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Abstract

Over the last 50 years, the global airline industry has seen resilient growth in demand for passenger
travel; this trend is expected to continue in the coming decades. With kerosene being the predominant
source used as jet fuel, this increase in air traffic is expected to result in the depletion of non-renewable
fossil fuels and undesired climate changes on a global scale. Therefore, the industry is currently
exploring the electrification of aircraft taking into account advanced concepts such as more electric
aircraft (MEA) and hybrid electric propulsion systems. This thesis addresses a combination of these
two concepts characterised as an electrically assisted propulsion & power system (EAPPS). This system
integrates a conventional turbofan engine with a network of electrical components, providing assistance
to the aircraft propulsion and non-propulsive power systems. This secondary electrical system can be
activated throughout the flight mission to assist the turbofan engine and increase the overall system
efficiency. The amount of electrical power relative to the total power is defined as the power split ratio.

The objective of this study is to evaluate how gradual modifications in this EAPPS affect the overall
performance of an Airbus A320neo (new engine option) aircraft in a short-range mission of 1,000 km.
The proposed changes include the conversion to an electrical architecture of the non-propulsive power
systems, the implementation of a fuel cell system, the installation of photovoltaic panels on the outer
skin of the aircraft and the downscaling of the turbofan engine. To analyse these effects accordingly, two
separate simulation models were developed within the MATLAB® environment to perform and verify a
series of trade studies at two different time frames: near future (2020+) and far future (2040+).

The results revealed that each modification proved to be advantageous in terms of overall fuel and
energy consumption; however, turning the A320neo into a MEA is the most effective approach. The
inclusion of fuel cell and photovoltaic systems brings minor benefits, but also increases the complexity
of the system. Nonetheless, the derived optimal setups for the 2020+ and 2040+ scenarios feature all
modifications, but with a different power management strategy and engine scaling.

The optimal power management strategy for 2020+ includes fully electric taxiing, a take-off power
split φtakeoff of 17%, a climb power split φclimb of 9% and a downscaled engine of 90%. Compared to
the conventional A320neo, this setup will lower the fuel and energy consumption by 17% and 13%,
correspondingly. Also, the CO2 emissions are reduced by 16%. By 2040+, the optimal take-off power
split φtakeoff increases to 26% and the climb power split φclimb to 43%. This allows the CFM LEAP-1A
engine to be scaled down to 85%. The total relative savings of fuel, energy and CO2 emissions equal
28%, 18% and 27%, respectively. The impact of the projected technological development in a time
period of 20 years, from 2020+ to 2040+, is witnessed through the increased use of electrically assisted
propulsion and significant greater amounts saved with respect to fuel, energy and engine emissions.
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ṁf Fuel flow rate [kg/s]
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r Actual distance between the Earth and the Sun [m]
r Area specific internal resistance of fuel cell [Ω/m2]
Scell,eff Effective PV cell area [m2]
Scell,total Total area of single PV cell [m2]
Sfuse,eff Total effective fuselage area [m2]
Spv,eff Total effective surface area for PV panels [m2]
Stail,eff Total effective tailplane area [m2]
Swing,eff Total effective wing area [m2]
S Wing area [m2]
TA Torque at point A [Nm]
TB Torque at point B [Nm]
Tinlet Inlet temperature [K]
Top Operating temperature [K]

