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E X E C U T I V E S U M M A R Y

This research is about the integration of hybrid and electric aircraft (HEA) in the air
traffic management (ATM) system. It is a response to the letter regarding the devel-
opment of Schiphol Airport and the outlines of the Luchtvaartnota 2020-2050. The
Dutch minister of Infrastructure and Water Management states that ”the aviation
sector can earn growth through demonstrable reduction of nuisance” [60]. Dutch
airlines are responsible for 13 billion kilos of CO2 and 57 billion kilos of NOx [8].
The arrival of HEA can decrease emissions and noise nuisance for residents. This
research studies potential concepts of operations (CONOPS) to integrate HEA in
the ATM-system. Therefore, the research question of this thesis is:

What are potential concepts of operations for the integration of HEA in the air traffic
management system in 2035?

Methodology
This research is divided into four phases. The aim of phase I is to structure the con-
text of this problem. With the information found in literature research, interviews
and observations, a data analysis and stakeholder analysis were performed.

Since the aim of this research is to find potential CONOPS per scenario, three
types of input are needed: KPIs, scenarios and CONOPS. In phase II of this re-
search, these three types of input were explored. The CONOPS are defined with a
morphological analysis and a brainstorm. The KPIs are determined in the design
space and a scenario analysis defined five scenarios based on exogenous factors.
However, since a scorecard consists of two axes and there are three types of input,
the scenarios and CONOPS were combined in phase III of this research. In the last
phase, the scenario-CONOPS-combinations are assessed on the KPIs. The scores
are assigned to the KPIs based on absolute numbers that are calculated with the
outcome of the data analysis. With these absolute numbers, normalized scores are
given to the KPIs per CONOPS.

Phase I. Structure the context
In the first part of this research a data-analysis and stakeholder analysis were per-
formed. The outcome of the data-analysis defined the deviating performances and
effects of HEA compared to conventional aircraft. The main difference between
a conventional aircraft and HEA is the replacement of fuel with a battery. Since
the power-to-weight ratio of batteries is different compared to fuel, the power-
train of HEA is heavier. This influences three technical performances, namely a
decreased passenger capacity, increased landing weight and shorter range. These
deviating performances and characteristics of HEA lead to differences in effects.
First, a decrease of 80 gram/passenger/km CO2-emissions. For NOx a value of
1222 gram/aircraft applies. This means that the implementation of HEA leads to
less aviation emissions. In addition, the noise nuisance also decreases with 10 dBa
per commercial aircraft. For private jets a noise reduction of 19 EPNdB applies.
Indirect effects are as followed: the shift in aviation network from hub-and-spoke
to more point-to-point traffic changes due to the minimal range and passenger ca-
pacity. Secondly, the operational cost decreases by 20 percent since the cost of fuel
no longer have to be paid. Lastly, because of a heavier landing weight, the runway
capacity decreases due to an increased Runway Occupancy Time (ROT).

Since many are stakeholders related to this problem, a stakeholder analysis was
performed. The constraints, requirements and objectives of stakeholders with high
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power are taken into account in the design space. It is remarkable that all stakehold-
ers share the same goal to make aviation more sustainable. However, they all have
a different interest.

Phase II. Explore types of input assessment
In this part of the research the three types of input for the assessment are explored.
This concerns the design space, scenarios and CONOPS.

Design space: The design space is based on the objective, constraints, require-
ments and KPIs of the air navigation service provider (ANSP) and important stake-
holders. The objective states that the CONOPS should be able to handle conven-
tional, hybrid and electric aircraft. That means that the CONOPS should be able to
handle both the take-off and landing of these three types of aircraft. The constraints
say something about the capacity, safety, regulations or technical performances that
the CONOPS must meet. Next to the objective, requirements and constraints the
KPIs are determined. These KPIs help to assess the CONOPS per scenario. The
KPIs are: runway capacity, complexity of implementation, noise-, CO2-reduction
and NOx-reduction, possibility to grow, operation cost reduction and total travel
time.

Scenarios: The dependent variables of the performances of HEA are still uncer-
tain. That is why five scenarios are determined in a scenario analysis. The scenarios
consist of a combination between the exogenous factors technology breakthrough
and the decisions of regulations regarding HEA. For each scenario, consisting of a
specific combination between the exogenous factors, absolute values are given to
the dependent variables. The five scenarios and their corresponding performances
and characteristics can be found in figure 0.1.

Figure 0.1: Performances per scenario

CONOPS: Many ideas for CONOPS have been devised in a brainstorm. The
brainstorm was performed with ATM and HEA experts. Three important variables
were the outcome of this brainstorm: time, airport and runway. A morphological
analysis was applied in order to make all combinations between these three vari-
ables. CONOPS that were not feasible or did not meet the constraints were filtered
out. The outcome contains of nine CONOPS (A to I), that can be found in figure
0.2.

The aim of phase II is to determine the KPIs, scenarios and CONOPS as input for
the assessment. Now that these are determined, phase II can be completed.

Phase III.
Since there are three types of input and a scorecard only has two axes, the scenarios
and CONOPS must be combined. The result consists of 27 combinations. However,
only the vertices are chosen to do further research on. The vertices are the most
interesting combinations that cause the most friction in the ATM-system. They
are chosen in a scorecard, based on the constraints and the characteristics of the
scenario-CONOPS-combinations. Nine combinations are determined as vertices.



Figure 0.2: Outcome morphological analysis

These combinations are from now on called CONOPS and given a name, as can be
seen in figure 0.3. Phase III has now been completed.

Figure 0.3: Characteristics per CONOPS

Phase IV.
The input for the assessments consists of the CONOPS (related to a scenario) and
KPIs. Each CONOPS is assessed on the KPIs by first calculating the absolute num-
bers of the KPIs. This is done by implementing the performances and effects of
HEA. Based on the absolute numbers, normalized scores are given to the KPIs per
CONOPS. The final score per CONOPS shows which CONOPS fits best per scenario.
It was already clear that CONOPS Bell and CONOPS Edison are the best fit in case
respectively scenario 1 and 2 become reality. For scenario 3, CONOPS Ferraris has
the highest final score. In case scenario 4 becomes reality, it is recommended to
implement CONOPS Siemens. For scenario 5, it was also researched what the effect
is of implementing HEA at regional airports. This CONOPS Franklin scores best
of the three. However, it was striking that CONOPS Volta scores second best. The
difference in final scores between CONOPS Franklin and Volta is around 0.5 on a
total score around 100. This means that both CONOPS can be implemented.

Conclusion
The outcome of the scorecard answers the main research question. Overall, it can
be seen that it is not needed to make use of an extra runway at Schiphol Airport.
The decrease in runway capacity is minimal and does not outweight the complexity
of the new CONOPS. This conclusion only applies to a maximum of 25 percent of
HEA in the ATM-system. It is also possible to relocate up to 25 percent HEA to
regional airports as Lelystad Airport and RTHA. Since HEA produce significantly
less emissions and noise, HEA make it possible for regional airports to grow with-
out harming residents.

Main recommendations
Since aircraft manufacturers are still exploring the maximum power-to-weight ra-
tio, there is a lack of exact data of the performances of HEA. A data-analysis at-
tempts to make the performances of HEA as robust as possible. However, this
does not change the fact that assumptions had to be made for independent vari-
ables. It is therefore recommended to repeat this research again in the future with
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more reliable data. When the maximum power-to-weight-ratio is more reliable,
the performances of HEA become subsequently more reliable as well. This mainly
concerns the performances MTOW, passengers capacity of HEA, increased ROT of
HEA, noise-reduction, range and operational costs. When these data from aircraft
manufacturers are more reliable, the CONOPS can also be designed more in detail.
In addition, stakeholders used in this study will have a stronger opinion of HEA
when the exact data of performances and effects are known.

When the independent variables are more reliable, the outcome of this research
becomes more reliable as well. At that moment, it is important to do more detailed
research per KPI. Calculations in the scorecard of this research are done roughly
which can influence the outcome of the scorecard. These detailed studies also en-
sure that the results per KPI do not depend on the number of HEA per CONOPS
to a great extent. In this research, the number of HEA in the ATM-system has too
much influence on the outcome of the scorecard. These recommendations also ap-
ply for ANSPs abroad who want to integrate HEA in the ATM-system. The same
structure of this research can be used for the specific airports they want to exam-
ine.
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1 I N T R O D U C T I O N

This research is about the integration of hybrid and electric aircraft (HEA) in the
air traffic management (ATM) system. It is a response to the letter regarding the
development of Schiphol Airport and the outlines of the Luchtvaartnota 2020-2050.
The minister of Infrastructure and Water Management of the Netherlands states that
”the aviation sector can earn growth through demonstrable reduction of nuisance”
[60]. In her letter, the minister emphasizes that there can no longer be any question
of unconditional growth when the advantages and disadvantages of aviation are
not balanced for residents. The disadvantages refer to the emissions and noise
nuisance of aviation. Dutch airlines are responsible for 13 billion kilos of CO2 and
57 billion kilos of NOx [8]. This has led to the continuation of the Nieuwe Normen-
en Handhavingsstelsel until 2021. Schiphol Airport is restricted to 500,000 air traffic
movements per year [60]. This introduction describes the research context, problem
and challenges of the study on how to integrate HEA in the ATM-system.

1.1 research context

One of the solutions to decrease noise, CO2- and NOx-emissions is the replacement
of conventional aircraft with HEA. At the moment, a lot of research is done by
aircraft manufacturers into the technical aspects of these aircraft. This research of
aircraft manufacturers is a reaction to the awareness of the negative impacts of avi-
ation and the aim to make aviation sustainable. This awareness has grown with
the growth of aviation. 8.2 billion air travelers in 2037 were forecast by IATA [25]
but due to the COVID-19-crisis, this growth is uncertain. Nonetheless, the urge for
sustainable aviation still remains. Looking at the Netherlands, the Koninklijke Lucht-
vaart Maatschappij (KLM) received state aid in return for more sustainable aviation
[47]. In addition, the Luchtvaartnota, issued during the crisis, still states that Dutch
aviation can no longer emit greenhouse gases in 2070 [41]. That means that a sus-
tainable recovery is of importance after the COVID-19-crisis.

Since the demand for environmental sustainability is growing, Luchtverkeersleiding
Nederland (LVNL), Schiphol Group and other aviation parties such as airlines joined
their forces and started the Nationaal Actieprogramma Hybride Elektrische Vliegtuigen
(AHEV) early 2019. 26 important Dutch aviation parties have joined to make avia-
tion more sustainable. The intention of AHEV is to have reduced the CO2-emissions
in 2030 to the level of emissions in 2005 [61][8]. This is an accelerated route com-
pared to the Luchtvaartnota [41]. One of the actions to achieve this goal is to renew
the aircraft fleet with HEA. The first generation HEA is expected to take-off and
land in 2035 [1].

Many aircraft manufacturers have launched sustainable projects to bring HEA
to the market. Boeing started the Boeing SUGAR VOLT program with the aim to
design a hybrid aircraft that can transport 135 passengers [7]. Airbus is working
on the E-fan X, which is a large commercial aircraft for 100 passengers, is planned
to take its first commercial flight within the 2030’s timeframe [2]. Since Easyjet
wants to own a fully electric short-distance fleet in 2030, they have partnered up
with Wright Electric to design the first electric, large commercial aircraft [16]. In

1
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a shorter period of time, Eviation aims to have their aircraft Alice certified in one
year. Alice is a nine-seater fully-electric aircraft that can fly up to 1000 kilometers
[4]. While aircraft manufacturers are engaged in the technical aspects of HEA, this
research contributes to the integration of these aircraft in the ATM-system.

1.2 problem statement

The problem is that a concept of operations (CONOPS) that integrates HEA in the
ATM-system, does not exist. There is little to no knowledge about the integration
of HEA on (crowded) airports. To the best of the authors’ knowledge, no literature
research has been conducted to this issue. This means there is a knowledge gap.
In contrast, the architecture and design of HEA is studied widely. But in order to
implement HEA on a large scale, it is necessary to study the integration of these
aircraft as well. For air navigation service providers (ANSPs) it is important to
know what adjustments need to be made to the operation to allow HEA to land at
and take-off from (crowded) airports.

1.3 research objectives

The objective of this research is to close the gap by finding feasible CONOPS for
the integration of HEA in the ATM-system in 2035. A CONOPS aims to several pro-
posals for conceptual solutions. It contains a purpose and scope definition, ideas to
solve the identified problems, and the consequences for the human, machine and
procedures in the ATM-system. In this research a CONOPS means a first assess-
ment of the possibilities of integrating HEA in the ATM-system [28]. Since it is
expected that HEA have deviating performances compared to conventional aircraft
[24], the technical performances and effects of HEA are analysed (see chapter 4).
These (deviating performances of) HEA have to be fitted in between (performance
of) conventional aircraft in the ATM-system. It is therefore important to understand
the ATM-system which is part the context of this problem. Since there is still a lot
of uncertainty regarding HEA, this is an explorative research.

To close the gap, the objective is defined as ”Find the potential concepts of oper-
ations that integrate HEA in the air traffic management system”.

The core task for LVNL is providing air traffic services. Constraints for decisions
are safety, efficiency and environment. Safety has the highest priority. These three
constraints are also of importance for this study. First of all, safety relates to pre-
vention of incidents in the air and on the ground [35]. Secondly, efficiency will be
calculated in air traffic movements per year. Decreasing the emissions and nuisance
by integrating HEA in the ATM-system, leads to the possibility to increase the num-
ber of movements [60]. Lastly, environment is calculated by the emissions of CO2,
NOx and noise-nuisance. For these first two key performance indicators (KPIs) it
is important to take into account the predicted smaller capacity [passengers per
aircraft] of HEA. This means that one aircraft can be quieter but when the total
passenger capacity stays equal or increases, more HEA have to take-off and land,
which can affect the total noise emissions.
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1.4 scope
This study looks into Tower (TWR) and Approach (APP) Air Traffic Control (ATC)
operations. These operations consist of take-off and departure, climb, descent, ap-
proach and landing. The process of parking, taxi, cruise and taxi to the gate is out
of scope. These operations can be seen in figure 1.1. APP accompanies aircraft
from the air route to the airport and vice versa for around 50 kilometers around
the airport and hand them over to TWR. TWR air traffic controllers (ATCOs) are
responsible for aircraft within 15 kilometer around the airport [34] [33].

Figure 1.1: Take-off to landing processes

LVNL is also the service provider for Rotterdam-The Hague Airport (RTHA),
Lelystad Airport, Groningen Airport Eelde and Maastricht Aachen Airport. As
the latter two airports are not within an accessible range for potential transfers to
Schiphol Airport (the hub) within 15 years, only Schiphol, Rotterdam-The Hague
Airport and Lelystad Airport are within the scope of this research.

HEA consist of passenger flights of large commercial airlines or private jets.
Cargo aircraft are out of scope as the current HEA projects focus on passengers, due
to the weight they have to take into account. These aircraft fly under Instrument
Flight Rules (IFR) where ATCO are responsible for providing separation instruc-
tions.

Both hybrid and electric aircraft are part of this research as hybrid aircraft are
seen as the intermediate step to electric aircraft [61]. There are three types of elec-
trified aircraft. The first type is the all electric aircraft which no longer uses fossil
fuel. The turbo-electric aircraft uses gas turbines to drive electric generators. The
third electrified aircraft is the hybrid aircraft that operates partly on fossil fuel and
partly on a battery [18][36]. Vertical Take-off and Landing (VTOL) aircraft are out
of scope as the aim of these VTOLs are to transfer passengers within cities and do
not make use of airports. Hydrogen-powered aircraft are out of scope as well, due
to a completely different technical architecture of the aircraft.

Lastly, the integration of HEA in the ATM-system are suitable for both peak- and
off-peak hours. Night flights between 23:00h and 06:00h are out of scope.

1.5 research questions
The problem statement and research objective lead to the following main research
question and sub research questions.

What are potential concepts of operations for the integration of HEA in the air traffic
management system in 2035?

To be able to answer the main research question, the following sub questions are
defined:
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1. What are the deviating performances and effects of HEA (compared to con-
ventional aircraft) and the associated consequences for the ATM-system?

2. What is the objective and what are the requirements, constraints and KPIs of
the design space?

3. What are possible future scenarios to take into account?

4. What are feasible CONOPS per scenario that are interesting to do further
research on?

1.6 relevance

This study has societal, scientific and company (LVNL) relevance. As is mentioned
earlier, it is expected that HEA have positive effects on emissions and noise. The
following points indicate the relevance:

Societal importance:

• The result of this research could make it possible that aviation becomes more
sustainable as HEA can be integrated in the ATM-system. This is in line with
the climate targets that are presented in the Luchtvaartnota [41].

• This study contributes to sustainable mobility by connecting countries/cities
in a sustainable way.

• The ability to take-off and land with a HEA motivates airlines to purchase
more sustainable aircraft.

Scientific importance:

• This is one of the first studies into the implementation of HEA in the ATM-
system.

• The methodology used in this study (see chapter 3) is an example for other
ANSPs on how HEA can be introduced in the ATM-system. Since it is a first
assessment of the possibilities of integrating HEA in the ATM-system, LVNL
and ANSPs abroad can start a follow-up research to study more specifically
the possibilities for their airport.

• Aircraft manufacturers and knowledge centers can learn from the results what
is important for the aircraft design, performances and effects to enter HEA on
a large scale in the ATM-system.

Company relevance:

• Since LVNL is a service provider for airlines, they can offer them to take-off
and land with a HEA at Dutch airports.

• When the Dutch aviation sector proves that the nuisance decreases for resi-
dents, LVNL can facilitate the possible growth of air traffic movement within
the framework of the minister.

• Increase the expertise of the company in sustainable aviation.
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1.7 research approach
The structure of this research is based on system engineering [14] and is adjusted to
fit this specific problem. A simplified structure diagram can be found in figure 1.2.
The aim of is research is to find potential CONOPS per scenario where HEA are
integrated in the ATM-system, based on KPIs. In order to find these, this research
is divided into four parts. Firstly, it is important that the context of the problem is
clear. Information is gathered with literature research, interviews and participatory
observations and structured with a data analysis and stakeholder analysis in phase
I.

In phase II of the research, three types of input are explored and defined:

• CONOPS: In order to find CONOPS, a brainstorm with aviation experts was
held. The input for the brainstorm consists of the deviating performances To
structure the many ideas that came up during the brainstorm, a morphological
analysis is applied. (see chapter 7). The feasible CONOPS are the input for
the scorecard.

• Scenarios: The scenarios are determined with the help of a scenario analysis,
based on exogenous factors (see chapter 6). These exogenous factors are partly
determined in the stakeholder analysis (see appendix C). The scenarios are
input for the scorecard.

• KPIs: The KPIs are part of the design space. Besides the KPIs, requirements,
objectives and constraints are the outcome of the design space process. The
constraints are used to filter out not feasible CONOPS (see chapter 5). The
KPIs are used to assess the CONOPS per scenario in the scorecard.

Since there are three types of input and a scorecard consists of only two axes,
the CONOPS and scenarios are combined in phase III. These combinations are as-
sessed on their feasibility and undesirability in a first scorecard. The constraints,
determined in the design space, were leading in the feasibility. The outcome con-
sists of feasible scenario-CONOPS-combinations that are the input for the second
assessment. From this moment on, the scenario-CONOPS-combinations are called
CONOPS.

Now that there are only two types of input, the CONOPS can be assessed in
phase IV. The assessment is based on the KPIs that are determined in the design
space process. The outcome of the scorecard answers the main research question.
In chapter 3 a more comprehensive and precise design framework is explained.
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Figure 1.2: Simplified structure diagram

1.8 report outline
This research starts with an explanation of the methodology in chapter 3. This chap-
ter explains the different methods and tools that are used with the help of a design
framework. Chapter 4 explains the deviating performances and effects, the outcome
of the data analysis. In order to find the three types of input for the assessment, the
design space is determined in chapter 5 and the scenario analysis in chapter 6. In
chapter 7, the exploration of different CONOPS is described. Firstly, the outcome
of the brainstorm is structured in section 7.2. Secondly, the combinations are made
between the scenarios and CONOPS and assessed on feasibility in section 7.3. This
section concludes with a description of every chosen combination. In chapter 8 a
second assessment is done were the scenarios, CONOPS and KPIs come together in
a scorecard. The conclusion of this second assessment shows which CONOPS are
potential per scenario. The outcome of this research is repeated in chapter 9 and
supplemented with a discussion.



2 T H E O R E T I C A L B A C KG R O U N D

This chapter describes the theoretical framework of this research. It shows the
analytical concepts and models that have been worked with and their connections.
Since there is no clear existing framework that fits this problem, a unique framework
is build. In section 2.1, the definitions per model are described that are important in
this research. This is followed by chapter 2.2 where the theoretical framework and
the connections between the models are explained.

2.1 definitions
This section gives the definitions of six concepts that are important in this research.
Each concept consists of multiple dependent and independent variables. Dependent
variables are the effect of other (independent) variables. Independent variables are
variables or which fixes values are established before taking measures, based on
literature research.

• Current operations ATM-system: The current operations of the ATM-system
are determined based on the performances of conventional aircraft. Since the
operations of TWR and APP are dynamic, it still consists of four variables. For
example, depending on the wind, time of day, type of aircraft and others, the
runway use is determined. They are the input for this research. Since these
variables are known and clear, these are dependent variables.

• Performances HEA: The performances of HEA are related to the design and
architecture of the aircraft. The performance can also be seen as characteristics.
For this research, four important variables are taken into account: the passen-
gers capacity, landing weight, range and RECAT-categories. These variables
can be measured in number of passengers, kg, km and categories defined
by ICAO [20]. In this study, the variables are the input for further research.
This makes these variables independent. For these independent variables, an
assumption has been made based on literature research and interviews. A de-
tailed description of the variables and the underlying reasons for determining
the assumptions can be found in chapter 4.

• Effects HEA: The effects of HEA are the results or consequences of the perfor-
mances of HEA. For TWR and APP operations, there are six effects of HEA.
These effects can be divided into direct and indirect effects. CO2, NOx and
noise are direct results of the use of batteries as replacement of fuel. These
direct effects are related to the architecture of HEA as well. The indirect ef-
fects are the consequences of implementing HEA in the ATM-system on the
network, cost for airlines and the operations. The variables are determined
based on literature research and interviews and are independent variables. A
more detailed description can be found in chapter 4.

