtained?
(g) What information will feeded back to the aircraft database?
(h) What happens in one iteration?
3. What is the result of implementing electrified aircraft in the model and how are the
solutions determined and compared?
(a) How is the output of the model from different iterations compared to each other?
(b) How is/are the objective(s) visible and interpretable in the models output?
4. How is the model verification done?
(a) How can the behaviour of the model be evaluated?
i. How does the model react on given inputs and constraints? Is that expected?
ii. How does the model work compared to existing models?
(b) How can a sensitivity analysis be performed?
5. How is the model validation done?
(a) What components of the model need validation?
(b) What case study would be suitable for the validation?
(c) What is obtained from the validation?
6. How can the results of the model be translated into future recommendations for aircraft manufacturers and airlines who aim to implement electrified aircraft?
(a) What is the relation between the airline network and the aircraft design regarding the different objectives?
(b) Can the results be generalized for different airline networks in Europe?
(c) What is lacking in this research? (recommendations for additional future work)
Answering these research questions is the objective of this thesis. The questions are
translated into different steps that will be taken in the next section, Methodology.
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4. Methodology
As stated in the introduction, the objective of the project is to implement electrified aircraft
designs into the long-term airline planning in order to determine suitable electrified aircraft for European regional airline operations. Throughout literature, aircraft design have
been integrated with airline network development. This integration gives a Mixed-Integer
Non-Linear Programming which requires much effort to solve. Within this project, an iterative version to integrate aircraft design and airline network planning is proposed and
performed for regional airline networks in Europe. This is achieved by setting up an optimization model which performs the steps presented in the block diagram in Figure 1.
Figure 1: Block diagram of model

The input of the model will consist of the airline and airport requirements together with
the first set of the electrified aircraft database. In the network optimization model, the aircraft designs which give an optimal network performance given the objectives will be selected. In order to find the electrified aircraft designs which best suit the airline operations,
a feedback loop is created. Here, chosen aircraft designs will be slightly modified and added
to the initial aircraft database. Again the network optimization model is run and the most
suitable aircraft designs for this network are presented. This will repeat until no new output
is given by the model.
This conceptual model should be verified and validated before conclusions can be made.
The overall research framework of this thesis project is given in Figure 2.
Figure 2: Research Framework
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5. Experimental Set-up
The experimental set-up will be discussed for the steps "Literature Study" and "Model setup" in the research framework. Further information on the "Verification & Validation" and
"Results" will be given in the next section: Results, Outcome and Relevance.
The first step is the Literature Study, here information required to set up a conceptual
model is acquired. Examples of network optimization models are analyzed, together with
their objectives, constraints, assumptions, input and output data. The specifications of
an European regional airline and electrified operations are analyzed. Findings are complemented with information required during the meetings with the supervisors of this project.
The model set-up will be performed in Python. As this source is commonly used in
Airline planning and other industries and is a free and open software. The input data will
be imported from Excel, in order to easily adjust this data for other situations.

6. Results, Outcome and Relevance
The result of this project will consist of a final set of electrified aircraft designs that suit the
regional airline network in Europe. These aircraft designs are able to serve the required passenger demand while operating under optimization of the objective(s) of this airline. For
these selected aircraft designs, different characteristic values such as number of seats and
range are presented in the outcome of the model. When the airline has multiple objectives,
a Pareto plot can be used to study trade-offs.
In order to use the results of the project, these should first be verified and validated.
This will be done in the "Verification & Validation" step in the research framework. The
model verification is performed in different ways. This could be by discussing the working
principle of the model with the supervisors of the project, visualizing the steps given in
the model or checking the model behaviour when adjusting input parameters. Validation
of the model is performed by implementing a case study of a real-life European regional
airline.
When the model verification and validation is done, the results can be presented. These
will be translated to conclusions on this thesis project, the applicability in the real world
and recommendations for future research.
The relevance of this project is the stimulation of the development of electrified aircraft
in order to reduce the environmental impact of aviation. Aircraft manufacturers want to
develop aircraft types that are desired by airlines in order to sell them. The result of this
thesis project presents electrified aircraft designs which fulfil the wishes of regional airlines
in Europe. As the most suited aircraft designs for their network is chosen, the airlines will
be encouraged in using these aircraft types and the threshold to transfer from conventional
aircraft to electrified aircraft will be lowered. Aircraft manufacturers can use the outcome
to know which aircraft designs are interesting for airlines and can focus on developing the
selected types of electrified aircraft designs. Hence the outcome of this project will contribute to the implementation of electrified aircraft in the regional airline industry and will
therefore provide a reduction of the environmental impact of aviation.

7. Project Planning
For the project planning, first a general planning is presented in Table 1. Here the planned
moments for the important meetings and deadlines are established.
A more detailed planning is given in a Gantt chart in Figure 3 in Appendix A. The plan9

Table 1: General project planning

Phase
A
B
C
D

Content
Literature Study (8 weeks)
Holiday (1 week)
Research Methodologies (1 week)
Initial phase (13 weeks)
Holiday (2 weeks)
Final phase (13 weeks)
Holiday (1 week)

Result

Revise (4 weeks)

Presentation & Defense

Kick-off meeting
Mid-term meeting
Green-light meeting

Deadline
week 32
2021
week 48
2021
week 10
2022
week 14
2022

ning phases can be related to the research framework and model set-up presented in section 4. The important milestones given in the general planning are included in this planning as well. The goal is to set up the complete working model before the Mid-term meeting. The time after this meeting will be used for model validation, verification and processing of the results. Buffer times are included to provide a realistic planning.