xxxi



Master of Science Thesis List of Tables

Tph Number of turns per phase [-]
Tref Reference temperature [K]
Tref Temperature at Standard Test Conditions [K]
tsolar Solar time [h]
Tt41 Temperature at the nozzle guide vanes [K]
Tt45 Exhaust gas temperature [K]
T Thrust [N]
T Torque [Nm]
T Transmittance of PV panels [-]
t Time [h]
V0,cell Nominal voltage of battery cell [V]
V0,pack Nominal voltage of battery pack [V]
V0 Battery nominal voltage [V]
Vact Activation loss [V]
Vapproach Velocity during approach phase [m/s]
Vb Battery terminal voltage [V]
Vcell Photovoltaic cell voltage [V]
Vclimb1 Velocity during first climb phase [m/s]
Vclimb2 Velocity during second climb phase [m/s]
Vconc Concentration loss [V]
Vdescent1 Velocity during first descent phase [m/s]
Vdescent2 Velocity during second descent phase [m/s]
VEEbay Volume of E & E bay [m3]
Vfc Fuel cell voltage [V]
Vmax Maximum operating voltage [V]
Vmpp,cell Photovoltaic cell voltage at maximum power point [V]
Vmpp,pv Photovoltaic system voltage at maximum power point [V]
Vnom,cell Nominal voltage of battery cell [V]
Vnom,pack Nominal voltage of battery pack [V]
Voc,cell Open-circuit voltage of PV cell [V]
Voc,ref Reference open-circuit voltage of PV cell [V]
Voc,system Open-circuit voltage of PV system [V]
Voc Open-circuit voltage [V]
Vohmic Ohmic loss [V]
Vpv Operating voltage of PV system [V]
Vstack Fuel cell stack voltage [V]
VTcell Thermal cell voltage [V]
Vtakeoff Velocity during take-off phase [m/s]
Vwind Wind velocity [m/s]
V Velocity [m/s]
V Voltage [V]
v Wire velocity relative to the magnetic field [m/s]
wcell Width of a single PV cell [m]

xxxii



List of Tables Master of Science Thesis

W Weight [N]
xeast Relative position of the aircraft towards the East [m]
xnorth Relative position of the aircraft towards the North [m]
x Independent variable matrix
y Dependent variable vector

Subscripts
act Activation
approach Approach phase
A Area
A Point A
batt Battery
bear Bearing
B Point B
b Battery
cables Cables
cell Battery cell
cell Photovoltaic cell
climb Climb phase
conc Concentration
conversion Conversion
copper Copper
cruise Cruise phase
curve Curvature
descent Descent phase
dyn Dynamic
D Drag
d Diode
east East
EEbay E & E bay
eff Effective
electricmotor Electric motor
electricsystem Electrical system
elec Electrical
engine Turbofan engine
fc Fuel cell system
friction Friction
fuse Fuselage
F Faradaic
f Fuel
f Magnetic field
g Ground
H2 Hydrogen

xxxiii



Master of Science Thesis List of Tables

h Hexagonal lattice
init Initial
inlet Inlet
inverters Total inverters
inv Inverter
in Input
iron Iron
L0 Lift at zero angle of attack
Lα Lift curve slope
landing Landing phase
loss Loss
LP Low pressure
L Lift
mass Mass
mat Material
max Maximum
mean Mean value
module Module
motor Electric motor
mpp Maximum power point
m Mean
nom Nominal
north North
oc Open-circuit
ohmic Ohmic
op Operating
out Output
pack Battery pack
ph Phase
ph Photoelectric
pv Photovoltaic
p Peak
rat Rated
ref Reference
roll Rolling resistance
r Rotor
sc Short-circuit
solar Solar
stack Fuel cell stack
supp Supplied
s Stator
tail Tailplane
takeoff Take-off phase

xxxiv



List of Tables Master of Science Thesis

taxiin Taxi-in phase
taxiout Taxi-out phase
thrust Thrust
th Thermodynamic
ToC Top of Climb phase
ToD Top of Descent phase
total Total
used Used
V Voltaic
windage Windage
wind Wind
wing Wing
wire Wire

xxxv



Master of Science Thesis List of Tables

xxxvi



CHAPTER 1
Introduction

This chapter presents the research problem, the aim of this study and its methodologies to accomplish
the objective. The main challenge of future aviation remains lessening its impact on the natural
environment and the consumption of non-renewable fossil fuels. Current trends in the aircraft industry
point towards the increased use of electrical power; the electrification of commercial aircraft can serve
as a solution to this problem and will be discussed here in more detail.

First of all, the rationale for hybrid electric aviation and its underlying problems will be discussed in
Section 1.1. From this, a research objective can be defined in Section 1.2, along with a list of secondary
objectives. In Section 1.3, the scope and significance of this study will be briefly described. The research
methods and procedure used to carry this project to a successful end will be presented in Section 1.4.
Lastly, an outline of this thesis report will be covered in Section 1.5.