• Design space: The design space consist of three variables, namely the con-
straints, requirements and KPIs. These variables are determined based on the
effects of HEA and the current operations of the ATM-system. The variables
in the design space are dependent on the variables of the current operations
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of the ATM-system, the direct and indirect effects of HEA. The design space
contributes to this rational decision-making model.

• Scenarios: Scenarios are used to to deal with uncertainties in the future, re-
lated to the external environment of the system. Since HEA are expected in
15 years, it is important to take into account various future scenarios. Based
on two important external factors, the variables of the scenarios are given an
exact value. These variables are dependent on the performances of HEA.

• CONOPS: A concept of operations, also known as CONOPS, is a document
that proposes a system. This system is set up from the stakeholders point of
view. It is used to communicate the quantitative and qualitative characteris-
tics to management and staff of the company and other stakeholders. After
it is approved, the CONOPS will be implemented and used [28]. Since there
is a lot of uncertainty in the exact performances and effects of HEA, the aim
of this study is to explore which potential CONOPS apply to integrate HEA
in TWR and APP operations. This means that the CONOPS in this research
have not been worked out in detail. Based on the outcome of this research, po-
tential CONOPS can be further elaborated in a further research. In this study,
the four variables runways, airport and time of day for different percentages
conventional aircraft and HEA were examined.

2.2 theoretical framework
Figure 2.1 shows the theoretical framework. There are seven concepts in bold which
all consist of different variables. The variables are determined in this research and
indicated in a rectangle in this theoretical framework. Grey rectangles refer to in-
dependent variables, blue rectangles refer to dependent variables. The oval boxes
are related to external factors. A distinction has also been made between the con-
nections between models.The dashed arrows and dashed rectangles are connections
that are important for the advent of HEA but are excluded in this study. A further
statement about these are made in the discussion in chapter 9. In addition, the red
arrow related to the constraints indicates that the constraints are decisive. The or-
ange arrow indicates that the requirements can be part of a trade-off.

The aim of this study is to find potential CONOPS for the integration of HEA in
the ATM-system in 2035. The details of the CONOPS depend on the outcome of
several other concepts. First of all, the current situation of the ATM-system is the
existing situation and location in which HEA must be integrated. The important
independent variables of the current operations regarding HEA are filtered and are
input for the design space. secondly, the design space depends on the constraints,
requirements and KPIs of the decision maker and the stakeholders involved. The
design space consists of multiple constraints, requirements and KPIs. The design
space ensures that the CONOPS are feasible, efficient and sustainable. Lastly, the
performances of HEA are of great importance for the CONOPS since HEA are the
new type of aircraft that must be integrated. It is determined that the performances
of HEA consists of six dependent variables that influence the CONOPS. Based on
literature research, it is determined that five variables are important for TWR and
APP operations, namely the passenger capacity [5], landing weight [10], range [48],
RECAT-categories and approach and landing speed. The range, landing weight pas-
sengers capacity and the approach and landing speed are related to each other. A
detailed explanation of the variables and their dependency can be found in chapter
4. There is still a lot of uncertainty what the exact values of these five variables are
going to be. Therefore, different absolute values are given to these variables per sce-
nario. The scenarios are based on external factors, namely regulations concerning
HEA and technological breakthrough. The range, passengers capacity, approach
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Figure 2.1: Theoretical Framework

and landing speed are reflected directly in the scenario variables. In addition, the
percentage of HEA in the ATM-system, type of aircraft and electrification are vari-
ables of the scenarios that are based on literature research and interviews. A de-
tailed description of the scenarios and its variables can be found in chapter 6.

Based on the variables of the scenarios and the design space, the independent
variables of the CONOPS are determined. The CONOPS contain three independent
variables runways, airport and time of day. The interpretation of the variables dif-
fer per scenario. The combinations of these variables result in a specific number of
conventional aircraft and HEA. The diverging process of finding as many CONOPS
possible can be found in chapter 7. In chapter 8, the CONOPS per scenario are
converged based on the design space. After the CONOPS are determined, the total
effect of these independent variables can be calculated based on the number of con-
ventional aircraft and HEA per CONOPS per scenario. These calculations consists
of the number of HEA per CONOPS and the effects per HEA as consequence of the
deviating performances. A more detailed description of the latter one can be found
in chapter 4. A distinction is made between direct and indirect effects. The effects
consists of six independent variables. An explanation can be found in chapter 4.
These effects are important for making TWR and APP operations more sustainable
and efficient.





3 M E T H O D O LO GY

Now that the research gap is clear, this chapter explains the methodology that is
used for this research. Section 3.1 contains an overview of the design framework
that is applied in this research. This design framework is based on system engineer-
ing. The methods and tools used in this research are explained more in detail in
section 3.2.

3.1 design framework
The design framework (figure 3.1) is specified to come up with concepts of opera-
tions where HEA are integrated in the ATM-system. The used methods and tools
are indicated in green and the output in blue. The methods and tools marked with
a gray square are linked to a chapter. The methods and tools that do not have this
gray square are supportive and are explained in an appendix or can be found in the
chapter they are supporting. The methodology is based on system engineering [14]
and adapted to this specific problem.

Figure 3.1: Design Framework
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Phase I: Context analysis
Methods and tools used: Data analysis, stakeholder analysis
First of all, it is important to understand the context. To do so, a data analysis
and stakeholder analysis were performed. Literature research and interviews are
used to collect data which form the starting point for the data analysis. This data
analysis studies the expected performances and effects of HEA in 2035 (see chap-
ter 4). A stakeholder analysis is carried out based on interviews and participatory
observations (appendix C). The ATM-system is complex and many stakeholders
are associated with this subject. The stakeholder analysis gives insight into the
constraints, objectives and requirements of stakeholders. Now that the context is
clear, the stakeholder analysis, performances and effects are the input for the design
space (chapter 5), scenario analysis (chapter 6, brainstorm (appendix F) and score-
card (chapter 8).

Phase II: Determine input assessment
Methods and tools used: Design space, scenario analysis and brainstorm
The aim of this research is to find potential CONOPS per scenario where HEA
are integrated in the ATM-system, based on KPIs. This assessment is done with a
scorecard that consists of KPIs, scenarios and CONOPS. The second phase consists
of determining these three types of input, based on the context analysis that is done
before. These three types of input are:

1. KPIs: the KPIs are determined in a design space, along with the constraints,
requirements and objectives (chapter 5). The integration of HEA is dependent
on many stakeholders. It is therefore important to include the constraints,
requirements and objectives of (the important) stakeholders. That is why the
stakeholder analysis forms the input for the design space. The performances
and effects that are the output of the data analysis are also important for
the design space. The deviating performances indicate which constraints and
KPIs are important.

2. Scenarios: the scenarios are determined with the help of a scenario analysis
(chapter 6). The scenario analysis is based on exogenous factors. It is therefore
important to include the viewpoint of all stakeholders that are determined
in the stakeholder analysis. However, it is considered what the power and
interest are per stakeholder.

3. CONOPS: a brainstorm was carried out in order to design multiple CONOPS
for integrating HEA in the ATM-system (appendix F). The outcome of the
brainstorm consists of three variables: time, airport and runway. A morpho-
logical analysis was used to find all possible combinations of these three vari-
ables. In addition, the combinations between the three variables that are not
feasible based on the constraints, were filtered out (chapter 7, section 7.2). The
outcome contains of 9 different CONOPS.

Phase III: Preparation final assessment
Methods and tools used: Scorecards I
A problem that came up is that a scorecard only has two axes, while there are three
types of input (CONOPS, scenarios and KPIs). It is therefore important to combine
the scenarios and CONOPS in order to receive two types of input for the scorecard
(chapter 7, section 7.3). The outcome concerns 27 combinations. A first scorecard
was applied to find the vertices of these scenario-CONOPS-combinations, since it
is not usefull to assess all 27 combinations. The choice of vertices is based on the
pressure on the ATM-system and not feasible combinations between scenario and
CONOPS are filtered out.



3.2 methods and tools 13

Phase IV: Final assessment
Methods and tools used: Scorecards II
From this moment on there are two types of input: The KPIs that are the outcome of
the design space and the scenario-CONOPS-combinations. The latter one is called
from this moment on CONOPS. This means that a scorecard can be applied to
find potential CONOPS per scenario where HEA are integrated in the ATM-system,
based on KPIs (chapter 8). Using the performances and effects that are determined
in the data analysis, absolute numbers are given to each KPI per CONOPS. Based
on these absolute numbers, the CONOPS are assessed with normalizes scores. The
outcome of this scorecard answers the main research question.

3.2 methods and tools
This sections describes the methods and tools that are used during this research in
detail.

Literature study
Researching literature has been done by using several search engines as Scopus,
Google Scholar and WorldCat. To find relevant scientific articles, (combinations of)
keywords were used as: hybrid aircraft, electric aircraft, HEA, Air Traffic Manage-
ment, approach, tower, aeroplane, aircraft, plane, performances, effects, integration,
application, operations strategies, concept of operation. When results came up,
first they were studied based on a quick scan of the content, source, journal, cita-
tions and year of publication. When these were positive, secondly the abstract was
viewed and eventually the paper was read in a more detailed way. In the latter case,
other relevant papers where found due to the references used in the paper. The
number of scientific papers related to the integration of HEA in the ATM-system
was limited. The limited amount of scientific papers that were useful are part of
this research. In addition, the literature study is supplemented with non-scientific
papers. Examples are commercial websites of aircraft manufacturers, articles in avi-
ation magazines and articles of airlines and aviation regulators.

Interviews
The complex situation in which the problem is situated was partially determined
with the use of semi-structured interviews, held with experts in the aviation field.
These interviewees are chosen based on the stakeholder analysis, their importance
and interest in HEA. A semi-structured interview was prepared beforehand with
questions where there was still room for flexibility during the interview [19]. This
way, necessary information was provided by the interviewee and possibly unknown
information that could be important for the research came to light. For example, it
has occurred that interviewees came up with certain subjects, topics or projects that
are related to HEA or the ATM-system. These were further explained during the
interview and studied in detail after the interview using literature research. Experts
and stakeholders that were interviewed are presented in the table below, including
the sub-questions (see section 1.5) they helped to answer. The figure includes the
participatory observations as well.

Participatory observation
To obtain the most in-depth information possible, interviews with ATCOs and pi-
lots were held during participatory observation. For example, during a shift of an
ATCO, an interview was held in between his proceedings. This way, the air traffic
controller could also explain the acts he performed and why they are important.
Participatory observation has also been done during a flight. The pilot and co-pilot
explained in detail what they were doing during a flight and reflected on the dif-
ferences when it would be a HEA. The work procedures of ATCOs and pilots have
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Figure 3.2: Interviews and observations

also shown what is important for them to deliver good (and therefore safe) work.
This has been included in the stakeholder analysis. The interviews and participa-
tory observations can be found in appendix A.1

Stakeholder analysis
The outcome of the interviews and participatory observations are used as input for
the stakeholder analysis. The introduction of HEA brings along a big impact on
many stakeholders in the aviation sector and each stakeholder has different prob-
lems, interests and solutions to deal with HEA. The stakeholder analysis gives a
clear image of the context of the problem. Firstly, a list of stakeholders has been
compiled. Secondly, their formal relations are identified in a map. In the next step
of the stakeholder analysis the interests, objective, causes and possible solutions
per stakeholder are described. Lastly, the stakeholder are classified into a power-
interest grid. The steps taken in the stakeholder analysis are based on Enserink’s
methodology [17] and can be found in appendix C.

Data analysis
To retrieve the performances of HEA, a data analysis was carried out using a data
analysis. The data-input consists of expected performances of HEA that have been
found in scientific papers, websites of aircraft manufacturers and interviews with
Airbus (see A.8) and Boeing (see A.4). Since there is still a lot of uncertainty, it
was decided to look at the performances per passenger capacity and the RECAT-
category of HEA. RECAT-categories are based on the characteristics of an aircraft
and are used to determine the minimal separation between two aircraft [20].

The performances of HEA for commercial use were mainly used, as they are
the most interesting for this research. It is also important to know what the per-
formances of conventional aircraft are, since conventional aircraft (and their per-
formances) are also part of the new CONOPS. A data set has been delivered by
LVNL that contains all aircraft that have landed or taken off from Schiphol airport,
including aircraft type, layers, indicated airspeed and rate of climb per aircraft.
Based on their RECAT categorization, the important averages of performances of
conventional aircraft were determined. These were compared with the expected
performances of HEA. The conclusions of the data analysis can be found in chapter
4.

Scenario analysis
The scenario analysis explores the possible future scenarios of HEA. Contextual fac-
tors, driving forces and their impacts and uncertainty are determined and scenarios
are sketched, based on the stakeholder analysis. The process of the scenarios anal-
ysis is based on the scenario analysis steps described by Enserink et al [17]. The
future scenarios can be influenced by economic, political and technical aspects by
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actors as the Ministry of Infrastructure and Water management, aircraft manufac-
turers and airlines. The scenarios that are the output of this analysis consists of
characteristics like the percentage of HEA in the ATM-system and characteristics of
HEA. A detailed description can be found in chapter 6.

Brainstorm
To come up with different CONOPS, a design thinking method is applied in the
form of a brainstorm session. During the brainstorm it is important to diverge and
come up with many possibilities. The participants of the brainstorm are experts
out of the field, e.g. employees of LVNL and experts in HEA. Since the partici-
pants know how the current air traffic management system works, it is important
to encourage participants to look broadly and to think about not-obvious designs.
Due to circumstances, the brainstorm was held individually at first. The partici-
pants received a form that guided them during their individual brainstorming. In
order to keep control over a brainstorm at a distance, the brainstorm consisted of
a case study that was constructed of four parts. An advantage of an individual
brainstorm is that there is an absence of criticism and negative feedback. This stim-
ulates the creativity of the participants which increases the quality of the outcome
of this brainstorm [42]. The outcome of the individual brainstorm was discussed
during a meeting with the participants. After each round, the question was asked if
someone came up with new CONOPS. The final outcome of the brainstorm showed
that there were three different variables (time, airport and runway) that came back
in every CONOPS. These variables are the input of the morphological chart. The
process of the brainstorm can be found in appendix F.

Morphological analysis
After the brainstorm, the morphological chart is created, based on the steps of Os-
tertagová et al. [43]. The morphological chart combined the three variables that
came up during the brainstorm. Each variable consists of different building ele-
ments that were though of during the brainstorm. An identification of all combina-
tions of building elements was made which lead to multiple combinations. These
combinations were analysed and the ones that are not feasible, were eliminated.
The outcome of the morphological analysis can be found in chapter 7.

Scorecard I: scenario-CONOPS-combinations
Since the aim of this research is to find potential CONOPS per scenario, a first score-
card is applied to make all combinations between CONOPS and scenarios. Based
on the pressure on the ATM-system of each combination, not feasible combinations
are filtered out and vertices are chosen with the help of ATCOs. Vertices are the
most interesting combinations to do further research on. The pressure on the ATM-
system is calculated based on the following characteristics:

1. Number of runways (characteristic of CONOPS)

2. Percentage HEA (characteristic of scenario)

3. Specific time (characteristic of CONOPS)

4. Current pressure on ATM-system (characteristic of CONOPS)

Scorecard II: CONOPS - KPIs
The vertices of the scenario-CONOPS-combinations, from now on called CONOPS,
are assessed with the help of a scorecard. The CONOPS are assessed based on
different KPIs that are determined in the design space. First the absolute numbers
per KPI are determined. This was possible to do with the performances and effects
of HEA. Based on these absolute numbers per KPI, a normalized score between 0

and 1 is given, where zero is the lowest score (worst performing CONOPS per KPI)
and 1 the highest (best performing CONOPS per KPI). The KPIs are also given a
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weight of importance, to make the scorecard more reliable. ATM experts and AT-
COs helped assessing the CONOPS. The final scores per CONOPS indicates which
of the CONOPS is a potential CONOPS to integrate HEA in the ATM-system. The
CONOPS can be compared with each other per scenario. In addition, there is also
the option to compare all CONOPS with each other (regardless of the scenarios).



4 P E R F O R M A N C E S A N D E F F E C T S O F
H E A

CONOPS are to a large extend based on the technical performances of aircraft. In
order to integrate HEA in the ATM-system, it is important to know what the perfor-
mances of these aircraft are. The effects of HEA can show what the consequences
are per CONOPS. The performances and effects that are important for the CONOPS
are determined based on literature research and interviews and supported with the
data-analysis. The data-analysis can be found in appendix B. This chapter starts
with a short description of the data-analysis that is performed in section 4.1. In
section 4.2 the deviating technical performances of HEA are explained. The perfor-
mances lead to effects of HEA that are described in section 4.3.

Figure 4.1: Technical performances HEA

4.1 description data-analysis
A short description of the data-analysis is given before a statement can be made
about the exact deviating performances and effects. Based on the literature research,
it can be concluded that there is still a lot of uncertainty in the exact values of deviat-
ing performances and effects since the maximum power-to-weight ratio of batteries
has not yet been reached [57]. In order to use the right results, a data analysis is
performed on the performances of 36 concept HEA. These performances are col-
lected from Roland Berger [57], ICAO [27] and complemented with information
online from aircraft manufacturers and from interviews with Airbus (A.8) and Boe-
ing (A.4). These performances were adjusted several times by the manufacturers
during this research, which shows the dynamics and speed in improvements of
this innovation. However, since not all companies and start-ups publish the data
of all performances, there are some gaps in the overview. This makes the analysis
a complementary and supportive tool to substantiate the literature research and in-
terviews.

The data analysis also checked whether the results of the literature research and
interviews correspond with the data in the overview. Overall this was the case.
In addition, the data analysis determined if there is a correlation between multiple
variables. These correlations can be found in the next section. The full data-analysis
can be found in appendix B.
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4.2 technical performances and characteristics
The main difference between a conventional aircraft and HEA is the replacement
of fuel with a battery. One of the barriers for enabling new propulsion systems
is the battery density. Research shows that there is potential to close this technol-
ogy gap. At the moment, the battery density is beneath the needed performances.
For example, a 50 kg electric motor with a power output of 260 kW is developed.
However, the required power for a commercial aircraft is 2-50 MW [3]. The weight
of a lithium battery-ion battery pack is expected to decrease by 60 percent before
2030 [57]. In order to reach this goal, more research is needed to find the optimal
power-to-weight-ratio. The difference in weight of the powertrain leads to (techni-
cal) performances that differ from the performances of conventional aircraft:

• Passenger capacity per HEA: Even though it is expected that the weight of
the battery decreases, the powertrain will still be heavier compared to conven-
tional aircraft [55][50][22][9][46]. In order to compensate this extra weight, the
weight of the passengers is reduced. This means that HEA can transfer fewer
passengers per aircraft [5]. This is confirmed by Boeing as well (see interview
A.4). The data analysis shows that the majority of the concept HEA can trans-
fer up to 19 passengers. These are often concept HEA that are used by aircraft
manufacturers to study the possibilities of HEA with a bigger passenger ca-
pacity. Only five concept HEA can transfer 40 to 135 passengers (see appendix
B, figure B.2).

• Landing weight: Another difference compared to conventional aircraft is that
the weight of the powertrain does not decrease over the flight [10]. Due to the
increased landing weight, the approach and landing speed increases as well.
This means that HEA need a longer landing field on the runway and a longer
Runway Occupancy Time (ROT). Figure 4.2 shows he sequence as effect of the
increased powertrain weight.

Figure 4.2: Sequential effects of increased landing weight

In case of HEA that have a passenger capacity of 19 persons or less, the as-
sumption is made that the approach speed of HEA is equal to the approach
speed of conventional aircraft. The assumptions are also made for HEA with
a passenger capacity of 19-50, 50-70 and 70-120 passengers. In that case the
increase in approach speed is respectively 5, 10 and 15 percent. The assump-
tions are based on the difference between Maximum take-off weight (MTOW)
HEA and the landing weight of conventional aircraft. In section 4.3 a fur-
ther explanation is given about the effects (increased landing field, ROT and
decreased runway capacity).

• Range: The power-to-weight ratio effects the range of the aircraft [5][48]. Since
the power is limited, the maximum range of the aircraft is expected to be
around 1000km. This is endorsed by aircraft manufacturers (see interview
A.4 and A.8) and can also be seen in the data-analysis. Regulations require
that there will be enough fuel on board for the flight to be completed safely
and for the alternate airport specified in the navigation plan to be reached, in
case of unexpected events [44]. These guidelines were also followed during
the observation flight that can be found in appendix A.1. It is expected that
these rules will also apply to HEA, which means that these aircraft can fly up
to about 750km. The percentage of flights up to 750 km with conventional
aircraft equals 38 percent of the total aircraft at Schiphol Airport [13]. HEA
with a smaller range of 500 km, can only reach destinations within 300 km.
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Aircraft manufacturers aim to design HEA with as limited outstanding techni-
cal performances as possible compared to conventional aircraft (see interview A.8).
This means that a 33 percent increase of the powertrain weight must be compen-
sated with other characteristics [12]. The data-analysis proves that the total weight
of HEA increases compared to conventional aircraft but are still assigned the same
RECAT-category D or E. This means that the wake-vortex separation is similar as
well [20]. The coherence between the characteristics of HEA due to the powertrain
can be found in figure 4.3. This coherence can also be seen in the data-analysis
(see appendix B, figure 6.4), where aircraft with a relatively high passenger capacity
have a low range and vice versa.

Figure 4.3: Performances and their connections [5]

4.3 effects of hea
The deviating performances and characteristics of HEA lead to differences in effects
of HEA, compared to conventional aircraft. One of the main advantages of HEA is
that it leads to reduction of CO2-emissions, NOx-emissions and noise. In addition,
the arrival of HEA also influences the shift in the aviation network and operational
costs of airlines.