8. Conclusions
This project plan gives an overview of the thesis project. The larger aim of this project is
to stimulate the implementation of electrified aircraft in an airlines fleet in order to reduce
the environmental impact of aviation. Therefore, this project will attain suitable aircraft
designs for European regional airlines to comply with their operations.
To achieve this, a long-term strategic airline planning model will be modified to implement electrified aircraft and their corresponding operations. As the project has the goal to
present the future situation rather than the development to the future situation, the choice
has been made to create a single-stage deterministic model. A literature review is done to
the integration of aircraft design and long-term airline planning, which exposed the problem to be Mixed-Integer and Non-Linear and requires much effort to solve. This thesis
project will implement the aircraft design by creating a manual feedback loop to evolve the
aircraft designs. This feedback loop will create a linear programming model which could
be solved without much effort.
To include electrified aircraft designs into the model, the current state-of-the-art knowledge in electrified aircraft designs and the corresponding airport and airline requirements
are analyzed. Challenges occur when there is lacking data or not yet researched subjects.
This information should be required in other ways, such as making assumptions or acquiring experience from the supervisors.
The chosen long-term strategic airline planning model is combined with the knowledge
about electrified operations and like this, a conceptual model will be developed which finds
the electrified aircraft characteristics that best suit the regional airline. Further challenges
in this phase are expected when creating the electrified aircraft database and making variations on aircraft designs. Regarding the time, creating these variations will be outside the
scope and will be provided by one of the supervisors.
When the results are verified and validated, the information can be used by aircraft
manufacturers to develop electrified aircraft suitable for regional operations in Europe and
will therefore stimulate the implementation of electrified aircraft.
10

A. Gantt Chart
Figure 3: Gantt chart
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1
Sensitivity analyses on model choices
1.1. Maximum route size

In this section, the impacts of some assumptions regarding the model are tested. These assumptions
are the maximum number of flights per route and the time limitation of the optimization and have been
established to reduce the computational time. However, these assumptions should not have a large
effect on the final result. Therefore, the impact of changing these values on the adaptation is studied.
The maximum number of successive flights per route has been set to 3, as increasing this number
leads to long computational times. In the results can be obtained that the maximum number of flights
in the network is two, and no routes with three successive flights are operated.
With a maximum of three successive flights, 420 routes are generated. When including routes with
four successive flights, 900 routes will be added (leads to a total of 1320 routes) and routes with five
successive flights lead to 2700 additional options (to a total of 4020 routes).
Due to the computational time, it is not possible to add the routes of four or more flights to the
current routes, but it is possible to replace the current routes with only routes of four or more flights. In
this section, the impact of changing the available route sizes is studied. Table 1.1 presents the outcomes.
Table 1.1: Results with varying route sizes

Optional
route size
[# flights]
4
5

Profit (OF)
[e]

CO2 emission
[kg]

Fleet

no solution
out of memory

The results show that the network can not be developed with only routes of four flights. Note that
this does not mean that a combination of routes with one, two, or three stops and routes with four (or
even more) stops is not preferable. Unfortunately, when the route size is set to 5, and more than 1320
options are entered in the model, there is not enough memory to compute a solution.
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1.2. Optimization time limit

Further, a time limit for the optimization process has been set at 600 seconds. Due to this limitation,
the optimization is cut off before the final solution is obtained. As this is a strategic model, an estimation of the network and fleet is sufficient, however it should be checked if this estimation provides a
representative result. Therefore, the impact of changing the time limitation on the network and fleet
choice is presented. It is chosen to obtain the effect of a doubled time limit of 1200 seconds and a time
limit of 9 hours. Outcomes are presented in Table 1.2.
Table 1.2: Results with varying optimization time limits

Time
limit
1200 s
9 hours

Profit (OF)
[e]
−92.7 ∗ 104
−92.7 ∗ 104

CO2 emission
[kg]
15.6 ∗ 104
15.6 ∗ 104

Fleet
FE20+1(2), HE28+1(1), HEB48(1), Q400(2)
FE20+1(2), HE28+1(1), HEB48(1), Q400(2)

The results with enlarged computational time lead to the same outcome as a time limit of 600
seconds. Therefore, increasing the time limit has no impact on the network and fleet choice.

2
Sensitivity analysis on fuel and energy
consumption of aircraft
The Initiator provides information regarding the fuel and energy consumption of different aircraft types.
To see the sensitivity of the network and fleet choice to consumption values, it is chosen to double and
halve the consumption per technology type. Results on the network and fleet choice are visualized in
Figure 2.1. Performance in profit and CO2 emission is presented in the axes of the graph, and the fleet
choice by the colored squares.

Figure 2.1: Performance with different aircraft consumptions

More kerosene aircraft are chosen when the fuel consumption of kerosene aircraft is decreased, or
the consumption of hybrid- and fully-electric aircraft is increased. Lowering the energy consumption
of fully-electric aircraft results in a choice for a fully-electric 28-seater instead of a hybrid-electric one.
Other adjusted consumption values do not impact the fleet choice. Higher consumption values lead to
more cost and vice versa. The value for fuel consumption does not only influence the cost but the CO2
emission as well.
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