1.1 Problem Definition

In response to the ever-growing aviation industry and its impact on the natural environment, ambi-
tious goals for future aviation have been set by the global aerospace industry. First introduced in the
automotive sector and now making its way to the aviation industry, hybrid electric propulsion systems
(HEPS) have been identified as a potential solution. These concepts attempt to reduce fuel con-
sumption and emissions of traditional combustion engines through hybridisation via electrical energy
sources. Another visible trend in this industry is the electrification of aircraft subsystem architectures;
more electric aircraft (MEA), e.g. the Airbus A350 or the Boeing 787 Dreamliner, feature advanced
electrically powered subsystems instead of conventional hydraulic and pneumatic counterparts.

Given the current state of technology, it is unlikely that electric flight can flourish in the present
moment. Especially the specific power and energy values required for the electrical system impose a
huge problem; such topologies will only become viable in the far future. It is expected that traditional
gas turbines will play a crucial role in aircraft propulsion, possibly in combination with electric motors.
HEPS cover a huge range of architectures. This thesis focuses on a pragmatic approach towards HEPS,
coined as an electrically assisted propulsion & power system (EAPPS). An EAPPS can be defined as
a coherent system which integrates a combustion engine with a network of electrical components,
providing assistance to the aircraft propulsion and non-propulsive power systems via an electric motor
and energy devices, respectively. This electrical network includes, but is not limited to: electric motors,
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generators, power electronics, batteries, cables, fuel cell and photovoltaic systems. This EAPPS concept
will serve as a stepping stone towards the realisation of fully electric aircraft.

1.2 Research Aim and Objectives

A former study has focused on the power management of HEPS in an A320 aircraft environment; the
choice in power management strategy, along with the maturity level of electric technology, appear to
be crucial for the feasibility of HEPS in commercial aviation [1, 2].

The purpose of this study is to extend this knowledge on HEPS applied in commercial aircraft. The
main objective of the research project is to gradually assess the effects of several system modifications
on fuel and energy consumption as well as engine emissions. When applying EAPPS, the following
changes are taken into account: electrification of non-propulsive power systems, incorporating emerging
technologies such as fuel cell systems or photovoltaics and engine scaling. Such modifications within a
HEPS environment have not been addressed yet in current literature and thus provide new insights into
the realm of hybrid electric propulsion, in the context of single-aisle commercial aircraft. Furthermore,
a more in-depth analysis, by means of detailed modelling, is performed on the involved electrical
components in order to assess the selected configurations and support the system sizing. The resulting
EAPPS configuration and its associated electrical system can then be optimised with respect to fuel,
energy and emission savings.

In order to realise this goal, a number of secondary objectives are formulated. These include but are
not limited to:

• Identify the most suitable photovoltaic and fuel cell technologies for aircraft applications

• Find the optimal flight route based on available solar irradiance and sun hours

• Develop a flight mission analysis tool to simulate the performance of an A320neo hybrid electric
aircraft with the aforementioned modifications

• Analyse the effect of these changes on the overall performance of the A320neo aircraft for a
specified mission profile

• Find and validate well-known methods to model the dynamics of the electrical system and its
individual components (i.e. electric motor, PV system, fuel cell system and batteries)

• Develop an energy management optimisation tool to accommodate the power demand of the
aircraft and its subsystems

• Compare the results and define the optimised EAPPS configuration with power management
strategy

• Identify the fuel, energy and emission savings with respect to the conventional A320neo aircraft

• Perform a sustainable impact assessment of the optimised EAPPS configuration
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1.3 Research Scope

To keep this project manageable without missing any significant factors, several assumptions will be
chosen carefully. The reference aircraft is an A320neo with a defined mission range of 1,000 km
carrying the maximum capacity of 190 passengers. This range is supported by a sensitivity analysis
that investigated the fuel savings of a HEPS-integrated aircraft as a function of mission length [1].
Beyond this range of 1,000 km, the additional electrical system will be carried over a longer distance,
yielding increased fuel consumption and thus reduced benefits from HEPS [1]. The aircraft geometry
will remain the same for all variations of the EAPPS and the components that make up this system
will be based on technologies projected to be available in the near future (2020+) and the far future
(2040+).