• CO2: Air-France-KLM found out that in 2018, CO2-emissions per passenger-
km is 80 gram. The revenue passenger-kilometers in that year was 107,676

million [29]. In case of electric aircraft, CO2-reduction is 100 percent, since
these are specific emissions for combustion engines. For hybrid aircraft ap-
plies that the fuel consumption decreases up to 40 percent [62]. That means
that the CO2-emissions decreases with 48 gram/passenger/km.

• NOx: NOx-emissions are also a specific emissions for combustion engines.
The NOx-mass is calculated for the (LTO) flight phases TWR and APP and
equals 1222.14 gram [15][5].

• Noise: The higher mass flow and lower exhaust speed of the electric propul-
sors compared with conventional turbofan engines lead to less noise. UTC
studies conclude that commercial hybrid and electric propulsion reduces air-
craft noise by up to 85 percent [62]. Looking more in detail, the American
Institute of Aeronautics and Astronautics calculated that electric aircraft have
a noise decrease of -10 dBA compared to conventional aircraft of similar size
(for outside sound pressure levels). For private jets the noise decrease is 19

EPNdB [37].

• Shift in aviation network: The shift in the aviation network is an indirect
effect of HEA. Due to the short range and limited passenger capacity, it is
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likely that HEA are mainly used for point-to-point traffic. This also has to do
with the expectations of passengers and the general efficiency of aviation. The
European Union set the goal for 2050 that passengers can travel door-to-door
within a 4-hours time limit [11]. The share of HEA in this concept is con-
firmed by experts, as can be seen in the interviews A.3, A.5, A.6, A.7 and A.8.
The importance of regional airports increases due to the 4-hours door-to-door
concept. Regional airports are often easier to reach and the expected arrival
time of passengers for the flight departures is shorter. However, the nuisance
caused by aircraft and the accompanying resistance from the residents is what
holding back growth at regional airports. HEA solve this problem as they
cause less nuisance. The shift occurs from hub-and-spoke-network to more
point-to-point flights.

• Operational costs: Another indirect effect of HEA is the operational cost for
airlines. The total operating cost for an aircraft is the sum of the costs for
insurance, cabin crew, landing and ATC fees, fuel, maintenance, ownership
and others [56]. In case of HEA, airlines do not have to pay the high price for
fuel anymore. Because of this, the airlines operating cost for HEA are reduced
by up to 20 percent [62].

• Runway capacity: It is determined in section 4.2 that the landing weight does
not decrease over the flight [10]. This is also confirmed by Boeing and Air-
bus (see interview A.4 and A.8). The consequence is that the runway capacity
decreases as can be seen in figure 4.2. Looking at only the TWR operations
of Schiphol Airport, the capacity of aircraft per hour is 120 aircraft for peak-
hours and 80 for off-peak hours [38]. This allows a total maximum capacity of
540,000 movements per year. The effect of an increased approach and landing
speed is an increase in landing field and ROT. Similar increased percentages
can be applied on the landing field and ROT. The landing field length of a
conventional aircraft, for example an 100 passengers Embraer190, is 1226m.
That means that one HEA with 100 passengers needs a landing field length of
1410m. This is still within the lengths of the runways of Schiphol and the re-
gional airports [52]. Based on the maximum capacity of a runway, the average
ROT plus wake-vortex separation of a conventional aircraft is 1.5 minutes. In
case of a HEA with 70 to 120 passengers, the ROT becomes 1.725 minutes. In
the end, the increase of ROT and the wake-vortex separation lead to a capac-
ity decrease [31]. The absolute numbers of the increased ROT and the needed
landing field length are important to complete the scorecard in chapter 8.

As is mentioned before, the reduction in CO2, NOx and noise, is less for hybrid
aircraft compared to electric aircraft since the powertrain still runs on fuel. The
emissions and noise pollution of hybrid aircraft vary per mode of operation. A
pilot can choose for the noise- and CO2-reduction mode or the economic mode.
When a pilot chooses for the first mode, the aircraft will use the battery for take-
off and landing which means that residents experience less nuisance. When the
pilot chooses for the economic-mode, the noise and CO2 nuisance will not reduce
(see interview A.4) [6]. In this research, the assumption is made that pilots choose
to use the noise- and CO2-reduction mode. This means that the noise-, CO2- and
NOx-reduction is similar to electric aircraft during TWR and APP.

4.4 conclusion
This chapter described the performances and effects of HEA. The difference in
weight of the powertrain due to the power-to-weight ratio of the batteries, results
in deviating performances of HEA. The performances that differ are the passenger
capacity per aircraft, the landing weight and the range. Besides the performances,
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there is a positive effect on noise, CO2- and NOx-emissions. Indirectly, the advent
of HEA also influences a shift in aviation network, the operational costs for airlines
and the runway capacity. The deviating performances are important for the inter-
pretation and determination of the scenarios and CONOPS in chapter 6 and chapter
7. The effects are used to determine the scores of the scorecard in chapter 8. Now
that the deviating performances and effects have been determined, phase II of this
research can be started in the next chapter.





5 D E S I G N S PA C E

The ATM-system in which HEA are integrated, is complex and HEA are a complete
new innovation in the aviation sector. Many stakeholders are involved, each with
different problems, interests and situations related to these HEA. Each stakeholder
has its own objectives, requirements and constraints of which some are passed on
to the ANSP. Therefore it is important to define a design space. In order to know
what the boundaries are of the design space, the objective, requirements, constraints
and KPIs are determined. In figure 5.1 it can be seen that literature research, inter-
views and participatory observations are used in order to perform a data analysis
(see chapter 4) and stakeholder analysis (see appendix C). The outcome of these
two analyses are the input for the design space. This chapter starts with an intro-
duction of the stakeholders in section 5.1. This is followed by the objectives and
requirements in section 5.2. In section 5.3 the constraints are determined. Section
5.4 describes the KPIs.

Figure 5.1: Design Space

5.1 stakeholders

In order to answer the research question successfully, it is important to find all stake-
holders related to this problem and their associated power and interest and their
constraints, objectives and requirements. This has been done in the stakeholder
analysis based on [49] and can be found in appendix C. The main findings are that
there are 12 stakeholders that have an interest in this problem. The interests, con-
straints, objectives and requirements are, among others, listed in table C.1, table C.2
and table C.3. The objectives and requirements of stakeholders with high power are
taken into account in the design space. Even thought stakeholders have a different
underlying reason, it is striking that all stakeholders have the same goal to make avi-
ation more sustainable. The interaction between the stakeholders to make aviation
more sustainable can be seen in figure 5.2. The figure shows that the government,
residents, passengers and NGOs put pressure on executive parties (airlines, airports
and ANSPs) to operate more sustainable. The airlines passes this on to the service
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providers and aircraft manufacturers. The executive parties have to gain approval
from investors, regulators and employees to operate more sustainable.

Figure 5.2: Pressure sustainable aviation and stakeholders

5.2 objective and requirements
The objective comprises the overall goal of the CONOPS. The requirements are the
properties that the CONOPS should have. They can be part of a trade-off which
makes the requirement different than the constraints in section 5.3. The require-
ments can be divided into functional and non-functional requirements. Functional
requirements refer to what the system should do, non-functional requirements what
the system should have.

In chapter 4 it is concluded that the technical aspects of HEA influences the per-
formances of these aircraft. The differences are relatively small since aircraft man-
ufacturers aim to design HEA similar to conventional aircraft, in order to make
the integration easier. Nonetheless, there are differences that does require a new
CONOPS. This leads to the following objective: ”The CONOPS should be able to
handle conventional, hybrid and electric aircraft”.

The functional requirements are:

• The CONOPS should handle the take-off of conventional, hybrid and electric
aircraft.

• The CONOPS should handle the landing of conventional, hybrid and electric
aircraft.

The non-functional requirements are:

• The CONOPS should be efficient in passenger capacity [total passengers per
year]. According to KLM, they are only willing to purchase HEA when it is
economically viable. This means that when one 100 passengers conventional
aircraft is replaced with two hybrid or electric 50-passengers aircraft, twice



5.3 constraints 25

as much HEA must be able to land and take-off (see interview A.2). Other
airlines, for example Easyjet [16], share the same requirement. It is also a
requirement from the airport who wants to maintain its status, which includes
the number of passengers per year (see appendix C). Since LVNL is a service
provider (see appendix C, figure C.4 and figure 5.2), it is important to take
this requirement into the design space.

• The CONOPS should make use of the runways that are available. That means
that there is no possibility to build an extra runway. Regional airports can only
make use of the current runway they own. For Schiphol Airport, all runways
can be used as long as this is technically feasible and the government approves
this. At the moment, the 2+1-runway use is applicable for peak-hours [38].

• The CONOPS should be environmentally friendly in terms of CO2, NOx and
noise. Figure 5.2 shows that the government, residents, passengers and NGOs
all demand a more sustainable aviation of the executive parties (airlines, air-
ports and ATM service providers). Residents aim to experience less nuisance
from aircraft and NGOs and governments aim to increase the quality of life
and preserve the environment [49]. Passengers value the freedom to travel
but want the industry and governments to take action on emissions [26]. This
requirement of the stakeholders has led that aircraft manufacturers are ex-
ploring the possibilities of HEA. In chapter 4 it is determined that the effect
of HEA are positive compared to a CONOPS where only conventional aircraft
are included.

5.3 constraints
The constraints of the CONOPS are decisive. This means that when a CONOPS
does not meet one of the constraints, the CONOPS is rejected. The constraints of
important stakeholders are taken into account as well. These important stakehold-
ers have high power and can be found in figure 5.3.

Figure 5.3: Power and interest of stakeholders

1. The CONOPS shall be safe. Safety is the most important pillar of the ANSP.
For LVNL, aviation safety is the prevention of collisions in the air and on the
ground [35]. That means that the risks of a CONOPS already must be detected
in advance, before implementing the CONOPS.

2. The CONOPS shall be compliant with regulations (Government, EU, EASA,
ICAO). One of the most important rules concerns the separation between air-
craft. The separation between aircraft is based on the RECAT category of the
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aircraft [20]. In addition, examples of rules are the number of flight move-
ments per year and a maximum noise nuisance per year among many others.
The CONOPS shall be compliant to all these regulations.

3. The CONOPS shall have a capacity [movements per year] that is equal or
higher than a CONOPS where only conventional aircraft are included. Air-
ports want to maintain their status as can be seen in appendix C. The ANSP is
a facilitating stakeholder that cannot decide that less aircraft can take-off and
land at the airport. The capacity of Schiphol Airport is 540,000 movements per
year when the sector can prove that the nuisance has decreased [60]. This can
be divided into 120 movements for one peak hour and 80 movements for off-
peak hours [38]. The increased ROT (see chapter 4) should also be included
in the capacity.

4. The CONOPS shall not exceed the maximum runway capacity. The maximum
capacity of the 2+1-runway use is 120 movements per hour. The maximum
capacity for off-peak hours at the current runway use is 80 movements per
hour. So a maximum runway capacity of 40 movements per hour is assumed.
This is equivalent to 540,000 movements per year (see appendix A.9 and [38]).
For the Oostbaan, the runway capacity is 30 movements per hour. Looking
at regional airports, RTHA has a maximum capacity of 15 movements per
hour [59]. The maximum capacity of Lelystad Airport is 123 movements per
day after the revision of the airspace [39]. The maximum capacity at regional
airports is not linked to the minimal ROT per aircraft.

5. The CONOPS shall only integrate aircraft with deviating performances up
to 10 percent during peak-hours and 20 percent during off-peak hours (see
appendix F). This maximum percentage of HEA can still be manageable with
tactical planning. Tactical planning refers to the planning of the traffic per
day.

6. The CONOPS shall be compatible with existing aircraft. This means that HEA
must adjust to conventional aircraft since they are the exception. Segregation
of HEA is not possible since procedures in the past, which segregated types
of aircraft, learned that this makes the ATM-system to complex (see interview
A.10).

7. The CONOPS shall satisfy the technical aspects and performances of HEA.
In chapter 4 it was concluded that the approach and landing speed, landing
distance and ROT differ compared to conventional aircraft. These differences
in performances must be integrated in the CONOPS.

5.4 key performance indicators
KPIs are used in the scorecard to assess the performances of CONOPS (see chapter
8). The KPIs can be assessed in a quantitative and qualitative way and are deter-
mined based on the requirements. Figure 5.4 lists the KPIs and the the stakeholders
to whom they are related. In appendix G the descriptions and formulas are given
to calculate the absolute values of the KPIs.
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Figure 5.4: KPIs and stakeholders

5.5 conclusion
This chapter states the design space for this research and is input for the assess-
ment. Based on literature research, interviews and observations, the data analysis
and stakeholder analysis were performed. Since there are many stakeholders in-
volved and the ANSP is a facilitating stakeholder, the objectives, constraints and
requirements of important stakeholders are included in the design space as well.
The outcome of the data analysis helped to determine which constraints and re-
quirement are of importance for the new CONOPS. Now that the design space is
determined, the KPIs are input for the scorecard in chapter 8. The CONOPS at the
end of this research have to meet all the constraints.





6 S C E N A R I O S

There is a lot of uncertainty in the field of HEA. In addition, the ATM-system is very
complex and there are many stakeholders that can influence the integration of HEA.
This chapter explores potential external and contextual factors in the future. Based
on these factors, different scenarios are determined that can become reality. This
contributes to more accurate CONOPS as a conclusion. The scenarios are defined
on the basis of literature research, interviews and observations. This information
has been used as input for the stakeholder analysis, which in its turn is input for
the scenario analysis. To narrow the uncertainty, different absolute values are given
to the performance variables per scenario. These assumption of performances of
HEA are based on data analysis. In section 6.1 a short description is given of the
scenario planning process. This is followed by section 6.2 that describes the five
scenarios in detail. Section 6.3 describes the main takeaways that can be drawn
from the scenarios.

Figure 6.1: Structure chapter Scenarios

6.1 creating scenarios
The scenarios are created based on the process of scenario planning of Enserink et
al. [17]. First a causal diagram is compiled that describes the context in which the
integration of HEA lies. It consists of all factors related to HEA and their connec-
tions. Each factor has a number that refers to a stakeholder from the stakeholder
analysis. It can be seen that all factors are related to stakeholders except the ANSPs.
That proves that they are all contextual factors. This causal diagram can be found
in figure 6.5.

The contextual factors are classified into several driving forces. The driving forces
are ranked according to their importance and uncertainty as can be seen in figure
6.2. The breakthrough of technologies and the decisions in regulations are the driv-
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ing forces with the highest uncertainty and impact. These two driving forces form
the axes of the scenario space in which five scenarios are determined. Each scenario
consists of six variables for which assumptions have been made, based on the con-
textual factors and previous research. The complete process of the scenario analysis
can be found in appendix D. The five scenarios are described in the next chapter.

Figure 6.2: Importance and uncertainty of driving forces

6.2 description of the scenarios
The five scenarios consist of different levels of the breakthrough of technologies
and the decisions in regulations. Figure 6.3 shows the characteristics per scenario.
These characteristics are based on the performances of HEA (see chapter 4) that are
related to the regulations regarding HEA and the technology breakthrough. Ap-
pendix D describes the assumptions per driving force. A combination between the
two is made below. Appendix E contains a list of the effects of the scenarios on the
KPIs.

Figure 6.3: Performances per scenario

Scenario 1. No positive regulations – low technological breakthrough
This scenario equals the base scenario as the technological breakthrough is low and
there are no motivating regulations for airlines to purchase HEA. This leads to a
zero percentage of HEA in the ATM-system. The base case does not take future
changes into account that are unrelated to HEA.

Scenario 2. Positive regulations – low technological breakthrough
Regulators motivate airlines to purchase HEA, but no major technological break-
through has occurred. This means that there are HEA but with minimal perfor-
mances. The data-analysis shows that the majority of HEA concepts are within a
range of 500 km. This can be seen in figure 6.4. This also applies to a passenger
capacity of 19 passengers. HEA with this range and passenger capacity ratio ex-
pect to become certified within 2 years, for example the Eviation Alice [4]. In case
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of this scenario, the technological breakthrough entails that the power-to-weight
ratio does not increase which means that aircraft with a larger range and higher
passenger capacity are not feasible.

Figure 6.4: Range [km] - capacity [pax/aircraft]

The consequence is that it is not attractive for airlines to purchase HEA since it is
not economically viable to transfer only 19 passengers in one aircraft (see interview
A.2). However, there are positive regulations for HEA. HEA do not have to pay
airport charges [54], take-off and landing charges are based on emissions and noise.
This ensures that five percent of the private jets in the ATM-system becomes electric.
These private jets have similar performances compared to conventional private jets.
The biggest difference is that the range of the HEA is shorter (see chapter 4).

Scenario 3. No positive regulations – high technological breakthrough
Aircraft manufacturers managed to design electric aircraft that are certified, with
a range of 1000km and a capacity of 100 passengers. This assumption is based on
the five promising HEA concepts that have a similar range-passenger capacity ratio.
However, there are no positive regulations regarding HEA. The government does
not implement special taxes for emissions and noise-nuisance. Airlines do not (fi-
nancially) benefit from HEA at the airport as there are no landing- and parking fees
based on the emissions and noise-nuisance [54]. This means that it is less attractive
for airlines to fly electrified. Due to the lack of positive regulations, airlines can
only purchase a minimum number of electric aircraft which equals ten percent of
the aircraft in the ATM-system. To determine the percentage of HEA in the ATM
system, research has been done to the number of flights up to 750 km. For Schiphol
Airport applies a percentage of 38. For RTHA applies 25 percent [13]. The per-
centage of HEA in the ATM-system cannot exceed this. In addition, it is unlikely
that the entire fleet will be traded in with the advent of HEA. In combination with
the willingness of airlines to become more sustainable, the maximum percentage
of HEA is therefore 25 percent. From here, the assumptions of the percentages
are based on the combination between the technology breakthrough and the posi-
tive regulations regarding HEA. Nonetheless, the airlines decide to purchase these
electric aircraft based on social pressure (see figure 5.2) and operational cost [45]
(see interview A.2). These aircraft have similar performances compared to conven-
tional aircraft except for the approach and landing speed. The increased speed has
negative consequences for the runway capacity as is determined earlier in chapter 4.

Scenario 4. Medium positive regulations – medium technological breakthrough
The development of HEA is up and running. This leads to medium performances
since the maximum power-to-weight-ratio has not been reached. The aircraft can
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fly up to 500 km. This assumption is based on the data analysis. The vast majority
of the concept HEA lie in this area. This can be seen in figure 6.4. The passen-
gers capacity per HEA is 50, since a slightly greater technological breakthrough has
taken place compared to scenario two. Airlines can purchase HEA but due to the
aircraft’s capacity, one smaller aircraft has to be replaced by two electric aircraft.
This scenario can only become reality when airlines change their business model
in order to maintain the total passenger capacity (see interview A.9). This is a con-
straints that can be found in chapter 5. However, this is already in line with KLM’s
fly responsibly campaign, which is asking passengers to cut back [30]. Even with
a smaller passenger capacity, it is economically viable for airlines to purchase HEA
due to the positive regulations. This leads to 20 percent of HEA in the ATM-system
which can only be used for destinations within 300 km (see chapter 4). Even with a
relatively small passenger capacity, the MTOW of HEA is equal to a 100-passengers
conventional aircraft. This has to do with the power-to-weight-ratio. Compared to
a 100-passengers conventional aircraft, the approach and landing speed is higher.
This leads to decrease of the runway capacity.

Scenario 5. Positive regulations – high technological breakthrough
This scenario is the most positive scenario with positive regulations and high tech-
nological breakthrough. Technology allows that 100 passengers can fly up to 1000

km in an electric aircraft. This is equal to the range-passenger capacity-ratio of the
five promising HEA in figure 6.4. Electric aircraft have lower operational cost com-
pared to conventional and hybrid aircraft [45]. This makes it attractive for airlines
to trade in conventional aircraft with electric aircraft with the same capacity (e.g.
Embraer 190) and a destination within the range. On top of that, there are also
positive regulations regarding HEA which means that distinctions are made in reg-
ulations based on the emissions and noise nuisance. These regulations come from
governments (taxes), airports (landing- and parking fees) [54] and regulators as the
EU, EASA and ICAO. This positive scenario leads to 25 percent of electric aircraft
in the ATM-system. The performances of these electric aircraft are generally equal
to the performances of conventional aircraft. However, the approach and landing
speed is higher which has a negative consequence for the runway capacity. Since
the percentage of HEA in this scenario is labeled high, the runway capacity is low-
est of all five scenarios.

6.3 main takeaways scenario analysis
Now that the interpretation of the scenarios is clear, the following conclusions can
be drawn:

• Scenario 1 does not include HEA.

• In case of scenario 2, 3 and 5 HEA are compared with conventional aircraft of
similar size.

• In case of scenario 4, the performances are compared to a 100-passengers con-
ventional aircraft. This comparison is much more interesting since a conven-
tional, 100-passengers aircraft will be replaced by two 50-passengers hybrid
or electric aircraft. Besides that, it is not common that a 50-passengers aircraft
takes-off and lands at Schiphol Airport regularly.

• Scenario 2 and 4 contain hybrid and electric aircraft. Scenario 3 and 5 con-
tain only electric aircraft as there is a high technology breakthrough. Hybrid
aircraft are available as well but less attractive to purchase by airlines due to
higher operational cost (see appendix C).



6.4 conclusion 33

• HEA in scenario 2 do not differ in performances compared to a conventional
aircraft. This can be seen in chapter 4.

• HEA in scenario 3, 4 and 5 differ in performances compared to a conventional
aircraft. The hybrid aircraft has a longer ROT than a 100-passengers conven-
tional aircraft as can be seen in chapter 4.

• The percentages of HEA in the ATM-system are based on the purchase of
airlines. the HEA percentage is only applied to flights up to 750 km which
equals 38 percent of the total number of flights [13]. In addition, airlines like
Easyjet aims to have an all-electric fleet in 2035 [16] and KLM is willing to buy
electric aircraft when they are economically viable (see A.2).

• The differences in performances are assumed in percentages based on the
performance analysis in chapter 4.