For this research, a full mission analysis is performed; each individual segment throughout flight will be
considered. However, the most important segments are the take-off and the climb, where the turbofan
engine will be assisted by an electric motor. The total required shaft power will be split between the
conventional and electric components based on the chosen power management strategy. This, in turn,
affects the fuel flow and battery discharge rate of the system.

The propulsion system used is a twin-spool turbofan engine; it will remain unaltered for the reference
configuration, but scaled down accordingly for the hybrid electric configurations. Since the engine plays
a key role in the overall aircraft efficiency, the secondary power off-takes for the aircraft subsystems
will also be taken into account and analysed how this affects the engine performance. If traditional
subsystems such as the Environmental Control System (ECS) and the Ice Protection System (IPS) are
replaced by electrical counterparts, bleed air off-takes can be entirely eliminated at the cost of increased
electrical power. In addition, conversion losses introduced by the generator as well as the generator
mass can be avoided, if the electrical power is directly supplied by batteries; the results of this trade-
off will be covered in this study. Keep in mind that detailed modelling of these aircraft subsystems
(e.g. cabin thermal loads, heating requirements for de-icing, etc.) is beyond the scope of this project,
electrical power requirements and other relevant data will be derived from existing literature.

All in all, the focus of the study will be on the overall performance and energy management of the
Airbus A320neo equipped with EAPPS. The main purpose is to showcase the technical feasibility of
different technologies with HEPS and determine whether this synergistic approach brings additional
benefits. Cost and reliability aspects are not yet taken into account, as a proof of concept needs to
be presented first. As stated before, integrating HEPS with other electrical components to form a co-
operative system known as an EAPPS has not been documented yet in today’s literature; this research
will hopefully provide a better understanding of such systems and fill in this knowledge gap.

1.4 Research Methodology

For the majority of the time, the research project will be carried out at the Netherlands Aerospace Centre
(NLR) in Amsterdam. The computing software MATLAB® and its integrated Simulink® environment
will primarily be used for developing the aircraft flight performance model and the optimisation methods
in the EAPPS module. To simulate the dynamics of the propulsion system, the internally developed Gas
turbine Simulation Programme (GSP®) will be coupled to the simulation model. In addition, a separate
model, the energy management system (EMS) module, will be built to replicate the dynamic behaviour
of several components within an electrical system, for a more detailed analysis of these components.

The initial simulation model is able to analyse the performance of the reference aircraft, the Air-
bus A320neo. In addition, it supports hybridisation of the propulsive power by integrating electric
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components and the associated power management control strategy based on a former study [1, 2].
Afterwards, various modifications will be introduced individually into the EAPPS simulation model:
electrification of conventional subsystems, addition of fuel cell systems and the installation of PV pan-
els. This arrangement can then be optimised through changes in the power management strategy and
resizing the engine. Afterwards, the aircraft emissions will be modelled to analyse the environmental
impact of the optimised configuration. To assess the assumptions used for the electrical system in the
EAPPS module and provide additional insight into system behaviour, a more detailed EMS module will
be developed separately, including the optimisation and sizing of the battery system. The implementa-
tion of these two simulation models for modelling the A320neo with EAPPS is discussed thoroughly in
Section 3.11.

Ultimately, the result of this project will be two different simulation models. The first one is the EAPPS
module, capable of comparing the performance of the reference aircraft with a conventional engine to
the performance of the same aircraft with an EAPPS configuration; a parallel HEPS setup with several
modifications including the electrification of conventional aircraft subsystems, installation of PV panels
on the outer skin, addition of a complete fuel cell system and engine scaling. The second one is the
EMS module and can evaluate the dynamic behaviour of the electrical system and find the optimal
battery configuration that can provide the necessary electrical power to the aircraft propulsion and
non-propulsive power systems.

1.5 Thesis Outline

The structure of the report is as follows: Chapter 2 will provide the essential background information
to understand the basic concept of HEPS. Other associated topics such as the environmental impact of
aviation and the electrification of aircraft as well as promising PV and fuel cell technologies for aircraft
applications will also be discussed. Then, in Chapter 3, a thorough description of each individual
system component and an overview of the two simulation models developed in this study will be given:
one for the mission analysis (EAPPS module) and one for the energy management of the electrical
system (EMS module). The development of both these modules will be explained comprehensively in
Chapter 4 and Chapter 5, respectively; these include the model assumptions, the modelling approaches
and all the validation and verification procedures performed. After running a series of trade studies with
different EAPPS setups, the most important results and discoveries will be presented in Chapter 6. Also,
additional insights will be given in separate discussion sections. Finally, in Chapter 7, the report will
conclude with an extensive summary of all the important findings and a number of recommendations
for future research regarding EAPPS.
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CHAPTER 2
Background Information

This chapter introduces the topic of hybrid electric propulsion systems (HEPS) and its potential to
bridge the gap between conventional and fully electric aircraft. Other subjects discussed include the
environmental impact of aviation, the electrification of aircraft as well as potential applications of
photovoltaics and fuel cell technologies in an aircraft environment. The information presented is mainly
derived from previous literature research; the full literature survey can be accessed through Ref. [3].

Firstly, the environmental issues caused by the aircraft industry will be discussed in Section 2.1. Then,
a short summary of HEPS and previous research work is given in Section 2.2. This is followed by the
electrification of aviation in Section 2.3 and which challenges need to be faced to realise electric aircraft
in the future. Two emerging technologies that are considered for an electrically assisted propulsion &
power system (EAPPS), photovoltaics and fuel cell systems, will be described thoroughly in Section 2.4
and Section 2.5, respectively.

2.1 Environmental Impact of Aviation

Environmental issues such as air pollution have always been at the forefront of people’s minds. The
aircraft industry is one of the major contributors to air pollution and due to its rapid growth, it raises
extra concern. Both leading aircraft manufacturers, Airbus and Boeing, predict that air travel will
double in growth over the next twenty years [4, 5]; this is illustrated in Figure 2.1. Figure 2.1a shows
that with an annual growth of 4.5%, the total global air traffic will double by the year 2030, with
respect to the year 2015. Figure 2.1b illustrates how Boeing will expand from 22,510 airplanes in 2015
to an in-service fleet of 45,240 by 2035; note that 43% of the new airplanes will be used to replace
older models.

With this in mind, the environmental impact caused by the aircraft industry should be investigated
thoroughly. At current unsustainable rates of fossil fuel consumption, the non-renewable resources will
inevitably run out. Aside from depletion, burning these fossil fuels brings undesired climate changes
on a global scale. Aircraft engines generate thrust by accelerating air backwards. This is done by
combusting a mixture of air and fuel, which releases heat, gases, particulates and noise; the most
important greenhouse gases (GHGs) and particles include carbon dioxide (CO2), nitrogen oxide (NOx),
water vapour (H2O), soot and sulphate aerosols.
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(b) Prediction of fleet development by Boeing [5].

Figure 2.1: Global aviation forecast by the leading aircraft manufacturers.

To prevent escalation of environmental impact by the ever-increasing demand for aviation, challenging
targets have been set by the Advisory Council for Aviation Research and Innovation in Europe (ACARE).
The goals of Flightpath 2050 for future aviation are compared to the capabilities of typical new aircraft
in 2000 and can be summarised as follows [6]:

• 75% reduction in CO2 emissions per passenger kilometre

• 90% reduction in NOx emissions

• 65% reduction in perceived noise emissions of flying aircraft

• emission-free aircraft movements when taxiing

Likewise, National Aeronautics and Space Administration (NASA) has set goals for future generations
of advanced aircraft in the near, mid and far term (2015, 2025 and 2035) for which technologies should
be ready by 2015, 2020 and 2025, correspondingly. Table 2.1 provides an overview of these targets for
the next generations, also known as N+1, N+2 and N+3 [7–9].

Table 2.1: Goals set by NASA for future generation subsonic fixed wing aircraft [9].