6.4 conclusion
This chapter describes the five different scenarios that are the outcome of the sce-
nario analysis. These scenarios lie in the design space that is composed of two
axes. These axes represent the technology breakthrough and positive regulations
regarding HEA. The characteristics of the scenarios are the percentage of HEA in
the ATM-system, range, passenger capacity and type of aircraft and electrification.
It can be said that the most positive scenario is scenario 5. This gradually decreases
with scenario 1 as the most negative scenario, which also represents the base case.
The scenarios are combined in chapter 7 with the CONOPS (outcome of the mor-
phological analysis). These combinations are the input for the assessment.
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Figure 6.5: Causal Diagram



7 E X P LO R I N G C O N O P S

This research aims to find potential CONOPS per scenario. In order to find these
CONOPS, a brainstorm is applied to diverge and find as many CONOPS as possible.
After the brainstorm, convergence is done by means of a morphological analysis. In
section 7.1 the brainstorm is briefly explained. The outcome of the morphological
analysis can be found in section 7.2. At this moment in the research, the KPIs,
scenarios and CONOPS are determined. This means that phase II of the research is
completed. Since a scorecard only has two axes, the CONOPS and scenarios have
to be combined in phase III. However, this yields too many combinations. That
is why only the vertices of these combinations are studied further. The process of
combining scenarios and CONOPS and find the vertices can be found in section 7.3.
The vertices are from this moment in the research called CONOPS and are the input
for the scorecard.

Figure 7.1: Exploring CONOPS

7.1 brainstorm
The design process started with a brainstorm in which six aviation experts partici-
pated. The brainstorm mainly focused on scenario 3, 4 and 5. Scenario 1 represents
the base case. The CONOPS related to scenario 2 is apparent. These two scenarios
are temporarily put aside in this section. The participants of the brainstorm were
asked to perform an individual brainstorm before the meeting. A case study was
used to make this subject more tangible. The first part of this case study consists
of an airline that starts a trial. This trial involves one HEA that flies between The
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Netherlands and London. The aircraft takes off and lands once a week. The ques-
tion was asked in what way this aircraft would land and take-off from a Dutch
airport in case of HEA. The intention of this trial is to help participants get a grip
on the performances of HEA into the ATM-system.

The second part of the case study focused on the three different scenarios. For
each scenario, the participants had to brainstorm about different CONOPS. After
the individual brainstorm, the individual conclusions were discussed during a meet-
ing. After each round, the participants were asked if they came up with a new
CONOPS. During the brainstorm both segregation and integration were mentioned.
Other ideas have been suggested as locating HEA at Schiphol Airport or at regional
airports, opening up a fourth runway during peak-hours if the capacity does not
allow otherwise and discussions were held about integrating HEA during peak-
and/or off-peak hours. These CONOPS ideas can be classified into three variables:

• Time: peak hours, off-peak hours, both

• Airport: Schiphol, regional airports

• Runway: Segregation, integration, integration with an extra runway

These variables are the input for the morphological analysis in the next section.
Details of the brainstorm process can be found in appendix F.

7.2 morphological analysis
A morphological analysis helped create different combinations between the three
variables which led to 18 different CONOPS. However, segregation of aircraft is not
preferred due to the complexity. Segregation has been used in the past and has
proven that it does not work (see interview A.10). These CONOPS do not meet the
constraints and are removed in the morphological analysis. In addition, CONOPS
that are a combination of a regional airport with the opening of an extra runway,
are not possible since regional airports only contain one runway. The final outcome
of this morphological analysis are nine CONOPS that can be found in figure 7.2.
The complete morphological analysis can be found in appendix F, figure F.2.

Figure 7.2: Outcome morphological analysis

With the outcome of the morphological analysis, the three types of input (KPIs,
scenarios and CONOPS) for the scorecard are determined. This means that phase
II of the research is completed. In the next section, phase III of the research begins.

7.3 vertices scenario-conops-combinations
As is said before, there are three types of input for the the scorecard while a score-
card has only two axes. It is therefore important to combine two types of input, so
that the scenarios and CONOPS can be assesses correctly in a scorecard. The scenar-
ios (chapter 6) and the CONOPS (section 7.2) that are determined earlier are first
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combined. Based on the remaining time and to maintain the quality of this study,
only the vertices of these scenario-CONOPS-combinations are further researched.
The vertices are the most interesting combinations to do further research on. The
method of part two can be seen in figure 7.3.

Figure 7.3: Structure - vertices

There are five different scenarios of which scenario 1 and 2 are temporarily put
aside. That means that there are three remaining scenarios. Since the morphological
analysis concluded nine CONOPS, each of which applies to three scenarios, there
are 27 combinations. In figure 7.4, the 27 combinations of scenarios and CONOPS
are defined. In order to find the vertices, a distinction is made between CONOPS
A-B-C, CONOPS D-E-F and CONOPS G-H-I. The three CONOPS per group share
the variables in location and runways but differ in time. First, the variables of the
scenario-CONOPS-combination are made more exact by defining the number of
runways, number of HEA, the specific time of peak- and off-peak hours [min] [63]
and the current pressure on the ATM-system of the location. For the latter variable,
regional airports have much more flexibility to integrate aircraft with deviating per-
formances than Schiphol Airport. Hereafter, normalized scores between zero and
one are added to these defined variables. The scenario-CONOPS-combination with
the highest score per CONOPS is chosen as vertex since this is the most interest-
ing to research more in detail. Thereby, it is also examined whether the scenario-
CONOPS-combinations meet the constraints that have been established earlier in
chapter 5. The assumption was made that the safety of the ATM-system is not af-
fected by the integration of HEA, from the moment that HEA are certified and the
CONOPS meet the requirements of regulators. The determination of the vertices
has been carried out in a systematic way as can be seen in figure 7.4, however some
exceptions have been made:

• CONOPS A-B-C: there are three combinations that are not feasible. These are
scenario-CONOPS-combination 4A, 5A and 5B. These combinations do not
meet all the constraints defined in chapter 5, since the maximum percentage
of HEA is 10 percent during peak-hours. For CONOPS 3C, 4C and 5C applies
that they only meet the constraints when the maximum percentage of HEA is
10 percent during peak-hours

• CONOPS D-E-F: Scenario-CONOPS-combination 5D, 5E and 5F are the CONOPS
with the highest score. However, since the current capacity of regional aircraft
is flexible, the integration of HEA is not very intriguing. This means that even
though combinations 5D and 5E are the ones with the highest score in the
column, they are still eliminated for further research.

• CONOPS G-H-I: These combinations consist of CONOPS A-B-C as a base
with opening up an extra runway. Combinations 4G, 5G and 5H are not
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feasible due to exceeding the capacity. This means that scenario-CONOPS-
combination 3G, 4H and 5I have the highest scores. For CONOPS 5I applies
that only 10 percent of HEA can take-off and land in peak-hours, otherwise
the CONOPS does not meet the constraints. With these vertices, the effect of
opening a fourth runway can be shown in comparison to combination 3A, 4B
and 5C.

Figure 7.4: Combinations Scenarios and CONOPS

From this point on, the vertices are called CONOPS. Since this research aims to
find the best CONOPS per scenario, the CONOPS are now ordered per scenario.
The combinations that are determined as vertices are CONOPS 1, 2, 3A, 3G, 4B,
4H, 5C, 5F and 5I and are named respectively Bell, Edison, Ferraris, Tesla, Siemens,
Thompson, Volta, Franklin and Kelvin. The nine CONOPS have been given a name
after scientists, engineers or physicists who have made a major contribution to elec-
trical science or turned electrical science into an essential tool for modern life.
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Figure 7.5: Selection vertices per scenario with names

7.4 description conops

This section describes the nine CONOPS in detail after they have been discussed
with ATCOs. The CONOPS related to scenario 1 and 2 are brought in again.

Bell: 0 percent electric aircraft
CONOPS Bell stands for the base case. HEA are not certified in 2035. This means
that it is not needed to integrate HEA in the ATM-system. The other CONOPS are
compared in the scorecard with the base case to show what the (dis)advantages are
of implementing HEA compared to a situation where there are no HEA.

Edison: 5 percent HEA, 19 passengers - Schiphol Airport, all day, integration
current runways
CONOPS Edison includes 5 percent of hybrid and electric private jets. These HEA
are integrated like conventional aircraft at Schiphol Airport. Since only five percent
of the total aircraft is electrified and the occupancy rate of the Oostbaan is lower
than the five other runways, it is possible to integrate the hybrid and electric private
jets at Schiphol without major problems.

Ferraris: 10 percent HEA, 1000km, 100 passengers - Schiphol Airport, peak
hours, integration current runways
HEA will take-off and land from Schiphol Airport during peak hours only, in
CONOPS Ferraris. 10 percent electric aircraft equals 12 electric aircraft per hour.
That means that there are 138 HEA in total during the peak hours in a day. These
have to be divided over three runway which means that there are four HEA per run-
way per hour. Electric aircraft are not treated differently compared to conventional
aircraft (by the means of segregation). This means that 100-passenger conventional
aircraft (e.g. Embraer190) are replaced by an electric aircraft with the same capacity.
Since ten percent of the total aircraft are HEA, this can still be manageable with
tactical planning. Tactical planning refers to the planning of the traffic per day (see
F). Since ten percent is defined as the maximum capacity of HEA (see constraints
5), this CONOPS shows what the frictions are. The electric aircraft are part of the
hub-and-spoke model and operate as feeders as they only take-off and land during
peak hours. In chapter 4 can be seen that ROT of HEA with a passenger capacity of
100 increases with 15 percent. This means that the runway capacity decreases.

Tesla: 10 percent HEA, 1000km, 100 passengers - Schiphol Airport, peak hours,
integration + extra runway
CONOPS Tesla consists out of CONOPS Bell as a base and adds an extra fourth
runway during peak-hours. So far, using a fourth runway during traffic peaks is
limited, since otherwise the nuisance will become too great for the residents. How-
ever, HEA cause less emissions and noise pollution which makes it possible to
enforce this fourth runway rule less strictly. CONOPS Bell describes that it is still
manageable to integrate ten percent of HEA, with the right tactical planning. Open-



40 exploring conops

ing a fourth runway during peak-hours requires less tactical planning. As twelve
HEA are divided over four runways instead of three, there is one HEA less per
runway per hour compared to CONOPS Bell. This has, compared to CONOPS Bell,
a positive influence on the runway capacity.

Siemens: 20 percent HEA, 500km, 50 passengers - Schiphol Airport, off-peak
hours, integration current runways
CONOPS Siemens describes the effect of 20 percent HEA that can transfer up to
50 passengers. These aircraft take-off from and land at Schiphol Airport during
off-peak hours and are integrated as conventional aircraft. It is interesting to see
what the effect is of smaller aircraft on the ATM-system. The pressure on the ATM-
system is high, due to the smaller aircraft, the high percentage or HEA and the fact
that one conventional aircraft is replaced by two electric aircraft. This latter one is a
requirement that is determined earlier in the research which says that the capacity
in passengers per year must remain the same (see interview A.2). Another solution
to preserve the total passengers per year is to increase the number of passengers in
conventional aircraft. This means that conventional aircraft have to become larger
in order to let smaller HEA operate. This is a choice from the airlines to change
their business model (see interview A.9). Besides that, during off-peak hours only
two runways are used, one for take-off and one for landing. That means that the
pressure on the ATM-system is relatively higher during off-peak hours compared
to peak-hours and the sensitivity for aircraft with deviating performances is greater.
With an increased approach speed of electric aircraft, the runway occupancy time is
of interest.

Thompson: 20 percent HEA, 500km, 50 passengers - Schiphol Airport, off-peak
hours, integration + extra runway
CONOPS Thompson exists of the CONOPS Siemens as a basis but opens a third
runway. During off-peak hours, one runway is used for take-off and one runway
for landing of aircraft. The pressure on the ATM-system is relatively high but
lower compared to CONOPS Siemens since an extra runway is opened. Similar to
CONOPS Tesla, it is possible to use an extra runway since HEA cause less nuisance
for residents. This could lead to the decision of the ministry of Infrastructure and
Water Management to stop enforcing this rule to open up an extra runway. This
CONOPS is linked to scenario 4 where the regulations concerning HEA are defined
as medium. This makes an enforcement of this rule more likely than in CONOPS
Tesla, related to scenario 3, where there are no positive regulations regarding HEA.

Volta: 25 percent HEA, 1000km, 100 passengers - Schiphol Airport, all day, in-
tegration current runways
CONOPS Volta accommodates 25 percent HEA and 75 percent conventional aircraft.
They are located at three runways during peak hours and two runways during off-
peak hours. For CONOPS Volta the constraint is that there is a maximum of ten
percent HEA during peak hours. That means that at least 15 percent must fly dur-
ing off-peak hours. This leads to 204 HEA per day. The HEA can transfer up to 100

passengers. This means that a conventional single aisle aircraft can be replaced by
one HEA. This CONOPS requires tactical planning in both peak and off-peak hours.

Franklin: 25 percent HEA, 1000km, 100 passengers - Regional airports, all day,
integration current runways
This CONOPS is chosen as vertex since there is a lot of flexibility at regional air-
ports. In the morning there is an outbound peak that is short in time. HEA are
mainly point to point traffic. The maximum capacity of RTHA is 15 movements per
hour. The airport operates 16 hours per day which means that there is space for
240 conventional aircraft per day [59]. In case of Lelystad airport, the maximum
capacity is 123 movements per day [39]. If 25 percent of HEA are assigned to re-
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gional airports, this can also mean that one part is located at RTHA and the other
at Lelystad Airport. Since RTHA handeled 52,439 movements in 2019, the airport
will grow significantly when (a part of) 25 percent is located here. Since there is cur-
rently no clear distinction between peak and off-peak hours, it is therefore assumed
that there is no difference between peak- and off-peak hours.

Kelvin: 25 percent HEA, 1000km, 100 passengers - Schiphol Airport, all day,
integration + extra runway
CONOPS Kelvin brings along a lot of changes in the current CONOPS where only
conventional aircraft make use of Schiphol Airport. The first change is that an extra
runway is opened all day. That means that a fourth runway is opened during peak
hours and a third runway during off-peak hours. Since there are positive regula-
tions regarding HEA, an enforcement of this fourth runway rule is likely. Secondly,
the percentage of HEA in the ATM-system is very high. However, as there is one
extra runway, the pressure on TWR and APP is lower compared to CONOPS Volta.

7.5 conclusion
This chapter described the process of designing multiple CONOPS. This process of
designing the CONOPS consists of the last type of input of phase II and phase III of
this research. In order to find the last type of input, the CONOPS, a brainstorm was
performed. The outcome of the brainstorm consists of three variables (time, airport
and runway) that are the input for the morphological analysis. This analysis made
all the combinations between these variables of which 9 CONOPS were the output.
With the CONOPS as output, the three types of input are determined. This means
that phase II of the research is finalized.

Since there are three types of input for the scorecard and only two axes, two
of them have to be combined. phase III of the research studied the combinations
between CONOPS and scenarios. The 9 CONOPS that are the outcome of the mor-
phological analysis (see section 7.2) and the 3 scenarios (scenario 3, 4 and 5) are
combined. 27 scenario-CONOPS-combinations are the result. These 27 combina-
tions are assessed based on the defined numbers of runways, percentages of HEA,
the specific time of peak- and off-peak hours [min] and the current pressure on the
ATM-system of the location. The assessment concluded that there are 9 vertices of
scenario-CONOPS-combinations that are further researched. These nine scenario-
CONOPS-combinations are from now on called CONOPS. Thet are given the names:
Bell, Edison, Ferraris, Tesla, Siemens, Thompson, Volta, Franklin and Kelvin. Now
that the CONOPS and scenarios are combined, phase III of the research is com-
pleted. In chapter 8, these CONOPS are assessed on the KPIs that determined in
the design space to see which CONOPS is potential per scenario.



 



8 A S S E S S M E N T

Up to now the performances and effects of HEA, design space and the vertices of
the scenario-CONOPS-combinations (also named CONOPS) are determined This
means that phase I, II and III of this research is completed and phase IV starts in
this chapter. The CONOPS, scenarios (combined) and KPIs are the input for the
scorecard, as can be seen in figure 8.1. The scorecard is applied to find potential
CONOPS per scenario, what is the aim of this research. In section 8.1 the results that
were concluded earlier in this research and that are important for completing the
scorecard are repeated briefly. In section 8.2 a description of the KPIs per CONOPS
is given. In section 8.3, a general evaluation of the assessment is given. The pro-
cess of completing the assessment is shown in section G. After the assessment, a
sensitivity analysis is applied in section 8.4.

Figure 8.1: CONOPS

8.1 summary important results input scorecard
This section gives a short summary of important results that are the input for the
scorecard:

• The outcome of the design process shows that there are nine different CONOPS.
These CONOPS are each linked to one scenario. Since there are multiple
CONOPS linked to the same scenario, it is possible to assess which CONOPS
is potential for that scenario.

• The CONOPS are assessed based on the KPIs that are determined in chap-
ter 5. In the first scorecard (section 7.3) it was already checked whether the
CONOPS meet the constraints.

• The deviating performances and effects are determined in chapter 4. These
performances and effects are used to quantify the KPIs per scenarios, before
they are given a normalized score.

8.2 evaluation assessment per kpi
The results per KPI can be found in the scorecard (appendix G, figure G.3). A
simplified scorecard can be found in figure 8.2. The KPIs are determined by the
decision maker (ANSP) and stakeholders with high power. However, weights of
importance are applied to each KPI from the ANSP’s point of view. In addition, the
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nine CONOPS are once again checked on the constraints. This section described
the evaluation of the results per KPI.

Figure 8.2: Simplified scorecard

• Runway capacity: All CONOPS meet the constraint that the runway capac-
ity does not exceed the maximum runway capacity. The number of runway
movements is for all CONOPS about equal. This is partly because of a rough
estimation of the ROT-increase for HEA and the current ROT plus separation
for conventional aircraft. In case of CONOPS Edison, the increase of ROT is
five percent. The ROT plus separation on this runway is 2 minutes. For the
CONOPS that integrate HEA with 100 passengers, the increase is 15 percent.
Since the ROT plus separation for one conventional aircraft is 1.5 minutes on
the longer runways, the increase for HEA is only seconds. This leads to a
runway capacity decrease of one or two aircraft per hour. Because of this,
CONOPS Bell has the highest capacity. In the other CONOPS, the runway
capacity is 38 or 39 (rounded down).

• Complexity of implementation: The complexity of implementation is a qual-
itative KPI. The complexity of implementation is related to the opening of
an extra runway, and the amount of changes needed in procedures used by
ATCOs and in regulations. The complexity of implementation plays in the
short term and can be seen as an investment. If a continued growth in HEA
is expected, the use of an additional runway may be necessary in the future.
When only the current runways are used, the integration of HEA in-between
the conventional aircraft is an easier implementation than when one extra run-
way has to be opened. A simple approach has been chosen for this KPI; if only
the current runways are used, a score of 1 is assigned to this KPI. If an extra
runway is opened, a score of 0 is given. That means that CONOPS Bell, Edi-
son, Ferraris, Siemens and Volta received a high score. The other CONOPS
received a low score.

• Passenger capacity HEA: The passenger capacity in HEA is related to the
capacity of HEA, the number of passengers that one HEA can transport and
the time of day that HEA take-off and land. Per hour, 1200 passengers can be
transferred with HEA in CONOPS Ferraris, Tesla, Volta, Franklin and Kelvin.
However, the scorecard shows that CONOPS Volta, Franklin and Kelvin can
transfer almost 7.5 million passengers per year while CONOPS Ferraris and
Tesla can only transfer just over 5 million passengers. This has to do with the
duration of peak-hours (11.5 hours) and off-peak hours (5.5 hours) per day.
CONOPS Siemens and Thompson are assigned a medium score. Even though
the percentage of HEA is higher compared to CONOPS Ferraris and Tesla, the
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smaller passenger capacity per aircraft and the time of day influences the total
passenger capacity. CONOPS Edison and CONOPS Bell are assessed low.

• Noise reduction: Noise reduction is related to the number of HEA in the
ATM-system per hour and the type of aircraft. It was decided to calculate the
noise reduction per hour because the perception of noise nuisance per hour
is relatively greater than the noise nuisance per day. The CONOPS with the
highest score are CONOPS Siemens and Thompson. These CONOPS integrate
the highest number of HEA per hour. The fact that these aircraft can transfer
less passengers, does not influence the noise decrease as the MTOW is similar
to a 100-passenger HEA in another CONOPS. It is remarkable that CONOPS
Edison almost has similar noise reduction compared to CONOPS Ferraris,
Tesla, Volta, Franklin and Kelvin. These latter four CONOPS integrate twice
as much HEA. However, noise of private jets is reducted with -10 EPNdB,
compared to -10 dBA for general aviation [37].

• CO2-emissions: CO2-emissions are related to the percentage of HEA in the
ATM-system, the distance of the flight and the CO2-emissions in gram/pas-
senger/km [29]. The CONOPS related to scenario 5, CONOPS Volta, Franklin
and Kelvin score the highest on CO2-reduction. From this scenario, the reduc-
tion of CO2-emissions gradually decreases towards the CONOPS related to
scenario 1.

• possibility to grow: The possibility to grow is scored in a qualitative way. The
more HEA are integrated in the ATM-system, the less the nuisance of aircraft
will be. In addition, maximum runway capacity is also considered. When
an additional runway is put into service, the maximum capacity will increase.
These two variables, ensure that CONOPS Kelvin scores highest, CONOPS
Volta is next in line. CONOPS Franklin shows that the maximum capacity of
HEA is reached at regional airports. However, there is still a possibility to
grow at Schiphol Airport with HEA. From scenario Thompson, the possibility
to grow gradually decreases towards the CONOPS related to scenario 1.

• Operational cost-reduction: The operational cost of HEA decreases by 20 per-
cent [45] per aircraft. This is related to the number of conventional aircraft
replaced by HEA and the passenger capacity. In addition, operational costs
may decrease even more if regulators choose to calculate costs based on emis-
sions and noise. These three variables cause that CONOPS Volta, Franklin
and Kelvin score high on this KPI. These CONOPS contains of 25 percent
HEA. Secondly, the passenger capacity of an aircraft is similar to the passen-
ger capacity of convention aircraft. Lastly, the regulations are positive for
HEA which means that the operational cost per aircraft decreases even more.
CONOPS Siemens and Thompson score second highest even though HEA
have a smaller passenger capacity. This has to do with a capacity of HEA
that is twice as high compared to CONOPS Tesla and Siemens and medium
positive regulations regarding HEA.

• Total travel time: The total travel time cannot be calculated based on research
done previously in this study. Mainly because it is dependent of the number
of destinations, the destination itself, the speed of HEA and other variables
that are unknown at this moment. The total travel time is therefore based
on the indicated time that you must be present before a flight. In case of
Schiphol, you have to be present two hours before your European flight. In
case of a regional airport the handling of passengers can be faster. This means
that CONOPS Franklin has a higher score for this KPI compared to the other
CONOPS.

Constraint 1 (safety), constraint 5 (maximum percentage HEA per (off-)peak hour)
and constraint 6 (segregation) were already checked in scorecard I in chapter 7.
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The remaining constraints are checked by means of the absolute numbers per KPI
in scorecard II. With the outcome of the scorecard, it can be concluded that all
CONOPS meet all constraints. That means that all CONOPS can be implemented
to integrate HEA in the ATM-system.

8.3 general evaluation assessment
This section describes a general evaluation of the assessment.

Scenario 1 - CONOPS Bell
Scenario 1 consists of the base scenario where no HEA are integrated in the ATM-
system. The scorecard shows that runway capacity and complexity of implemen-
tation are the only KPIs that score points within this CONOPS. Since there are no
HEA implemented in the ATM-system, there is no reduction in emissions and noise.
This means that there is no possibility to grow, since this is one of the requirements
from the minister of Infrastructure and Water Management [60].

Scenario 2 - CONOPS Edison
The outcome of the scorecard shows that even with a small percentage of HEA in the
ATM-system, the effects are still of great value. Because of a large noise reduction,
the total score of this CONOPS is relatively high compared to other scenarios. The
implementation of HEA at the Oostbaan is not complex since the runway occupancy
with only conventional aircraft is low. In addition, electric private jets can also be
easily integrated because they have no outstanding deviating performances. The
ROT of hybrid and electric private jets is equal to the ROT of conventional private
jets. This means that there is no runway capacity decrease. Since this CONOPS is
only located at the Oostbaan, it keeps the possibility open to combine this CONOPS
with one of the CONOPS in scenarios 3, 4 and 5.

Scenario 3 - CONOPS Ferraris
CONOPS Ferraris received the highest total score of this scenario. The decrease in
noise, CO2- and NOx-emissions are related to the number of HEA. Since the num-
ber of HEA is similar in both CONOPS, the scores for these three KPIs are equal as
well. The decrease in nuisance for residents makes it possible for Schiphol Airport
to grow to 540,000 movements per year. However, using only the current runways
leads to a maximum capacity of 532,444 movements per year. This does not apply
to CONOPS Tesla, since an extra runway is used. In addition, the difference in the
final score is also based on the complexity of implementation and the possibility to
growth. CONOPS Tesla received a lower score for the complexity of implementa-
tion. This has to do with opening up an extra runway which leads to bigger changes
needed for the procedures of ATCOs and regulations. CONOPS Tesla scores higher
for the possibility to grow since opening an extra runway gives the opportunity to
make more movements per hour. Based on these KPIs, it is recommended to let 10

percent of HEA in peak-hours take-off and land at Schiphol Airport. These HEA
are integrated in between the conventional aircraft on the current runways. It can
be concluded that, based on these KPIs, it is not needed to open up an extra runway.

Scenario 4 - CONOPS Siemens
CONOPS Siemens shows that it is not needed to open up an extra runway during
off-peak hours as well. Since the number of HEA is equal in both CONOPS, most
KPI-scores match. The runway capacity, complexity of opening up an extra runway
and the possibility to grow influences the final scores of the CONOPS. Since the
noise nuisance, CO2- and NOx-emissions decreased, there is a possibility to grow to
540,000 movements per year. In case of CONOPS Siemens, only 536,788 movements
per year can be handles. This has to do with the increased ROT of HEA (see chapter
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4). Opening up an extra runway ensures that there is an opportunity to increase the
number of movements per year. But a fourth runway also causes more complexity.
That is why CONOPS Siemens scores higher on this KPI than CONOPS Thompson.
It is important to notice that this CONOPS can transfer significantly less passengers
(around 2 million per year) compared to CONOPS Ferraris and CONOPS Volta.
This has to do with smaller HEA that are part of CONOPS Siemens. The weight of
the KPIs are determined from the ANSP’s point of view and the passenger capacity
is less interesting. However, in chapter 5 one of the requirements states that the total
passenger capacity can not decrease. Therefore, this CONOPS can only become re-
ality when airlines choose a different business model (see A.9). To conclude, taking
the weights into account, CONOPS Siemens is preferred over CONOPS Thompson.

Scenario 5 - CONOPS Franklin
In the last scenario, three CONOPS are compared that are located at both Schiphol
Airport and regional airports. Based on the KPIs, it is recommended to let 25 per-
cent of HEA take-off and land at regional airports during the day. The maximum
capacity of RTHA is 87,600 movements per year. In 2019, 52,439 movements were
handled [59] which means that there is still space left for around 35,000 movements.
Lelystad Airport has a maximum capacity of 45,000 movements per year after the
Luchtruimherziening [39][40]. This means that CONOPS Franklin does not exceed
the maximum capacity of the regional airports. Since the maximum capacity of
the runways is not linked to the ROT, the runway capacity can be fully utilized.
CONOPS Volta is the only CONOPS of the three that has a decreased runway ca-
pacity. CONOPS Franklin scores a bit lower on the possibility to grow but com-
pensates this with a better score on total travel time. In the end, the final scores of
this assessment shows that CONOPS Volta and Franklin are good competitors. The
final scores of these two CONOPS differ by 0.5 on a score around 100. In compari-
son with CONOPS Kelvin, it is not needed to open up an extra runway at Schiphol
Airport. This will lead to extra complexity. Several final conclusions can be drawn
from these three CONOPS. First of all, the maximum capacity of HEA that take-off
and land at regional airports is around 25 percent. With this percentage located at
regional airports, the maximum runway capacity is reached. Secondly, in CONOPS
Franklin it is recommended to locate 25 percent of HEA on a regional airport. How-
ever, CONOPS Volta scores close to an equal score.

8.4 sensitivity analysis
It practice, it can be that the decision maker has a strong preference for a certain
CONOPS. The CONOPS can be assessed in a strategical way in order to influence
the outcome. It is therefore important to apply a sensitivity analysis. As is said
before, the independent variables are based on an assumption. This means that this
affects the dependent variables as well. With this sensitivity analysis, it is studied
how various sources of uncertainty in a model contribute to the model’s overall
uncertainty.

The independent variables that are of great influence of the outcome of the assess-
ment are the landing weight, noise nuisance, CO2- and NOx-emissions. The landing
weight subsequently effects the RECAT-categories, the approach and landing speed,
ROT and runway capacity. The increase of the ROT is assumed to be 5, 10 and 15

percent dependent on the HEA’s passenger capacity. If the landing weight becomes
much heavier than expected, the runway capacity will decrease significantly. In this
case, the final scores decrease of CONOPS that include more HEA which shows
that it is less attractive for an ANSP to include HEA to a larger extent, based on the
runway capacity.
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The noise nuisance, CO2- and NOx-emissions are assumed as well, based on
scientific research [37][29][15]. These three variables are of great importance for the
Dutch minister of Infrastructure and Water Management since the aviation sector
can only grow through demonstrable reduction of nuisance [60]. By varying these
variables, the greatest possible growth can be created. Different values for these
four independent variables are applied in the sensitivity analysis. The outcome
shows that the final scores change minimally. The adjustments of the variables and
the effects on the final scores can be found in table 8.3.

Figure 8.3: Sensitivity analysis - independent variables

The reason why the final scores do not change that much is because the outcome
of the assessment is to a great extent based on the qualitative KPIs. A sensitivity
analysis is performed on these KPIs as well. Scenario 3, 4 and 5 are each connected
to two CONOPS located at Schiphol. One of these CONOPS makes use of the
current runways, the other CONOPS opens up an extra runway. Furthermore, the
CONOPS are identical to each other per scenario. This affects the outcome of the
scorecard. Since only three KPIs are scored differently between these two CONOPS,
namely the runway capacity, complexity of implementation and the possibility to
grow. These latter two are KPIs that are scored in a qualitative way. In order to
assess these KPIs more detailed, further research is needed (see 9).

It is possible that certain policies affect the scores of these two KPIs. The scores
of the possibility to grow are indirect based on the decrease in noise nuisance, CO2-
and NOx-emissions and the maximum capacity of the used runways. However, it
can for example be that future policies state that the maximum capacity of Schiphol
Airport cannot exceed 540,000 air traffic movements. In that case, the scores of this
KPI should be equal to each other. The scores of the complexity of implementation
can differ as well. The complexity of implementation depends on the consequences
for human, machine and procedures in the ATM-system. Based on further research
on these three, more detailed scores can be given to each CONOPS. This can lead to
a CONOPS that integrates HEA at the current runways with a higher complexity to
implement, compared to a CONOPS with an extra runway. This sensitivity analysis
is applied on CONOPS Ferraris, Tesla, Siemens and Thompson. The final outcomes
can be seen in figure 8.4.

Figure 8.4: Sensitivity analysis - qualitative KPIs scenario 3 and 4



8.4 sensitivity analysis 49

It is also noteworthy that CONOPS Franklin and CONOPS Volta have a final score
with a minimal difference. The KPI-scores that differ between these two CONOPS
are the runway capacity, possibility to grow and the total travel time. Further re-
search must be done to the total travel time from door-to-door for passengers. It
can be that Schiphol Airport is better accessible for more passengers, due to the
better infrastructure and higher population density. In that case, CONOPS Volta
is assessed a higher score for this KPI and subsequently for the final score. For
example, when the decision maker would like to bring HEA to Schiphol for status,
these scores can be influenced by lack of extra research. The final scores in figure
8.5 shows that these different scores of two KPIs can influence the outcome.

Figure 8.5: Sensitivity analysis - qualitative KPIs scenario 5

A third sensitivity analysis is based on the weight of the KPIs. The weights are
applied from the decision makers’ point of view. However, many stakeholders are
involved as is proved earlier in this research. Some KPIs are only related to the
ANSP, others are related to important stakeholders. Implementing the weights of
importance per KPI can be based on the relationships between the ANSP with other
stakeholders. A sensitivity analysis is applied on the relationships with airports, air-
lines and governments. For airports the passengers capacity, possibility to grow and
total travel time are important. Secondly, airlines find the passengers capacity and
possibility to grow and operational cost more important. Lastly, the government
aims to decrease the nuisance and emissions of the aviation sector. When one of
these stakeholders become more important for the decision maker, the weight of the
related KPIs will increase. Figure 8.6 shows a summary of the sensitivity analysis
with different importance per stakeholders.

Figure 8.6: Sensitivity analysis - weights KPIs

It can be seen that the final outcome of the assessment does not differ compared
to the base case assessment for CONOPS related to scenario 3 and 4. However, it is
striking that the results change for the CONOPS related to scenario 5. Firstly. it can
be seen that CONOPS Volta scores highest in case of a good relationship between
the airports and airlines. This is different compared to the base case assessment
where CONOPS Franklin scores best. In that case it is recommended to integrate
HEA at Schiphol Airport instead of a regional airport. Secondly, CONOPS Franklin
and CONOPS Kelvin score an equal final score when the weights of important KPIs



50 assessment

for airlines increase. In that case, CONOPS Volta scores highest and is therefore
recommended. Lastly, in case of a good relationship with the government, the
recommendation of implementing CONOPS Franklin, remains the same.

8.5 conclusion
In this chapter the nine CONOPS are assessed on the basis of KPIs. The KPIs that
have been determined earlier include the desires, like the passenger capacity, of
other stakeholders. However, the CONOPS are assessed from the point of view
from ANSPs by applying weights of importance to the KPIs. The purpose of this
chapter is to determine the CONOPS potential for each scenario, from the ANSP’s
point of view. Scenario 1 is the base case and for scenario 2 only one CONOPS
was established. For this scenario HEA make use of the Oostbaan to take-off and
land. CONOPS Ferraris matches scenario 3 best. In this CONOPS a start has been
made to reduce emissions and noise without opening up an extra runway. In case
of scenario 4, CONOPS Siemens is the potential CONOPS. Emissions decrease sig-
nificantly but the number of passengers is limited. A requirement is therefore that
airlines choose a different business model. This can be a signal in the future; when
airlines change their business model, this scenario is most likely to become reality.
Scenario 5 was linked to three CONOPS of which CONOPS Franklin, located at a
regional airport, scores best. It is interesting to see that CONOPS Volta, located
at the current runways of Schiphol Airport, is a good competitor as it scores just
slightly lower.

In addition, a sensitivity analysis is performed in order to check how various
sources of uncertainty in a model contribute to the model’s overall uncertainty. In
the sensitivity analysis, the influence of the independent variables, qualitative vari-
ables and the weights of the KPIs are checked. Adjusting the weights per KPI and
the uncertainty of independent variables do not have a major influence on the out-
come. It can however be concluded that the qualitative KPIs influence the outcome
to a large extent.

Phase IV of this research consists of scorecard II. Now that this second scorecard
has been completed in this chapter, it can be concluded that phase IV is finished.
The purpose of this chapter is to determine the CONOPS potential for each scenario.
The outcome of this assessment shows the answer on this research question.
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This research was an attempt to explore potential CONOPS to integrate HEA in
the ATM-system. The results obtained from this study can be used in order to do
further research into more detailed CONOPS and the (positive) effects on feasibil-
ity, sustainability and efficiency. This research consists of four parts. Every part is
completed and the scorecard in chapter 8 shows which CONOPS is potential per
scenario from the ANSP’s point of view. In section 9.1 an answer to the main re-
search question is given. This is based on the answers of the sub research questions.
In section 9.3 the recommendations are given for the data, further research and
other ANSPs.

9.1 conclusions
This section presents the conclusions of this research. In order to answer the main
research question, several sub research questions were determined. These sub re-
search questions and finally the main question are answered in subsection 9.1.1. In
subsection 9.2, the general conclusion of this research is given.

9.1.1 Answers (sub) research questions

This subsection answers the sub- and main research questions. The main research
question of this study is:

What are potential concepts of operations for the integration of HEA in the air traffic
management system in 2035?

Four sub research questions are defined in order to answer the main research
question. These can be found below along with the answers per question.

SQ1. What are the deviating performances and effects of HEA (compared to
conventional aircraft) and the associated consequences for the ATM-system?
The main difference between a conventional aircraft and HEA is the replacement of
fuel with a battery. The batteries have a low power-to-weight ratio and are therefore
heavier than fuel. This leads to three deviating technical performances: range, pas-
senger capacity and the increased approach and landing speed. Due to the batteries
weight, the design of the aircraft has to cut back on the range and the passenger
capacity. It can be concluded that the maximum range of HEA is approximately
1000km. The maximum passenger capacity is 100 passengers. That means that with
this maximum range and passenger capacity, HEA can only be used for regional or
short-haul flights. Lastly, since the weight of the battery does not decrease over the
flight (different from fuel), the landing weight of HEA is much higher.

There are also six deviating effects of HEA. CO2-emissions decreases with 80

gram/passenger/km for HEA in the ATM-system. For NOx a value of 1222.14

gram/aircraft applies. HEA have a reduced aircraft noise up to 85 percent which
equals -10 dBa for commercial aircraft and -19 EPNdB for private jets. Indirect
effects of HEA are the shift in the aviation network from hub-and-spoke to more
point-to-point flights. Furthermore, the operational costs for airlines decrease up to
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20 percent since airlines do not have to pay for fuel. Lastly, an increased landing
weight leads subsequently leads to a decreased maximum runway capacity.

SQ2. What is the objective and what are the requirements, constraints and
KPIs of the design space?

The objective of the design space is that the CONOPS should be able to handle
conventional, hybrid and electric aircraft. This means that the CONOPS should han-
dle the take-off and landing of the three types of aircraft, which forms the functional
requirements. The non-functional requirements are that take-off and landing can
only be located at current runways. In addition, the CONOPS should be efficient
in passenger capacity. Lastly, the CONOPS should be environmentally friendly in
terms of CO2, NOx and noise. This can lead to growth in air traffic movements per
year in the Netherlands, without increasing the nuisance for residents.

The constraints say something about the capacity, safety, regulations or technical
performances that the CONOPS must meet. Next to the objective, requirements and
constraints the KPIs are determined. These KPIs are used to assess the CONOPS
per scenario. The KPIs are as following: runway capacity, complexity of implemen-
tation, noise-, CO2-reduction and NOx-reduction, possibility to grow, operation cost
reduction and total travel time.

SQ3. What are possible future scenarios to take into account?
It can be concluded that the scenario space exists of two driving forces, namely the
technology breakthrough and the decisions of regulations regarding HEA. In this
scenario space, five scenarios are defined. For each scenario, consisting of a specific
combination between the two driving forces, absolute values are given to the depen-
dent variables.

The outcome of this analysis are five scenarios. Scenario 5 is the most positive
scenario with 25 percent HEA in the ATM-system. This gradually decreases with
scenario 1 as the most negative scenario. This latter one represents the base case.
Each scenario consists of six characteristics. These characteristics are the percentage
of HEA in the ATM-system, the range and passengers per HEA, the type of aircraft
and electrification and the expected approach and landing speed. Each character-
istic is assigned an absolute value. This has been done with the minimum and
maximum performances of HEA, which are the result of the data analysis. The
specifications can be found in figure 9.1.

Figure 9.1: Characteristics per scenario

SQ4. What are the feasible CONOPS per scenario that have the highest pres-
sure on the ATM-system?
There are nine CONOPS determined that are each linked to a scenario. They consist
of a feasible combination between three variables: time, airport and runway. These
nine CONOPS are determined based on the pressure on the ATM-system when a
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certain percentage of HEA is integrated into the ATM-system with certain perfor-
mances.

Scenario 1 and 2 are both connected to only one CONOPS. Scenario 3 is combined
with CONOPS Ferraris and Tesla that are both located at Schiphol Airport during
peak hours. These combinations study whether it is better to make use of the
current runways or make use of an extra runway, in case of ten percent HEA. The
same applies for CONOPS Siemens and Thompson, related to scenario 4 where
only off-peak hours are considered. In addition, 20 percent HEA with a shorter
range and smaller passenger capacity have to be integrated in this scenario. Lastly,
scenario 5 is combined with CONOPS Volta, Franklin and Kelvin. These three
combinations make it possible to study whether it is better to accommodate 25

percent of HEA at Schiphol airport on the current runways, at Schiphol airport
with one extra runway or at the regional airports. The details per CONOPS can be
found in figure 9.2.

Figure 9.2: Variables per CONOPS

Main research question:
What are the potential concepts of operations for the integration of HEA in the
air traffic management system in 2035?
Since the future is unknown, potential CONOPS are determined per scenario. The
feasible CONOPS with the highest pressure on the ATM-system per scenario are
assessed on the KPIs. Potential CONOPS per scenario are:

• Scenario 1 - CONOPS Bell: Scenario 1 presents the base case where no HEA
are integrated in the ATM-system. CONOPS Bell is therefore not compared to
another CONOPS for this scenario. The emissions and noise nuisance do not
decrease as a result of HEA. This means that the minister of Infrastructure and
Water Management does not authorize the Dutch aviation sector to increase
the number of movements per year.

• Scenario 2 - CONOPS Edison: CONOPS Edison locates hybrid and electric
private jets on the Oostbaan. Since the noise reduction of hybrid and electric
private jets is twice the noise reduction of commercial HEA, the total noise
reduction is significantly large for five percent of HEA. The private jets have
a passenger capacity up to 19 passengers which means that the runway occu-
pancy time does not increase. Subsequently, the runway capacity is equal to
the runway capacity where only conventional aircraft are integrated.

• Scenario 3 - CONOPS Ferraris: In case scenario 3 becomes reality, it is rec-
ommended to let 10 percent of HEA integrate on the current runways during
peak hours. Integrating 10 percent of HEA causes a decrease in noise, CO2-
and NOx-emissions. This decrease in nuisance for residents makes it pos-
sible for Schiphol Airport to grow to 540,000 movements. However, using
only the current runways leads to a capacity of 532,444 movements per year.
CONOPS Tesla can handle 540.000 movements since there is more space on
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four runways but the complexity of a fourth runway during peak-hours does
not outweigh these extra movements. That is why CONOPS Ferraris with a
lower maximum capacity received a higher final score.

• Scenario 4 - CONOPS Siemens: For scenario 4 it is recommended to imple-
ment CONOPS Siemens. This CONOPS is located at Schiphol Airport and
let smaller commercial HEA take-off and land at the current runways during
off-peak hours. This CONOPS does not meet the non-functional requirement
that it should be efficient in passenger capacity. But from the point of view
of the ANSP, this is still a potential CONOPS to implement. Since the noise
nuisance, CO2- and NOx-emissions decreases, it is possible to grow to 540,000

movements. However, since HEA have a longer ROT the airport can only
handle 536,788 movements per year.

• Scenario 5 - CONOPS Franklin: This scenario consists of a demand of airlines
to let 25 percent HEA take-off and land at a Dutch airport. It is recommended
to let these aircraft take-off and land at a regional airport at the current run-
ways. The noise nuisance, CO2- and NOx-emissions decreases significantly
since one-fourth of the aircraft cause much less nuisance. This makes it pos-
sible to locate HEA at regional airports. CONOPS Franklin shows that with
the currently stated capacities, it is possible to move up to 25 percent HEA to
regional airports. A CONOPS with a higher percentage HEA (not part of this
research) will exceed the maximum capacity of regional airports. 25 percent of
HEA equals 74,460 movement. 45,000 movements can be located at Lelystad
airport (after the Luchtruimherziening [40]). The other flight movements can be
located at RTHA. In this conclusion it is important to mention that CONOPS
Volta is good competitor since the final scores of the assessment differs by 0.5
on a score around 100.