Corners of the trade space
N+1 (2015)1

next generation
tube-wing aircraft

N+2 (2020)1

revolutionary
hybrid wing body

N+3 (2025)1

advanced aircraft
concepts

Aircraft fuel consumption2 - 33% - 50% - 60%
Noise (cumulative below Stage 4) - 32 dB - 42 dB - 71 dB

LTO NOx emissions (below CAEP 6) - 60% - 75% - 80%
Cruise NOx emissions

(Relative to 2005 best in class)
- 55% - 70% - 80%

Aircraft field length - 33% - 50% exploit metroplex
concepts3

1 Enabling technologies should reach TRL 4-6 by 2015, 2020 and 2025 for N+1, N+2 and N+3, respectively.
2 Relative to a B737-800 with a CFM56/7B engine, representative of 1998 entry into service.
3 Concepts that enable optimal use of runways at multiple airports within the metropolitan areas.
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2.2 Hybrid Electric Propulsion Systems

The idea of electric propulsion is derived from the automotive industry; rapid development in battery
technology has allowed a wide range of electric and hybrid electric cars to enter the global market.
However, the realisation of fully electric commercial aircraft carrying hundreds of passengers is still
farfetched given the current technology level. Aside from the take-off imposed power requirements,
the problem of range limitation due to high battery mass impairs electric aviation even more than
for ground-based transport. For this reason, the introduction of HEPS serves as an intermediate step
between conventional and fully electric aircraft.

HEPS are considered to be a promising propulsion technology; the idea behind it is that the overall
performance, consisting of a conventional internal combustion engine (ICE) combined with an electric
motor, outweighs the individual performance of each component [10, 11]. Since less thrust is required
by the engine, a reduction in emissions can be expected. Also, the ICE design is no longer dictated by
the take-off phase, if additional thrust is provided by the electric motor, and could be optimised for the
longer cruise phase, resulting in a smaller, more fuel efficient engine.

Figure 2.2 presents various electric propulsion arrangements. Different hybrid electric architectures de-
pend on how the combustive and electric parts are combined: series (Figure 2.2a), parallel (Figure 2.2b)
or a combination of both series and parallel (Figure 2.2c). The last option often results in more complex
and heavier systems, far outside the scope of this project; therefore, this setup will not be considered. In
a series configuration, the propeller fan is solely connected to an electric motor, which is consecutively
driven by electrical power from an additional turbo generator. In a parallel configuration, the power
comes from both the ICE and the electric motor, which is powered by a battery or any other energy
storage device. These two will be further discussed in Section 2.2.1. The turbo-electric architectures
are quite similar to the HEPS setups; the partial and full turbo-electric systems (Figure 2.2d and Fig-
ure 2.2e) are essentially the series-parallel and series hybrid setups without the use of batteries. These
architectures cannot be installed on existing aircraft without a radical change in design, so these setups
will not be discussed any further. The all electric architecture (Figure 2.2f) is the quintessential goal
for future aviation and completely removes its dependence on kerosene, allowing zero emissions.

2.2.1 Trade-Off Study of Hybrid Electric Propulsion Systems

To perform this trade-off study, the advantages and disadvantages of the series and parallel HEPS
architectures will be briefly described.

In a series HEPS configuration, the combustion engine is connected to a generator which converts
mechanical into electrical power. Subsequently, the generated power is used to drive the fan through
an electric motor. The advantage of series HEPS is that the engine is mechanically decoupled from
the fan. This allows the engine to operate at an optimal RPM during the whole flight mission. The
downside is an increased system weight due to the additional generator. Furthermore, this arrangement
has the freedom to position the engine and fan separately from each other. This permits revolutionary
aircraft configurations such as Turbo-electric Distributed Propulsion (TeDP), where a number of high-
power electric motors drive a continuous array of propelling fans [9]. Distributed propulsion is being
considered as a possible solution to increase aircraft efficiency, reduce fuel burn and lower emissions;
however, further clarification is beyond the scope of this study.

In a parallel HEPS configuration, an electric motor is used to convert electrical power into mechanical
power. This power provided by the motor is then added to the mechanical shaft power provided by
the engine, which drives a fan. In a parallel configuration, the power supplied comes from both the
ICE and the electric motor; therefore, each component can operate independently as well as together
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Figure 2.2: Different electric propulsion architectures; adapted from [12].
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Figure 2.2: Different electric propulsion architectures; adapted from [12].

[13]. This arrangement also allows the power ratio between the two subsystems to be adjusted during
operation. A major disadvantage of this layout is that the engine cannot operate at an optimal RPM
throughout the whole flight mission, since it is mechanically linked to the fan [10].