9.2 general conclusion
Overall, it can be concluded that HEA can be treated as a conventional aircraft.
Even with deviating performances, the integration of HEA entails a limited imple-
mentation complexity. When HEA are integrated on the runways already in use, the
runway capacity decreases minimally. Using an extra runway influences the com-
plexity of the CONOPS and does not outweigh the loss of runway capacity. The
advantage is that HEA make the TWR and APP operations more sustainable. The
noise-nuisance, CO2- and NOx-emissions decrease significantly. Since residents ex-
perience less nuisance of air traffic, airports can grow in air traffic movements and
total passengers per year [60]. This is an advantage for airlines and airports. How-
ever, the total passenger capacity of airports and airlines is related to the definitive
passenger capacity of HEA. When this passenger capacity is relatively small, this
will effect the airlines operations significantly. Since airports and airlines want to
maintain their passenger capacity, HEA with a smaller passenger capacity can only
be integrated when the business model of airlines are adjusted.

There is also the possibility to move a percentage of HEA to regional airports. For
the regional airports Lelystad and RTHA, a maximum of 25 percent applies. This
is the maximum percentage of HEA that can be moved to regional airports without
resulting in more complexity of the new CONOPS. HEA can be integrated like a
conventional aircraft at these airports. However, the sensitivity analysis shows that
the outcome of the assessment is mainly based on the qualitative KPIs. It is there-
fore recommended to do further research on these KPIs. Further recommendations
are given in the next section.



9.3 recommendations 55

This study is a preliminary research for ANSPs to integrate HEA in the ATM-
system. When ANSPs at other airports want to integrate HEA, the structure of
this case study can be used. The independent performance variables of HEA are
independent of the ANSP and airport of implementation. These can therefore be
used for all ANSPs. The other independent variables are location-dependent.

9.3 recommendations
In this section, the limitations and recommendations are given that are part of the
results of this study. First, the limitations and recommendations for the data is given
in subsection 9.3.1. After that, a recommendation is given for further research in
subsection 9.3.2. Lastly, a recommendation for ANSPs abroad is given in subsection
9.3.3

9.3.1 Recommendations for data

Since aircraft manufacturers are still exploring the maximum power-to-weight ratio,
there is a lack of exact data of the performances of HEA. This has led to several
assumptions being made for independent variables. Attempts have been made to
make the assumptions as robust as possible by means of the data analysis. The
input of the data analysis consists of data from aircraft manufacturers who make
statements about the expected performances. This data has been analyzed and de-
viating data has been removed. From here, the averages are calculated per RECAT-
category. Since the expected performances are all related to one another (see figure
4.3 in chapter 4), the power-to-weight ratio has a great influence on all performances
at once. However, the future must show whether these expected performances can
be achieved. The following list shows the assumptions that have been made based
on the data analysis. In addition, the effects are described when the maximum
power-to-weight ratio is not reached.

• MTOW: Based on the expected MTOW of aircraft manufacturers, the RECAT-
categories are assigned to HEA. It is concluded that the RECAT-categories of
HEA are equal to the RECAT-categories of conventional aircraft, even with an
increased MTOW. Since the categories do not differ, the impact of HEA in the
ATM-system is minimal. However, the MTOW of HEA is a direct effect on the
maximum power-to-weight-ratio. When the ratio is greater than expected, the
MTOW increases. This effects the assignment of the RECAT-categories and
the impact on the ATM-system.

• passenger capacity of HEA: the assumption is made that the maximum pas-
senger capacity is 100 passengers. But when the maximum power-to-weight
ratio is not reached, the maximum passenger capacity decreases. This makes it
less interesting for airlines to purchase HEA. When there is a smaller percent-
age of HEA in the ATM-system, it influences the maximum runway capacity
positively.

• Increased ROT of HEA: an assumption is made that the ROT of HEA increases
with 5, 10 and 15 percent, dependent on the MTOW and the passenger capac-
ity of HEA. This increase in percentage is applied on a rough estimation of the
ROT of conventional aircraft. The ROT of conventional aircraft is calculated
roughly by dividing one hour by the number of conventional aircraft. It is
not assumed that the aircraft that take-off and land at the runway consist of a
mix of different types of aircraft. It is recommended to analyze the current air-
craft type mix per runway per hour. This shows exactly which conventional
aircraft can be replaced by HEA. It also shows what the exact decrease of
runway capacity will be.
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• Noise-reduction: Noise increases with intensity. That means that when noise
doubles, noise increases from 60dB to 63dB. This intensity is not part of the
calculations which makes the outcome of noise-reduction less reliable. In
addition, the perception of noise is very complex and subjective. Residents
experience more nuisance if more aircraft are flying with less noise, than less
aircraft with more noise in total.

• Other assumptions that are made are the range and operational cost of HEA.
The impact on the ATM-system of these assumption is however lower. When
the assumptions of the range and operational cost are disappointing, it influ-
ences the purchase of HEA by airlines. The impact on the ATM-system is
therefore less.

In addition, other assumptions, independent of the data analysis, have been made
that influence the outcome of the scorecard.

• Pilots choose for the noise- and emission-mode during take-off and landing.
This influences the outcome of the decrease of noise-nuisance, CO2- and NOx-
emissions. This can be solved by adding percentages of electric aircraft, hybrid
aircraft in noise- and emissions-mode and hybrid aircraft in economical-mode.

• The CONOPS per scenario are compared to the current situation. The base
case does not take future changes into account that are unrelated to HEA.
Examples of future changes are the advent of other sustainable aviation fuels,
more sustainable conventional aircraft designs and the revised airspace. It
is recommended that these future changes be included in further research in
due course.

• The assumption is made based on literature research that HEA are expected
in 2035. This assumption was partly based on the expected growth of aviation.
However, during this study the COVID-19 crisis started. The aviation sector
has been seriously affected by this. It is expected that the number of move-
ments at Schiphol will be back at its old level in 2023. In addition, aircraft
manufacturers suffer from this and therefore freeze the HEA-projects. It may
therefore be that 2035 is no longer a correct time estimate.

In general, an attempt has been made to make the assumptions as robust as pos-
sible. However, due to the lack of data the assumptions are still a rough estimation.
That is why an explorative research was chosen. In the next subsection a recommen-
dation is given how to perform further research when the independent variables are
more reliable.

9.3.2 Recommendations for further research

Since this is an exploratory research, no recommendation of implementation will be
given in this discussion. HEA are not expected in the next 15 years which means
that there is time left for further research. In subsection 9.3.1, it is mentioned that
the independent variables are based on assumptions. For all the assumptions above
it is recommended to study the performances and effects of HEA repeatedly when
the advent of HEA is closer in time. When the power-to-weight ratio becomes more
reliable, all performances and effects become more reliable as well. Subsequently,
the dependent variables become more reliable and the outcome of this research be-
comes more robust. When aircraft manufacturers and aviation organizations pub-
lish more reliable data, they can form the input of the same research. The structure
of the research can be preserved. It ensures that possibilities are sought in a diver-
gent way and future scenarios keep options open until a scenario becomes reality.
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When the data from aircraft manufacturers are more reliable, it is recommended
to design the CONOPS more in detail. For example, take into account the specific
times that HEA will arrive and take-off (related to charging/battery swap), prefer-
ence order and runway combinations. In addition, stakeholders used in this study
will have a stronger view of HEA as the data of performances are known. For in-
stance, when airlines know what the decrease in operational costs will be, they can
give a more accurate number of HEA that they want to purchase.

All of the above ensures that the input for the assessment becomes more reliable.
To carry out the assessment, it is important to do more detailed research per KPI.
The sensitivity analysis shows that the outcome of the assessment is mainly based
on the quantitative KPIs. By starting detailed studies per quantitative study, these
can be scores more reliable. Other KPIs that are studied roughly, are the noise-
decrease and maximum runway capacity. These detailed studies also ensure that
the results per KPI do not only depend on the number of HEA per CONOPS to a
great extent. In this research, the number of HEA in the ATM-system has too much
influence on the outcome of the scorecard. With a separate detailed study per KPI,
it can be said with more certainty whether the CONOPS meet the constraints. It is
up to ANSPs, to further elaborate the CONOPS at a much more detailed level.

In addition, for further research is it interesting to look at the effects of combi-
nations between CONOPS. This applies to CONOPS that are located at different
runways and/or airports. For example, CONOPS Bell and CONOPS Ferraris can
be combined in order to accommodate 15 percent of HEA. In a really successful sce-
nario, 25 percent of HEA can be located at regional airports (CONOPS Franklin) in
combination with 25 percent of HEA at Schiphol Airport (CONOPS Volta). In case
of a successful scenario (over a longer period of time) is it interesting to research
when deviating performances of HEA become the set-up of the network and ATM-
system. In that case, it may be possible that conventional aircraft are the exception.

Lastly, a multi-criteria analysis has now been carried out in this study as assess-
ment, since there are still a lot of uncertainties for the independent and subsequently
dependent variables. That is why it did not make sense to assess the CONOPS
based on the cost and benefits. When all the recommendation mentioned above are
applied in further research, it is recommended to apply a cost-benefit analysis for
the assessment.

9.3.3 Recommendations for other ANSPs

This research was carried out by means of a case study at Dutch airports. When
looking at integrating HEA in the ATM-system at a different location, it is recom-
mended to keep the same structure of this study. However, minor adjustments have
to be made. In addition, the recommendations described in subsections 9.3.1 and
9.3.2 also apply to ANSPs. The adjustments are:

• In the Netherlands there is almost no regional air traffic. This means that
no flights are offered with both departure and arrival within the Netherlands.
When HEA are integrated in a country where regional air traffic is involved,
the advent of HEA influences the ATM-system more. The distances of re-
gional air traffic, the maximum range and passenger capacity of HEA are a
better match. That means that the percentage of HEA in the ATM-system
can increase significantly. The role of regional airports is therefore becoming
much more interesting.

• In the Netherlands, there are relatively many runways in use. It is known that
this is not always the case at other airports. When only one runway is in use
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at a bigger airport, this can influence the impact of deviating performances. It
is recommended to take this into account.

• It is recommended to keep in close contact of the operations of other ANSPs.
When HEA are integrated in the ATM-system, it is important to share experi-
ences of operations with ANSPs abroad.
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B DATA A N A LY S I S

At this moment there are many companies or start-ups who are designing HEA
which can be applied to regional-, general or even large commercial aviation. 36

of these concept HEA aircraft are listed in an overview that can be found in figure
B.5 and figure B.6. This overview consists of the performances like range, MTOW,
number of passengers per aircraft. The overview is created based on the data from
Roland Berger [57], ICAO [27] and complemented with information online from
aircraft manufacturers and from interviews.

After collecting the data, a data analysis is performed to substantiate chapter 4.
Since not all companies and start-ups publish the data of all performances, there
are some gaps in the overview which makes the analysis a supportive tool. The
overview can be found in figure B.5 and figure B.6 show the overview of the data
that is collected in order to analyse the performances of HEA.

It is determined that several characteristics and performances of HEA are con-
nected (see chapter 4 for explanation). The figures below substantiate this conclu-
sion. Figure B.1 shows that there are multiple concept HEA that can transfer up to
4 passengers. Starting from 8 to 135 passengers, only one concept per passenger
capacity is being worked on.

Figure B.1: Number of concepts - pax

When making a distinction between hybrid aircraft and electric aircraft, it can be
seen in figure B.2 that the electric aircraft can transfer 1 to 11 passengers. For a
medium passenger capacity (18-100 passengers) the concepts are all hybrid. Lastly,
there is one electric aircraft with 120 passengers and one hybrid aircraft with a
capacity of 135 passengers.

There are five HEA that have a valid capacity for airlines to deploy.

• Project 804: 40 passengers - Regional - Hybrid

• Airbus/Rolls Royce E-thrust: 90 passengers - Large commercial - Hybrid

• Airbus E-fan X: 100 passengers - Large commercial - Hybrid

• Wright Electric/Easyjet: 120 passengers - Large commercial - Electric

• Boeing Sugar Volt: 135 passengers - Large commercial - Hybrid

75
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Figure B.2: Number of concepts - pax for HEA

Figure B.3 shows the relation between the range and the capacity. It can be seen
that the five HEA mentioned above are outliers. Two of them, namely the Airbus
E-fan X and the Airbus E-thrust are not assigned a range. The aircraft manufacturer
did not publish this data.

Figure B.3: Range [km] - capacity [pax/aircraft]

The RECAT-Category depends on the MTOW of the aircraft. In figure B.4 it can
be seen that HEA are mostly assigned a category D, E and F. HEA with a category F
can transfer up to 11 passengers according to the data. Three out of five HEA with
40 or more passengers are assigned a category D or E, dependent on the span of the
aircraft (that are unknown). Comparing the RECAT categories with the categories
of conventional aircraft, the RECAT category per capacity does not differ.

Figure B.4: RECAT Categories overview
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Figure B.5: Overview data-analysis performances - part I
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Figure B.6: Overview data-analysis performances - part II



C S TA K E H O L D E R A N A LY S I S

The stakeholder analysis is a supporting tool to define the design space. The stake-
holder analysis is performed based on the objective of this research and [49]. A
step-by-step plan of Enserink [17] is followed.

c.1 problem formulation per stakeholder
Figure C.1, C.2 and C.3 list all the stakeholders with their corresponding interests,
objectives, their current situation and solutions. It can be seen that the general
objective of all stakeholders is to make aviation more sustainable.

c.2 interaction between stakeholders
The reason why the stakeholders want to make aviation more sustainable differs
per stakeholder. It is therefore important to know what the interactions between the
stakeholders are. Figure C.4 presents the formal relationships between the different
stakeholders that are involved. Single-sided arrows indicate hierarchical relation-
ships, two-sided arrows indicate formal representation relationships.

Explanation formal relations
Royal Schiphol Group and LVNL are both facilitators for airlines. These two parties
want to improve the sustainability of the aviation sector and joined The Nationaal
Actieprogramma Hybride Elektrische Vliegtuigen [51][32]. Residents affected by airport
operations and NGOs share the goal to decrease the nuisance as they want to in-
crease the quality of life and preserve the environment [49]. These two parties exert
pressure on the executive parties.

Governments and regulators are the legislative parties. The goal of governments
is the economic development of the country (federal government) and the region
(local). The Netherlands is a democratic constitutional state which means that votes
of citizens are important for political parties. This may play a role in the choices
that parties make about the stimulation of sustainable aviation, in particular HEA.
As can be seen in the interview with the CEO of Twente and Teuge Airport (see
interview A.3), two parties were against the purchase of a Cessna 337 Skymaster for
the use of test aircraft. At the same time, the Ministry of Finance is a shareholder
of Royal Schiphol Group which makes it a complicated situation. Regulators like
EASA and ICAO aim to keep aviation as safe and efficient possible.

The six parties with high interest and high power are all part of the The Nationaal
Actieprogramma Hybride Elektrische Vliegtuigen. This makes that the conflicts between
stakeholders is limited and the problem less complicated. As is said before airports,
airlines and ATM service providers are executive aviation parties that have high
power and interests. They are the parties that have to respond to the regulations of
the government in case they want to grow. The growth in air traffic movements is
a respond to the growing demand of passengers. This can also be seen in figure 5.2
in chapter 5.
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Figure C.1: Stakeholders’ problem formulations
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Figure C.2: Stakeholders’ problem formulations
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Figure C.3: Stakeholders’ problem formulations
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Figure C.4: Formal relationships between stakeholders





D S C E N A R I O A N A LY S I S - P R O C E S S

A scenario analysis is used to look at various future states of an uncertain environ-
ment in which the CONOPS must be operating. The process of scenario planning
that is used in this research is based on Enserink et al. [17] and can be found in this
appendix. The outcome of the scenario analysis are five different scenarios that are
described in detail in chapter 6.

External factors
The causal diagram in figure 6.5 shows the contextual factors and the relationship
between these contextual factors. Each contextual factor has a number that refers to
a stakeholder from the stakeholder analysis. Number 14 refers to a actor outside the
stakeholder analysis or is too complex to assign an actor. The numbers indicate that
all factors are exogenous as none of these factors can be influenced by the ANSP.

Explanation causal diagram
Aircraft manufacturers are working hard to make HEA technically work. However,
financial motivation and positive regulations from the government, EU and FAA
are needed to make this happen (see interview A.3). This motivation can lead to a
better development of batteries and better performances of HEA. A better power-to-
weight ratio leads to better performances. This makes it more attractive for airlines
to purchase HEA instead of conventional aircraft [58]. The more HEA are pur-
chased, the higher the percentage of HEA becomes of the total number of aircraft.
Governments and regulators can influence the decision of airlines between hybrid,
electric or conventional aircraft by means of subsidies for HEA and taxes for take-off
and landing based on emissions (government, EU). This can also be applicable for
parking charges (airport) or slot regulations (IATA). These parties are all members
of Ontwerpakkoord duurzame luchtvaarttafel, which means that they will be open to
this type of regulation [61].

Another factor that influences the purchase of HEA are the developments of in-
ternational trains [23]. When HEA are smaller in capacity [travellers/aircraft], it is
known that HEA are mainly used for regional or point-to-point flights (see inter-
view A.7, A.3, A.8). The flights from regional airports shorten door-to-door trips in
hours, which is in line with the four hours door-to-door-concept of the European
Union [11]. When many efficient connections are created by an international train,
a competitor arises for HEA. This can have a negative influence on the purchase
of HEA by airlines as they choose to focus on their hub-and-spoke model. This
latter indirect influence is also applicable to HEA with a similar capacity to e.g. the
embraer190. In this case, the aircraft that will bring you from the hub to your desti-
nation can be replaced by an international train [13][23].

However, when the development of international trains does not push through,
it can increase the point-to-point percentage. This can even exceed the capacity of
540.000 aircraft per year as airlines can decide to fly from regional airports. As the
HEA make less noise and emit less CO2 and NOx, it can be experienced as less
nuisance to residents (see interview A.3 and chapter 4).

Driving forces and their importance
These external factors that are depicted in the causal diagram are classified into sev-
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eral driving forces. These driving forces are ranked according to their importance
and uncertainty. This can be found in figure D.1 and figure D.2.

Figure D.1: Driving forces

Figure D.2: Importance and uncertainty of driving forces

The breakthrough of technologies and the decisions in regulations are the driv-
ing forces with the highest uncertainty and impact. This means that these driving
forces will be taken into account in the scenarios. These two driving forces form the
axes of the scenarios.

Scenario axes
In figure D.3, the scenario space is determined. It is difficult to predict what will
happen with these driving factors but the decisions that will be made within these
driving forces also have a huge impact on the problem of HEA in the ATM-system.
There are five scenarios included in this research which are used as the design space
of several CONOPS where HEA are integrated into the ATM-system.
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Figure D.3: Scenario space

When only looking at one axis, the description below holds. The assumptions
regarding regulations decisions are based on the stakeholder analysis (see C). The
assumptions regarding technology breakthrough are based on the data analysis of
HEA (see appendix 4).

Regulations decisions:

• Positive: the government fully supports the development and purchase of
HEA. This is done with the use of regulations. Examples of these regulations
are the cost of taxes. These costs are determined based on emissions and noise.
In that case, airlines pay more take-off and landing charges for a conventional
aircraft. These charges for a hybrid aircraft are average where an electric
aircraft can land and take-off for (almost) free. This can also be applicable
for parking charges that have to to be paid to airports. In addition, there are
special slots for HEA that airlines can purchase on top of the ’normal’ slots
for conventional aircraft.

• Neutral: the regulators have adopted a neutral stance on the motivation of
HEA landing at Dutch airports. This means that there is a relatively small ad-
vantage for HEA to take-off and land. This regulation only plays a role when
an airline has doubts about purchasing an HEA. In general it is not decisive
for airlines to purchase HEA. The same holders for parking and landing fees
of the airports. No special slots are designated for HEA.

• Negative: The regulators take an inactive stance in the development of HEA.
No distinction is made between conventional, HEA.

Technology breakthrough:

• Low: aircraft manufacturers have concluded that it is not possible to produce
HEA that meets the requirements of airlines and/or can be certified. This
means that HEA are mainly used as private jets, given the number of passen-
gers that the aircraft can transfer.

– Range = 500km

– Number of passengers per aircraft = 19 (based on the regulations regula-
tions that distinguish between fewer or more than 19 passengers)

– Type of aircraft: private jets

– Type of electrification: HEA
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• Medium: HEA are certified. The performances of the aircraft are not yet ideal
for airlines, but manageable. In case of a medium technological breakthrough,
the following performances hold:

– Range = 500km

– Number of passengers per aircraft = 50

– Type of aircraft: private jets, airlines

– Type of electrification: HEA

• High: aircraft manufacturers have reached their goal. The range and passen-
ger capacity of HEA is suitable for airlines. This means that a HEA can easily
replace a conventional aircraft that has the same capacity (e.g. Embraer190)
and a destination within the range.

– Range = 1000km

– Number of passengers per aircraft = 100

– Type of aircraft: private jets, airlines

– Type of electrification: electric aircraft

There is one more characteristic per scenario that is related to both decisions
regulations and technology breakthrough, namely the percentage of HEA in the
ATM-system. The performances of HEA that are the effect of the technology break-
through, are important for airlines to purchase a HEA. An extra motivation to pur-
chase HEA is when the regulations regarding HEA are based on the sustainability
of the aircraft. That means that airlines have to pay less for e.g. landing fees, park-
ing fees and taxes in case of HEA. The exact percentage is based on the literature
research and interviews. 38 percent of the movements at Schiphol is shorter than
750km [13]. This is the maximum range that a HEA can fly, in order to keep re-
serves for unexpected events. Based on this percentage, the percentage of HEA in
the ATM-system are set to 0, 5, 10, 20 and 25 percent. Here is included that Easyjet
want to have an all-electric fleet in 2030 [16] and KLM is exploring the possibilities
of purchasing HEA (see interview A.2). The share of Easyjet flights at Schiphol
Airport in 2019 is 39.163 flights, which is 7.4 percent of 540,000 movements. KLM
has a share of 46 percent but this also includes long-distance flights [53].

The conclusion of the the scenario analysis contains five scenarios that are de-
scribed in chapter 6.
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Figure D.4: Causal Diagram





E E F F E C T S O F S C E N A R I O S O N K P I S

This appendix describes the effects of the five scenarios on the KPIs. It contributes
to get a sense of the possible outcomes of this research.

Scenario 1. No positive regulations regarding HEA – low technological break-
through

• Runway capacity: The capacity of set on 0 percent. Since conventional aircraft
have a shorter ROT compared to the ROT of HEA. This means that the runway
capacity is higher compared to scenarios where HEA are integrated.

• Complexity of implementation: The complexity of implementation is about
opening an extra runway. This entails additional difficulties, for example the
effect on air routes. However, the number of runways are not a characteristic
of the scenario but of the CONOPS. Therefore, no effect can be described in
this appendix of the scenario on the KPI

• Passenger capacity HEA: Conventional aircraft do not have to take into ac-
count an optimal power-to-weight ratio of batteries. That means they have
no limited capacity on the same scale as HEA and conventional aircraft can
easily transfer more than 100 passengers per aircraft. The passenger capacity
is high.

• Noise-reduction: conventional aircraft produce more noise than HEA. This
leads to a KPI that is labeled high.

• CO2-reduction: The CO2 emissions is high as there are no HEA integrated in
this scenario.

• NOx-reduction: The NOx emissions is high as there are no HEA integrated in
this scenario.

• Possibility to grow: the aviation sector can only earn growth through demon-
strable reduction of nuisance [60]. It is mentioned above that the noise nui-
sance, CO2- and NOx-emissions are labeled high. That means that there is no
possibility to grow.

• Operational costs: The operational cost of conventional aircraft is high, mainly
because of the fuel cost.

• Total travel time: The total travel time is based on the airport where aircraft
land. This is a characteristic of the CONOPS instead of the scenario. Therefore
no description of this KPI in this appendix.

Scenario 2. Positive regulations regarding HEA – low technological break-
through

• Runway capacity: The capacity of HEA is low since there has been a low
technological breakthrough. This means that the number of HEA is set on
5 percent and therefore limited even though the regulators have a positive
approach on the integration of HEA in the ATM-system. Since five percent
of the total aircraft capacity has an increased ROT of five percent, the runway
capacity that includes HEA decreases to 39 movements per hour per runway.
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• Complexity of implementation: N.A.

• Passenger capacity HEA: Only conventional private jet aircraft are replaced by
HEA. These conventional private jets can transfer up to 19 passengers which
means that the passenger capacity in HEA is low.

• Noise-reduction: the noise nuisance decreases with 19 EPNdB per private jet.
This is almost twice as much as commercial aircraft. This means that the noise
reduction is relatively high for the number of HEA in this scenario, compared
to other scenarios.

• CO2-reduction: CO2-emissions are expressed in gram/passenger/km. The
total CO2-emissions depend on the number of HEA in the ATM-system. Since
this scenario integrates five percent HEA, the reduction of CO2-reduction is
relatively low.

• NOx-reduction: The NOx-emissions are expressed in gram as well and relates
to the number of HEA in the system. That means that the NOx-reduction is
also low.

• Possibility to grow:

• Operational costs per passenger: The operational cost for the airline or private
owner are up to 20 percent lower [45]. The private jets also have to pay less
for e.g. landing- and parking fees. This decreases the operational costs even
more.

• Total travel time for passengers: N.A.

Scenario 3. No positive regulations regarding HEA – high technological break-
through

• Runway capacity: As the government and regulators do not take an active
role in motivating airlines to purchase HEA, 10 percent of the total aircraft is
HEA. The influence on the runway capacity is a decrease of 1 movement per
hour per runway.

• Complexity of implementation: N.A.

• Passenger capacity HEA: HEA can transfer up to 100 passengers. That means
that a conventional aircraft like an Embraer 190 can be replaced with a HEA
of the same capacity. Compared to the other scenarios, the passenger capacity
of scenario three is medium.

• Noise-reduction: The noise reduces in this scenario since 10 percent of the
total aircraft is HEA. Compared to the other scenarios, the noise nuisance is
set to medium.

• CO2-reduction: The CO2-reduction is set to medium. The CO2-reduction de-
pends on the number of HEA which is 10 percent of the total aircraft. Com-
pared to the other scenarios, this is medium.

• NOx-reduction: The same holds for NOx.

• Possibility to grow:

• Operational costs: The operational cost for airlines are lower. When an airline
purchases HEA, the operational cost decreases by 20 percent. Compared to
scenarios where there are positive regulations regarding HEA, the operational
cost are a higher. [45]. The aircraft has the same capacity of passengers per
aircraft compared to conventional aircraft. The operational cost per passenger
decreases since the airline does not have to pay for fuel anymore. The airlines
do not profit from regulations such as landing- and parking fees.
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• Total travel time for passengers: N.A.

Scenario 4. Medium regulations regarding hybrid/electric aircraft – medium
technological breakthrough

• Runway capacity: 20 percent of the total aircraft is HEA. That means that
eight HEA have a higher ROT. This results in a decrease in runway capacity
of two aircraft.

• Complexity of implementation: N.A.

• Passenger capacity HEA: The capacity of passengers per year decreases com-
pared to the base case. The capacity of passengers per aircraft is divided into
halve which means that one conventional aircraft that transfers 100 passengers
has to be replaced with two HEA of 50 passengers. To transfer 100 passengers
to their destination, two air traffic movements are used instead of one. To meet
airline restrictions, this scenario can only become a reality if airlines decide to
adjust their business model (see interview A.9).

• Noise-reduction: Noise nuisance reduces in this scenario since 20 percent of
the total aircraft is HEA. Compared to the other scenarios, the reduction of
noise is medium-high.

• CO2-emissions: The CO2 emissions decrease as 20 percent of the total aircraft
is HEA.

• NOx-emissions: The NOx decreases as 20 percent of the total aircraft is HEA.

• Possibility to grow:

• Operational costs: The operational cost for airlines are higher. The airlines do
profit from the deduction in fuel cost but as the capacity per aircraft decreases
as well, their income from airline tickets decreases as well. Besides that, the
airline has to purchase, maintain and operate two hybrid or electric aircraft
to transfer the same amount of passengers of one conventional aircraft. As
the regulations regarding HEA are set to medium in this scenario, the cost
of landing, take-off and parking charges decreases a bit. This makes that the
operational cost per passenger is higher.

• Total travel time for passengers: N.A.

Scenario 5. Positive regulations regarding hybrid/electric aircraft – high tech-
nological breakthrough

• Runway capacity: 25 percent of the total aircraft is HEA. These 10 HEA have
a higher ROT which results in a runway capacity of two aircraft less. This is a
decrease compared to the base case.

• Complexity of implementation: N.A.

• Passenger capacity HEA: HEA can transfer up to 100 passengers. That means
that a conventional aircraft like an Embraer 190 can be replaced with a HEA
of the same capacity. The capacity of passengers stays equal compared to the
base case and is therefore set to high. Since 25 percent is HEA, this scenario
consists of the highest passenger capacity transfer with HEA.

• Noise-reduction: Since the capacity of HEA is high, the noise-reduction is
high as well.

• CO2-reduction: The CO2 emissions are low as 25 percent of the total aircraft
is HEA. That means that the reduction is high.
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• NOx-reduction: The NOx emissions are low as 25 percent of the total aircraft
is HEA. That means that the reduction is high.

• Possibility to grow:

• Operational costs: The operational cost for airlines are really low in this sce-
nario. Assuming that all airlines have replaced 25 percent of the fleet with
HEA, the operational cost decreases significantly. Since the regulations are
positive regarding HEA, the airlines can save on e.g. landing- and parking
fees. Airlines save the most amount of money in this scenario, compared to
other scenarios.

• Total travel time for passengers: N.A.



F D E S I G N P R O C E S S

f.1 brainstorm and morphological chart
The participants of the brainstorm were asked to perform an individual brainstorm
before the meeting. To lead this brainstorm remotely, participants received a pre-
sentation that included all findings of this research so far. In addition, they received
four forms that they could fill in. The goal was that participants came up with
CONOPS for scenario three, four and five, as those three are the most complex.
This was not necessary for scenario one as it is equal to the base case and in sce-
nario two, hybrid and electric private jets can be integrated like conventional private
jets. This way, limited time of aviation experts could be used efficiently.

A case study was used to make this subject tangible. The first part of this case
study consists of an airline that starts a trial. This trial involves one aircraft that flies
between The Netherlands and London. The aircraft takes off and lands once a week.
The question was asked in what way this aircraft would land and take-off from a
Dutch airport in case of HEA. The intention of this trial is to help participants get a
grip on the performances of HEA into the ATM-system.

The second part of the case study focused on the three different scenarios. For
each scenario, the participants had to brainstorm about different CONOPS. Each
scenario differs in the performances of the HEA (like the range and capacity of the
aircraft) and the percentage of these aircraft in the ATM-system. The specifics can
be found in 6. After the individual brainstorm, the individual conclusions were dis-
cussed during a three-hours meeting. After each round, the participants were asked
if they came up with a new CONOPS. An advantage was that for every scenario
a problem-definition and recommendations per scenario were mentioned as can be
seen in figure F.1.

The outcome of the brainstorm can be divided into three parameters: time, air-
port and runway. The first six CONOPS are labeled undesirable, based on the
experiences of ATCOs in ’werkwijze 3’ (see interview A.10), which contains segrega-
tion of aircraft with outstanding performances. The last three CONOPS are labeled
impossible as there is no extra runway present at regional airports.
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Figure F.1: Brainstorm
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Figure F.2: Morphological chart





G S C O R E C A R D - P R O C E S S

g.1 description and formulas kpis
• Runway capacity: The runway capacity indicates the total number of aircraft

(conventional and HEA). LVNL is aiming to retrieve a runway capacity of
120 aircraft during peak-hours (2+1-runways) and 80 aircraft during off-peak
hours (1+1-runways) [38]. Since the ROT per aircraft increases for HEA, the
capacity of one runway decreases (see interview A.4 and A.8). It is assumed
that the separation and ROT are equal for every type of aircraft; aircraft type
is therefore not taken into account. The runway capacity is one of the main
pillars for the ANSP and is therefore assigned the highest weight. The formula
that is used in order to calculate the exact runway capacity is:

Crunway, total = Orunway, HEA + (60 − Orunway, HEA ∗ ROTHEA)/ROTConv.

Since it is much more interesting to see what the maximum capacity is per
year, the runway capacity is expressed in movements per year. A rough esti-
mation is made that shows that 324,000 movements (60 percent) are performed
during peak-hours and 216,000 movements (40 percent) during off-peak hours
when only conventional aircraft make use of the ATM-system.

• Complexity of implementation: The complexity of implementation plays in
the short term and can be seen as an investment. When only the current
runways are used, the integration of HEA in-between the conventional aircraft
is an easier implementation than when one extra runway has to be opened.
This has to do with the airways. A simple approach has been chosen for this
KPI; if only the current runways are used, a score of 1 is assigned to this KPI.
If an extra runway is opened, a score of 0 is given. This can also be seen in the
formula below. Since the complexity of the CONOPS implementation is very
important for the ANSP, a high weight is assigned to this KPI.

Complexity = I f currentrunways = 1, i f currentrunways + 1 = 0

• passenger capacity HEA: The number of passengers that make use of HEA
is important for the airlines and airports, as is concluded in the stakeholder
analysis (see C). The number of passengers per HEA and the number of HEA
differ per CONOPS. The passenger capacity is not really important for the
ASNP since the number of aircraft is much more important to them. The
weight of the passenger capacity HEA is therefore assigned a low weight.

Cpassengers, total HEA = Ctotal HEA ∗ Cpassengers, singleHEA

• Noise: Hybrid and electric general aircraft make 10dBa less noise compared to
conventional aircraft, as can be seen in chapter 4. For private jets, a value of 19

EPNdB applies. For this KPI, an assumption is made that the total reduction
of noise happens within TWR and APP. This assumption can be made due to
the fact that noise nuisance is the worst when an aircraft flies at a lower level.
As noise is a complex variable with a logarithmic scale, a separate study must
be done to calculate the total noise around the airport.
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Noisedecrease = 0 − (CHEA, total ∗ Noisesingle HEA)

• CO2-reduction: In chapter 4 the CO2-emissions are given in gram/passen-
ger/km. In 2018 the CO2-emission was 80 gram/passengers/km [29]. Since
this study focuses on TWR and APP, a distance of 50 km is used. The number
of HEA is also input to calculate the CO2-reduction. This can be seen in the
following formula:

CO2reduction = CO
2, passenger/km ∗ CHEA, total ∗ DTWR/APP

• NOx: The NOx mass is often determined for landing- and take-off only (LTO).
The total NOx mass is set to 1222,14 gram [5]. The NOx-reduction can be
calculated by multiplying the NOx-mass times the number of HEA.

NOX − reduction = NOx, LTO ∗ CHEA, total

• Possibility to grow: The possibility to grow is related the percentage of HEA
in the ATM-system and the maximum runway capacity. When an additional
runway is put into service, the maximum capacity of the aircraft will increase.
The possibility is scored in a qualitative way, which means that no formula is
used.

• Operational cost for airlines: The current operational cost for airlines consists
of many variables from crew to fuel costs. Operational and maintenance cost
for HEA are reduced by up to 20 percent [62]. Since the operational costs per
aircraft are not disclosed by airlines, it is not possible to calculate the exact
numbers. However, this does not mean that the scores cannot be determined
for this KPI. The operational costs are based on the capacity passengers per
aircraft, the capacity of HEA and the decision about regulations regarding
HEA (negative, medium or positive)

OCHEA, total = CHEA, total/Cpassengers, singleHEA + decisionaboutregulations

• Total travel time: A rough indication is made for the total travel time since
there are many variables (specific destinations, speed of the HEA etc) that
are unknown. This KPI says something about the effect of location (Schiphol
airport/regional airport) on the 4hours door-to-door concept of the European
Union [11]. The scores of this KPI are only based on the location of take-off
and landing of the HEA. If a HEA takes-off or lands at Schiphol, a score of 0

is assigned. If a HEA takes-off or lands at a regional airport, a score of 1 is
given.

TTtotal, HEA = I f Schiphol = 0, i f Regionalairport = 1

g.2 variables kpis
In order to calculate the hard KPIs per CONOPS, variables are used. The variables
to calculate the KPIs per CONOPS are as followed:

• Crunway, total [aircraft/runway/hour] = total runway capacity per hour

• CHEA [%] = Percentage of HEA of all aircraft at Schiphol.

• CR [aircraft/hour] = Runway capacity

• Ctotal HEA [HEA/hour] = Capacity of HEA per hour.

• Cpassengers, single HEA [passengers/single HEA] = Capacity of passengers per
HEA.
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• Cpassengers, total HEA [passengers/allHEA] = Total passengers in HEA

• CO
2, passenger/km = CO2 per passenger per km

• DTWR/APP [km] = Total distance of TWR and APP = 50 km

• Noisesingle HEA [dBA] and [EPNdB]= Noise reduction single HEA

• Orunway, HEA = Runway occupancy [HEA/runway]

• OCHEA, total = total operational cost for airlines

• Rreduced = Range [km]

• ROTHEA [min/HEA] = Runway Occupancy Time per HEA

• ROTConv. [min/aircraft] = Runway Occupancy Time per conventional aircraft

• TTtotal, HEA = total travel time per HEA passenger
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g.3 scorecard
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Figure G.1: Scorecard
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Figure G.1: Scorecard
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Figure H.1: Sensitivity analysis - independent variables (s)
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Figure H.1: Sensitivity analysis - independent variables (s)
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Figure H.2: Sensitivity analysis - independent variables (m)
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Figure H.2: Sensitivity analysis - independent variables (m)
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Figure H.3: Sensitivity analysis - independent variables (l)
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Figure H.3: Sensitivity analysis - independent variables (l)
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Figure H.4: Sensitivity analysis - qualitative KPIs (l)
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Figure H.4: Sensitivity analysis - qualitative KPIs (l)
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Figure H.5: Sensitivity analysis - weights airport
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Figure H.5: Sensitivity analysis - weights airport
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Figure H.6: Sensitivity analysis - weights airlines
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Figure H.6: Sensitivity analysis - weights airlines
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Figure H.7: Sensitivity analysis - weights airlines
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Figure H.7: Sensitivity analysis - weights airlinesGovernment
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The integration of hybrid and electric aircraft in the air traffic
management system

Abstract— The demand for sustainable air traffic is growing.
That is why aircraft manufacturers are researching the
possibilities of hybrid and electric aircraft (HEA). HEA
contains a powertrain that (partly) consist of a battery. The
benefits are that aircraft ensure less noise nuisance, CO2- and
NOx-emissions. However, due to a heavier powertrain, the
performances of HEA are deviating compared to conventional
aircraft. This paper is the first study into the integration
of HEA in the air traffic management (ATM) system. The
advent of HEA is related to many stakeholders. In addition,
there is a lot of uncertainty in the specific performances and
effects of HEA. This study aims to structure the context of
HEA, explore different scenarios for 2035 and define potential
concepts of operations (CONOPS) where HEA are integrated
in the ATM-system. This is done based on a case study for
Dutch airports.

Keywords: Air traffic management, TWR, APP, hybrid
aircraft, electric aircraft, concept of operations

I. INTRODUCTION
This paper is about the integration of hybrid and electric

aircraft (HEA) in the air traffic management (ATM) system.
This has been done through a case study for Dutch airports.
Dutch airlines are responsible for 13 billion kilos of CO2
and 57 billion kilos of NOx [1]. These emissions contribute
heavily to climate change. In addition, aviation creates a
lot of noise pollution. These disadvantages have meant
that Dutch aviation can only grow through demonstrable
reduction of nuisance. This has subsequently led to the
continuation of the Nieuwe normen en Handhavenstelsel
until 2021 [2]. It states that Schiphol Airport is restricted
to 500,000 air traffic movements per year [3]. In addition
to restriction of air traffic movements, the Koninklijke
Luchtvaart Maatschappij (KLM) received state aid due
to the COVID-19-crisis, in return for more sustainable
aviation [4]. In order to become more sustainable, KLM
and and the Dutch Air Navigation Service Provider (ANSP)
Luchtverkeersleiding Nederland (LVNL) have therefore
joint Nationaal actieprogramma Hybride Elektrische
Vliegen (AHEV) with 24 other aviation parties. This
program aims to reduce the CO2-emissions in 2030 to the
level of emissions in 2005 with the implementation of HEA.
[5][6].

The disadvantages of the (growing) aviation sector has
resulted in pressure from various stakeholders to make
aviation more sustainable. The advent of HEA can decrease
the emissions and noise nuisance of aircraft. However, there
is little to no knowledge about the integration of HEA on
(crowded) airports. To the best of the authors’ knowledge,

no research has been conducted to this issue. This means
there is a knowledge gap. In contrast, the architecture and
design of HEA is studied widely. But in order to implement
HEA on a large scale, it is necessary to study the integration
of these aircraft as well. For ANSPs it is important to
know what adjustments need to be made to the operation
to allow HEA to land at and take-off from (crowded) airports.

The pressure for more sustainable aviation has led to
aircraft manufacturers and start-ups to develop HEA. Boeing
started the Boeing SUGAR VOLT program with the aim to
design a hybrid aircraft that can transport 135 passengers
[7]. Airbus is working on the E-fan X, which is a large
commercial aircraft for 100 passengers. It is planned to take
its first commercial flight within the 2030’s timeframe [8].
Since Easyjet wants to own a fully electric short-distance
fleet in 2030, they have partnered up with Wright Electric
to design the first electric, large commercial aircraft [9].
In a shorter period of time, Eviation aims to have their
aircraft Alice certified in one year. Alice is a nine-seater
fully-electric aircraft that can fly up to 1000 kilometers [10].

In addition to these sustainable projects being developed,
replacing conventional aircraft requires the knowledge on
how to integrate HEA in the ATM-system. A proposal for
new ATM operations is described in a concept of operations
(CONOPS). The problem is that a CONOPS that integrates
HEA in the ATM-system does not exist. Therefore, the
objective is defined as ”Find the potential concepts of
operations that integrate HEA in the air traffic management
system”, to close the gap. These CONOPS have to be safe,
efficient and more environmental friendly. The first step
to find these CONOPS is to obtain a clear and structured
overview of the context of HEA. Since the performances of
HEA are uncertain, it is needed to variate them in different
scenarios. In addition, the design space has to be determined
in order to define CONOPS that are feasible.

This study only focuses on Tower (TWR) and Approach
(APP) air traffic control operations at Schiphol Airport,
Lelsystad Airport and Rotterdam-The Hague Airport
(RTHA). APP accompanies aircraft from the air route to
the airport and vice versa for around 50 kilometers around
the airport. The APP air traffic controllers (ATCOs) hand
the aircraft over to TWR ATCOs, who are responsible for
aircraft within 15 kilometer around the airport [11] [12].
Both hybrid and electric passenger aircraft are included and
have to fly under instrument flight rules. Vertical take-off
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and landing aircraft, hydrogen-powered aircraft and cargo
aircraft are excluded. Lastly, the integration of HEA in the
ATM-system are suitable for both peak- and off-peak hours.

This papers starts with an explanation of the methodology
in section II. Since there are only studies available about
the performances and effects of HEA, it is important to
understand the context of HEA. The context analysis is
described in section III. Next, the process and results
of finding the design space, scenarios and CONOPS is
described in section IV. This will be followed by section
V with the preparations for the assessment. Finally, the
CONOPS is assessed in section VI. This paper ends with
the conclusion that can be drawn in section VII and the
discussion for further research in section VIII.

II. METHODOLOGY

This study aims to explore potential concepts of operations
(CONOPS) to integrate HEA in TWR and APP operations.
This will be done with applying an assessment. In order to
find these potential CONOPS, this study is divided into four
phases. The first phase towards closing the knowledge gap
is to obtain a clear overview of the context. The objectives
and desires of important stakeholders related to HEA are
collected from interviews. These stakeholders play a major
role in the advent and implementation of this innovation.
These are structured in a stakeholder analysis. Additionally,
the deviating performances of HEA have to be clear in order
to know what the effect is on TWR and APP operations.