Since parallel HEPS also offers the option of retrofitting on existing aircraft, this setup will be chosen
for further investigation.

2.2.2 Degree of Hybridisation

Regardless of the selected electric propulsion architecture, the degree of hybridisation and accompanying
power management strategy are crucial to the overall effectiveness of such a system. The degree of
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hybridisation, or the power split ratio, is the percentage of electrical power available to the total
power and non-linear in relation to the performance of the propulsion system; this is formulated in
Equation 2.1.

φ = Pelectric
Ptotal

(2.1)

The power management strategy regulates when and how much electrical power will be supplied to the
propulsion system during each flight phase. For instance, Ref. [2] concludes that the most optimal and
feasible power management strategy for a parallel HEPS setup features a take-off power split of 24.9%,
a climb power split of 13.6% and a downscaled engine of 90%; fuel savings of 7.5% can be achieved.

Despite the projected fuel savings of 7.5%, the target of 80% fuel savings by 2025 in Table 2.1 is still
far from being reached. Hence, new advances in system configuration and propulsion integration are
necessary to realise this sustainable future. To pave the way for this, a more synergistic approach is
taken. The integration of photovoltaics and fuel cells into HEPS as well as the electrification of con-
ventional subsystems could potentially change the metagame of aviation. This system is characterised
as an EAPPS and will be the key focus of this study.

2.3 Electrification of Future Aircraft

In order to reach the realm of fully electric passenger aircraft in the next future, a crucial step change
is required to commercialise this type of aircraft, both for propulsive and non-propulsive systems.
New aircraft arrangements such as more electric aircraft (MEA) and HEPS are gently introduced to
the aviation market; both these configurations strengthen the development of future electric aviation.
These systems contribute to the environmental targets addressed in Section 2.1 and lower operating
costs: more efficient and reliable power, low to zero emissions (depending on how electrical energy is
generated), reduced noise and lower maintenance costs [14, 15].

2.3.1 Main Challenges of Electric Aircraft

One of the key challenges for electric aircraft is to realise the high power-to-mass ratios required in
heavy machinery such as motors and generators. This is crucial to compete with conventional aircraft
in terms of weight, flight performance and range. Current gas turbine engines hold specific power values
in the range of 3-8 kW/kg. Only with advanced superconducting technology can conventional electric
motors and generators surpass the power-to-mass ratios of today’s gas turbines [16, 17]. Based on the
assumption that the expected specific power values of superconductive cables and protection devices
are greater than those of superconductive motors and generators, the system mass is more susceptible
to the sizing of motors and generators than the sizing of the cables and protection devices [18]. By
increasing system redundancy via additional cabling, the oversizing of motor and generator components
may be reduced; significant mass reductions can be achieved.

It should be noted that a superconducting network needs to be kept at a specific temperature, requiring
the use of a cryogenic cooling system which will add additional mass and power requirements to the
system. Failure in the network or the cooling system can lead to system quenching, inducing a sudden
loss of power to supply the propulsion motors and consequently jeopardise the safety of the aircraft
[9]. Other mass considerations include the addition of redundant Auxiliary Power Units (APUs) for
reliability and devices for monitoring system components to avoid electromagnetic interference due to
the use of high-voltage DC [17, 19].
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Another challenging task is the required storage of electrical energy in the form of batteries. In this
context, only secondary batteries, which are rechargeable, are considered. A battery is rated in terms
of its capacity, the amount of electric charge stored. The total battery energy, in watt hours, is the
product of the capacity and voltage. The specific energy and energy density, measured in watt hours
per kilogram and litre respectively, as well as specific peak power, measured in watts per kilogram,
are important parameters in aircraft applications. Current energy storage devices used in the aircraft
industry include lead-acid, nickel-cadmium (NiCd), nickel-metal hydride (NiMH), lithium-ion (Li-ion)
and lithium-polymer (Li-Po) [20]. Several key characteristics of these batteries are summarised in
Table 2.2.

Table 2.2: Key characteristics of current batteries in aircraft applications [20].