Fig. 1: Theoretical Framework

Phase II relates to exploring the three types of input
for the assessment, namely the scenarios, design space
and CONOPS. Since the performances of HEA are still
uncertain, a scenario analysis is applied in order to cover
all possibilities for these performances. Based on external
factors, different absolute values are assigned to each
independent HEA performance variable per scenario. The
outcome of the stakeholder analysis forms the input for the
design space. This design space includes the frameworks in
which the CONOPS must comply, consisting of objectives,
requirements, constraints and KPIs. The ANSP is the
decision maker but relies on important stakeholders as
well. When the design space was clear, an exploration
was done to potential CONOPS that integrate HEA in the
ATM-system. These CONOPS are dependent on the HEA
performance variables per scenario and the design space.
First, an exploration was done in a brainstorm with HEA-
and ATM-experts. In this brainstorm the goal was to diverge
and find as many CONOPS as possible, regardless of the
design space restrictions. Using a morphological analysis,
the variables as outcome of the brainstorm, were structured
and CONOPS that did not meet the constraints of the design
space were eliminated.

The assessment is done using a scorecard with two axes.
This means a combination must be made between the
CONOPS and scenarios in phase III. Combinations that did
not meet the constraints of the design space were eliminated.
Only the vertices, the most interesting combinations, are used
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for further research. The dashed information is important
for the advent of HEA but not studied in this research. From
this moment on, the combinations are also called CONOPS.

In the last phase, the CONOPS are assessed based on
the KPIs from the design space and the performances and
effects of HEA. Figure 1 shows the theoretical framework.
The independent variables are coloured grey. The dependent
variables in blue. The circles refer to exogenous factors.

III. PHASE I. CONTEXT ANALYSIS

The main difference between a conventional aircraft and
HEA is the replacement of fuel with a battery. One of the
barriers for enabling new propulsion systems is the battery
density. Research shows that there is potential to close
this technology gap. At the moment, the battery density is
beneath the needed performances. For example, a 50 kg
electric motor with a power output of 260 kW is developed
but the required power for a commercial aircraft is 2-50
MW [13]. The weight of a lithium battery-ion battery pack
is expected to decrease by 60 percent before 2030 [14].
However, the powertrain will still be heavier compared to
conventional aircraft [15][16][17][18][19]. It can already
be stated that the difference in weight of the powertrain
leads to deviating (technical) performances [20]. Firstly, the
weight of an aircraft can be broken down into the energy
(fuel or battery), payload and operating energy weight
[21]. This means that when the energy weight increases,
the total weight has to be compensated by the passengers
capacity [22]. The passengers are part of the payload. It
is expected that HEA can transfer up to 100 passengers.
This means that the passenger capacity per HEA decreases
compared to conventional aircraft. Secondly, a characteristic
of battery-energy is that the weight of the powertrain does
not decrease over the flight [23]. This affects the approach
and landing speed and a longer Runway Occupancy Time
(ROT) is needed. This subsequently affects the runway
capacity. Lastly, since the power-to-weight ratio is limited
[14], it effects the maximum range of the aircraft [22][24].
The maximum range of the aircraft is expected to be around
1000km [25][26]. This can also be seen in figure 2 as
outcome of the data-analysis.

The replacement of fuel by batteries leads to differences
in effects of HEA. CO2- and NOx-emissions are specific
emissions for combustion engines. However, electric aircraft
do not emit CO2- and NOx-emissions. For hybrid aircraft
applies that these emissions are reduced up to 40 percent
[27]. The CO2-emissions for conventional aircraft per
passenger/km is 80 gram [28]. The NOx-emissions per
conventional aircraft is 1222.14 gram [29][22]. The use of
batteries also ensures noise reduction. Commercial hybrid
and electric propulsion reduces aircraft noise by up to 85
percent [27]. This equals 10 dBA compared to conventional
aircraft of similar size. For private jets the noise decrease is
19 EPNdB [30].

Fig. 2: Range [km] - passenger capacity [pax/aircraft]

Three indirect effects of HEA are the shift in aviation
network, operation costs and the runway capacity. This
latter one is already discussed above. The shift in aviation
network is the effect of the short range and limited passenger
capacity. It is expected that with the advent of HEA, more
point-to-point flights are offered by airlines. HEA are
attractive for airlines to purchase as the operating cost will
be reduced by up to 20 percent [31].

The advent of HEA is related to many stakeholders.
Their objectives and desires can influence the operations of
the ATM-system. That is why it is important to take their
objectives, constraints and requirements related to HEA into
account as well. A stakeholder analysis is applied in order
to define the important stakeholders and their judgement
of HEA [32]. Even thought stakeholders have a different
underlying reason, it is striking that all stakeholders have the
same goal to make aviation more sustainable. The interaction
between the important stakeholders to make aviation more
sustainable can be seen in figure 3. Now that the context of
HEA is clear, phase I of this study is completed.

Fig. 3: Pressure sustainable aviation and stakeholders



IV. PHASE II. ASSESSMENT INPUT

In the second phase of this research the input for the
assessment has been explored. The input for the assessment
contains the design space, scenarios and CONOPS.

Design space: The design space is based on the objectives,
requirements and constraints of the decision maker and
also takes the important stakeholders into account. The
objective states that the CONOPS should be able to handle
conventional, hybrid and electric aircraft. That means that
the CONOPS should be able to handle both the take-off and
landing of these three types of aircraft. Since the ANSP is
a service providing actor, a requirement of the CONOPS
is that it should be efficient in passenger capacity. This
is important for the airlines. For airports it is important
in order to maintain their status. Another requirement is
that only existing runways can be used. In the current
operations, the 2+1-runway use if applicable for peak-hours.
During off-peak hours one runway is used for take-off and
one for landing [33]. The design space also states that there
is a possibility to make use of extra runways. However, a
new runway cannot be build due to the complexity of the
CONOPS. The last requirement is that the CONOPS should
be environmentally friendly in terms of CO2, NOx and noise.

The constraints say something about the capacity,
safety, regulations or technical performances that the
CONOPS must meet. Next to the objective, requirements
and constraints the KPIs are determined. These KPIs are
used to assess the CONOPS per scenario. The KPIs are as
following: runway capacity, complexity of implementation,
noise-, CO2-reduction and NOx-reduction, possibility to
grow, operation cost reduction and total travel time.

Scenarios: The dependent variables of the performances
of HEA are still uncertain. That is why five scenarios are
determined in a scenario analysis [34]. It can be concluded
that the scenario space exists of the technology breakthrough
and the decisions of regulations regarding HEA. In the
scenario space, five scenarios are defined. For each scenario,
consisting of a specific combination between the two driving
forces, absolute values are given to the dependent variables.
The five scenarios and their corresponding performances
and characteristics can be found in figure 4.

It can be seen that there are six characteristics per scenario,
namely the percentage of HEA in the ATM-system, range,
passenger capacity, type of aircraft and electrification and
the approach and landing speed. Each characteristic is
assigned an absolute value. A distinction has been made
between the minimum and maximum performances of HEA,
which are the result of the data analysis. The percentage of
HEA in the ATM-system is based on the number of flights
up to 750 km. It is concluded that HEA have a maximum
range of 1000km. However, regulations require that there
will be enough fuel on board for the flight to be completed

safely and for the alternate airport specified in the navigation
plan to be reached, in case of unexpected events [2]. That is
why HEA can only fly up to 750km in practice. This equals
38 percent of the current flights at Schiphol Airport and 25
percent at RTHA [35]. The range and passenger capacity
are assumed based on the data-analysis. Figure 2 shows that
the majority of HEA concepts are within a range of 500km
with up to 20 passengers. There are also some concept
HEA that expect to fly up to 1000 km with 100 passengers.
It is concluded in the data analysis that HEA with a longer
range and higher passenger capacity are mainly outliers.
Therefore it is less likely that HEA with a higher passenger
capacity and range become reality.

Fig. 4: Performances per scenario

The first scenario is presents the base case. The technology
breakthrough and lack of positive regulations regarding HEA
lead to zero percent HEA. Scenario 2 contains five percent
of HEA. Due to the limited technology breakthrough, only
HEA with a maximum passenger capacity of 19 passengers
are certified. In combination with a limited maximum range
of 500km, purchasing HEA is only attractive for private jet
owners. In scenario 3 and 5, a technology breakthrough has
occurred. Because of this, both scenarios contain HEA that
can fly up to 1000km with 100 passengers. However, due to
the lack of positive regulations in scenario 3, the percentage
of HEA is only ten percent. In scenario 5, the regulations
are positive which means it is more attractive for airlines
to purchase HEA, due to the economic and sustainable
benefits. This leads to 25 percent HEA in the ATM-system.

CONOPS: Many ideas for CONOPS are devised in
a brainstorm. The brainstorm, in which ATM and HEA
experts participated, was mainly focused on scenario 3, 4
and 5. Scenario 1 represents the base case in which no
HEA are integrated. The CONOPS related to scenario 2
is apparent. These two scenarios are temporarily put aside.
During the brainstorm both segregation and integration were
mentioned. Other ideas have been suggested as locating HEA
at Schiphol Airport or at regional airports, opening up a
fourth runway during peak-hours if the capacity does not
allow otherwise and discussions were held about integrating
HEA during peak- and/or off-peak hours. These ideas can
be classified into three variables: time, airport and runway.
A morphological analysis was applied in order to make all
combinations between these variables. CONOPS that were
not feasible or did not meet the constraints were filtered out.



The outcome contains of nine CONOPS (A to I), that can
be found in figure 5.

Fig. 5: Outcome morphological analysis

The aim of phase II is to determine the design space,
scenarios and CONOPS as input for the assessment. Now
that these are determined, phase II can be completed.

V. PHASE III. PREPARATION ASSESSMENT

Since there are three types of input and a scorecard only
has two axes, scenarios 3, 4 and 5 are combined with
the nine CONOPS. The result consists of 27 combinations.
However, only the vertices are chosen to do further research
on. The vertices are the most interesting combinations
that cause the most friction in the ATM-system. They are
chosen in a scorecard, based on the constraints and the
characteristics of the scenario-CONOPS-combinations. First,
the variables of the scenario-CONOPS-combination are made
more exact by defining the number of runways, number
of HEA, the specific time of peak- and off-peak hours
[min] [36] and the current pressure on the ATM-system
of the location. Hereafter, normalized scores between
zero and one are added to these defined variables. The
scenario-CONOPS-combination with the highest score per
CONOPS is chosen as vertex since this is the most
interesting to research more in detail. Thereby, it is also
examined whether the scenario-CONOPS-combinations meet
the constraints that have been established earlier in the design
space. Nine combinations are determined as vertices. These
combinations are from now on called CONOPS and are given
a name, as can be seen in figure 6.

Fig. 6: Characteristics per CONOPS

It can be seen that scenario 1 and 2 are both connected to
only one CONOPS. Scenario 3 is combined with CONOPS
Ferraris and CONOPS Tesla that are both located at
Schiphol Airport during peak hours. These combinations
study whether it is better to make use of the current runways
or make use of an extra runway, in case of ten percent
HEA. The same applies for CONOPS Siemens and CONOPS
Thompson that are related to scenario 4 where only off-peak
hours are considered. In addition, this scenario contains 20
percent HEA with a shorter range and smaller passenger
capacity. Since HEA have a smaller passenger capacity
compared to conventional aircraft, the CONOPS can only
be implemented when the business model of airlines are
adjusted. Lastly, scenario 5 is combined with CONOPS
Volta, CONOPS Franklin and CONOPS Kelvin. These three
combinations make it possible to study whether it is better to
accommodate 25 percent of HEA at Schiphol airport on the
current runways, at Schiphol airport with one extra runway or
at the regional airports. Now that the combinations between
scenarios and CONOPS have been made, phase III has been
completed.

VI. PHASE IV. ASSESSMENT

With the CONOPS and the KPIs that are determined
before, the assessment is performed. This section first
describes the outcome of the assessment. This is followed
by the sensitivity analysis in order to determine how various
sources of uncertainty in a model contribute to the model’s
overall uncertainty.

Outcome assessment
The input for the assessments consists of the CONOPS
(related to a scenario) and KPIs. Each CONOPS is assessed
on the KPIs by first calculating the absolute numbers of
the KPIs. The absolute numbers are calculated based on
the characteristics of the CONOPS and the performances
and effects defined in the data-analysis. Based on the
absolute numbers, normalized scores are given to the KPIs
per CONOPS. The final score per CONOPS shows which
CONOPS is potential per scenario. It was already clear that
CONOPS Bell and CONOPS Edison are the best fit in case



respectively scenario 1 and 2 become reality. For scenario
3, CONOPS Ferraris has the highest final score. This
CONOPS integrates 10 percent HEA during peak hours on
the current runways. In case scenario 4 becomes reality,
it is recommended to implement CONOPS Siemens. It is
therefore recommended to integrate 20 percent of HEA
during off-peak hours on the current runways. For scenario
5, it was also researched what the effect is of implementing
HEA at regional airports. This CONOPS Franklin scores
best of the three. The absolute numbers in the scorecard also
show that a CONOPS with a higher percentage HEA (not
part of this research) will exceed the maximum capacity of
the two regional airports. 25 percent of HEA equals 74,460
movement. 45,000 movements can be located at Lelystad
airport (after the Luchtruimherziening [37]). The other flight
movements can be located at RTHA [38]. Furthermore, it
was striking that CONOPS Volta scores second best. The
difference in final scores between CONOPS Franklin and
Volta is around 0.5 on a total score around 100. This means
that both CONOPS can be implemented.

Sensitivity analysis
As is said before, the independent variables are based on
an assumption. This means that this affects the dependent
variables as well. With this sensitivity analysis, it is studied
how various sources of uncertainty in a model contribute
to the model’s overall uncertainty. The independent
variables that are of great influence of the outcome of the
assessment are the landing weight, noise nuisance, CO2- and
NOx-emissions. The landing weight subsequently affects the
RECAT-categories, the approach and landing speed, ROT
and runway capacity. The increase of the ROT is assumed to
be 5, 10 and 15 percent dependent on the HEA’s passenger
capacity. If the landing weight becomes much heavier than
expected, the runway capacity will decrease significantly.
In this case, the final scores decrease of CONOPS that
include more HEA which shows that it is less attractive for
an ANSP to include HEA to a larger extent, based on the
runway capacity.

Based on scientific research, the noise nuisance, CO2-
and NOx-emissions are assumed as well [30][28][29]. These
three variables are of great importance for the Dutch minister
of Infrastructure and Water Management since the aviation
sector can only grow through demonstrable reduction of

Fig. 7: Sensitivity analysis

nuisance [3]. By varying these variables, the greatest
possible growth can be created. Different values for these
four independent variables are applied in the sensitivity
analysis. The outcome shows that the final scores change
minimally. The adjustments of the variables and the effects
on the final scores can be found in table 7.

The reason why the final scores do not change that much
is because the outcome of the assessment is to a great extent
based on the qualitative KPIs. These KPIs are the complexity
of implementation and possibility to grow for CONOPS
related to scenario 3 and 4. For CONOPS related to scenario
5, the qualitative KPIs that influence the outcome are the
possibility to grow and the total travel time. A sensitivity
analysis is applied for these CONOPS. The results show that
when the scores of the qualitative KPIs are adjusted, the final
scores differ significantly. In case of scenario 3, CONOPS
Tesla scores higher than CONOPS Ferraris which means that
it is recommended to make use of an extra runway. The same
holds for CONOPS related to scenario 4. This can be seen
in figure 8.

Fig. 8: Sensitivity analysis qualitative KPIs - scenario 3 and 4

Scenario 5 is related to three CONOPS. The outcomes
of CONOPS Franklin and Franklin are already close
together. CONOPS Franklin is assigned the highest score
and CONOPS Franklin scores slightly lower. A minimal
change in the scores of the qualitative KPIs is needed in
order to assign CONOPS Franklin the highest score. One of
the qualitative scores is the total travel time. Further research
must be done to the total travel time from door-to-door for
passengers in order to assign this KPI a quantitative score. It
can for example be that Schiphol Airport is better accessible



for more passengers, due to the better infrastructure and
higher population density. In that case, CONOPS Volta is
assessed a higher score for this KPI and subsequently for
the final score. This is shows in figure 9

Fig. 9: Sensitivity analysis qualitative KPIs - scenario 5

A third sensitivity analysis is based on the weight of the
KPIs. The weights are applied from the decision makers’
point of view. However, many stakeholders are involved
as is proved earlier in this research. Some KPIs are only
related to only the ANSP, others are related to important
stakeholders. Implementing the weights of importance per
KPI can be based on the relationships between the ANSP
with other stakeholders. A sensitivity analysis is applied on
the relationships with airports, airlines and governments.
The results can be found in figure 10. The different weights
of the KPIs lead to different final scores. For CONOPS
related to scenario 3 and 4, the differences in final scores
do not influence to the extent that the CONOPS with a
lowest score in the base case gets the highest score in
the sensitivity analysis. For CONOPS related to scenario
5, CONOPS Volta and Franklin change in highest score.
However, it can be concluded that weights do not affect the
final outcome of this study significantly.

It can be concluded from the sensitivity analysis that
mainly the uncertain qualitative sources in the model
contribute to the model’s overall uncertainty.

Fig. 10: Sensitivity analysis weights KPIs

VII. CONCLUSION

Overall, it can be concluded that HEA can be treated as
a conventional aircraft. Even with deviating performances,
the integration of HEA entails a limited implementation
complexity. When HEA are integrated on the already
used runways, the runway capacity decreases minimally.
Using an extra runway influences the complexity of the
CONOPS and does not outweigh the loss of runway
capacity. The advantage is that HEA make the TWR and
APP operations more sustainable. The noise-nuisance, CO2-
and NOx-emissions decrease significantly. Since residents
experience less nuisance of air traffic, airports can grow
in air traffic movements and total passengers per year [3].
This is an advantage for airlines and airports. However, the
total passenger capacity of airports and airlines is related
to the definitive passenger capacity of HEA. When this
passenger capacity is relatively small, this will effect the
airlines operations significantly. Since airports and airlines
want to maintain their passenger capacity, HEA with a
smaller passenger capacity can only be integrated when the
business model of airlines are adjusted [39].

There is also the possibility to move a percentage of
HEA to regional airports. For the regional airports Lelystad
and RTHA, a maximum of 25 percent applies. This is the
maximum percentage of HEA that can be moved to regional
airports without resulting in complexity of the new CONOPS
. HEA can be integrated like a conventional aircraft.
However, the sensitivity analysis shows that the outcome
of the assessment is mainly based on the qualitative KPIs.
It is therefore recommended to do further research on the
following KPIs: complexity of implementation, possibility
to grow and total travel time. Further recommendations are
given in the next section. This study is a preliminary research
for ANSPs to integrate HEA in the ATM-system. When
ANSPs at other airports want to integrate HEA, the structure
of this case study can be used. As the independent variables
of the performances and effects of HEA, that are independent
of the ANSP and airport of implementation.



VIII. DISCUSSION

In this section, the recommendations are given that
are part of the results of this study. First, the limitations
and recommendations for the data is given. This is
followed by the recommendations for further research. Next,
recommendations for ANSPs abroad are given.

Recommendations for data: In figure 1 it is shows that
the performances of HEA are independent variables. Since
aircraft manufacturers are still exploring the maximum
power-to-weight ratio, there is a lack of (exact) data
about the performances of HEA. A data-analysis and
the implementation of scenarios in this study attempt to
make the values of the independent variables as robust
as possible. However, this does not change the fact that
assumptions had to be made for the performances of HEA.
When independent variables are uncertain, this uncertainty
can affect the outcome of the overall model. It is therefore
recommended to repeat this research again in the future
with more reliable data. Since the performances and effects
are linked to the power-to-weight ratio, a certain ratio will
effect the certainty of this study significantly.

In addition, other assumptions, independent of the data
analysis, have been made that can influence the outcome
of the scorecard. Firstly, the CONOPS are compared to the
current situation. The base case does not take future changes
into account that are unrelated to HEA, for example the
advent of other sustainable aviation fuels. It is recommended
that these future changes be included in further research
in due course. Secondly, based on literature research the
assumption is made that HEA are expected in 2035. This
assumption was partly based on the expected growth of
aviation. However, during this study the COVID-19 crisis
started. The aviation sector has been seriously affected
by this. It is expected that the number of movements at
Schiphol will be back at its old level in 2023. In addition,
aircraft manufacturers suffer from this and therefore freeze
the HEA-projects. It may therefore be that 2035 is no longer
a correct time estimate.

Recommendations for further research: As said
above, the independent variables are uncertain. That is why
the context has to be analyzed again in the future. The
structure of this research can be maintained in the future.
It ensures that possibilities are sought in a divergent way
and future scenarios keep options open until a scenario
becomes reality. Since the independent variables becomes
more certain over time, the outcome of this research
becomes more robust. When they are more certain, it is
important to do more detailed research per KPI. When
more detailed studies are performed per KPI, each KPI
can be assessed at the same detailed level. This means that
the qualitative KPIs can be transformed into quantitative
KPIs. Lastly, for further research is it interesting to look
at the effects of combinations between CONOPS. This

applies to CONOPS that are located at different runways
and/or airports can be combined. For example CONOPS
Franklin, located at the regional airports, can be combined
with CONOPS Volta in order to integrate 50 percent of HEA.

Recommendations for ANSPs elsewhere: This research
was carried out by means of a case study at Dutch airports.
When looking at integrating HEA in the ATM-system at
a different location, it is recommended to keep the same
structure of this study. However, minor adjustments have to
be made. In addition, the recommendations described above
also apply to ANSPs at airports abroad. The adjustments are:

• In the Netherlands there is almost no regional air
traffic. This means that no flights are offered with both
departure and arrival within the Netherlands. When
HEA are integrated in a country where regional air
traffic is involved, the advent of HEA influences the
ATM-system more. The distances of regional air traffic,
the maximum range and passenger capacity of HEA are
a better match. That means that the percentage of HEA
in the ATM-system can increase significantly. The role
of regional airports is therefore becoming much more
interesting.

• In the Netherlands, there are relatively many runways
in use. It is known that this is not always the case
at other airports. When only one runway is in use
at a bigger airport, this can influence the impact of
deviating performances. It is recommended to take this
into account.

• It is recommended to keep in close contact of the
operations of other ANSPs. When HEA are integrated
in the ATM-system, it is important to share experiences
of operations with ANSPs abroad.
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