Parameter Lead-acid NiCd NiMH Li-ion Li-Po
Specific energy [Wh/kg] 33 - 40 40 - 60 30 - 80 160 130 - 200
Energy density [Wh/L] 50 - 100 50 - 150 140 - 300 270 300
Specific power [W/kg] 80 - 300 200 - 500 250 - 1,000 1,800 2,800
Recharge time [h] 8 - 16 1 2 - 4 2 - 3 2 - 4

Life cycles 300 500 500 - 1,000 1,200 > 1,000
Nominal voltage [V] 2 1.2 1.2 3.6 3.7

These batteries are acceptable as a means of energy storage in current conventional aircraft, but suffice
no longer in advanced HEPS and all electric aircraft (AEA) applications. Even if Li-ion and Li-Po
battery technologies reach their theoretical ceiling of 200-250 Wh/kg [21]; these specific energy values
are still insufficient for future state-of-the-art aircraft concepts.

In order to realise these required specific energy and power targets, new promising lithium technologies
have been introduced. The first one being lithium-sulphur (Li-S); the proven specific energy of 250-
300 Wh/kg already exceed the theoretical limit of conventional batteries. Researchers predict potential
specific energies of 500-1,500 Wh/kg for Li-S batteries, provided that challenges like poor life cyclability,
self-discharge, capacity loss and high discharge currents will be overcome [21–24]. OXIS Energy,
leading manufacturer of rechargeable Li-S batteries, has already commercialised Li-S batteries with a
specific energy of 300 Wh/kg and are planning to push this boundary to 500 Wh/kg by 2020 [25].
Another promising battery technology is lithium-air (Li-air). The theoretical specific energy is equal to
11,680 Wh/kg, which is close to the specific energy of gasoline (around 13,000 Wh/kg) [26]. However,
practical limits of specific energy lie between the range of 750 Wh/kg and 2,000 Wh/kg [27, 28].

An overview of current and projected characteristics regarding these lithium technologies can be found
in Table 2.3. Note that no commercial Li-air batteries have been developed so far and it is still unclear
whether the practical issues associated with these devices can be overcome [24]. Hence, the speculative
values of Li-air for 2030 may have a larger margin of error than those of Li-S.

Table 2.3: Future developments regarding Li-S and Li-air batteries [25, 28–31].

Li-S Li-air
Parameter Current 2020 2030 Current 2030

Specific energy [Wh/kg] 250 - 300 500 - 600 800 - 1,500 > 400 500 - 2,000
Energy density [Wh/L] 200 550 - - 1,000
Specific power [W/kg] 2,800 - > 11,000 - 400 - 460
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2.3.2 Aircraft Non-Propulsive Power Systems and Architectures

Conventional versus Electrical Architectures

The conventional aircraft integrates a number of subsystems, usually driven by a combination of different
power types: pneumatic, mechanical, hydraulic and electrical power. The gas turbines provide all the
power required for these subsystems. This power, which is separate from propulsive power, is often
referred to as non-propulsive or secondary power [32]. An overview of the different power sources, along
with the associated subsystems, is given in Table 2.4.

Table 2.4: Forms of power sources in conventional aircraft; adapted from [33, 34].

Power source type Associated subsystems
Pneumatic Environmental Control System (ECS), Ice Protection System (IPS)
Mechanical Engine generators, hydraulic pumps, lubrication oil and fuel pumps
Hydraulic Actuation & Flight Control Systems (AFCS), Landing Gear System (LGS)
Electrical Avionics, Commercial Cabin Systems (CCS)

Currently, engines installed on a commercial aircraft supply these secondary power off-takes in two ways:
shaft power and bleed air. Shaft power can be extracted from either the low or high pressure turbine
shaft to drive a gear box; this is connected to hydraulic pumps and a generator providing electrical
power. Bleed air can be extracted from different compressor stages and has two main purposes: cooling
the internal parts of the engine and providing hot pressurised air for the IPS and ECS subsystems [35].
This conventional framework is mapped on the left side of Figure 2.3.

Types of Power Sources
Pneumatic
Mechanical
Hydraulic
Electrical

Conventional Subsystem Architecture

Propulsive
power

Propulsive
power

Non-propulsive/secondary
power off-takes

Pneumatic power

ECS

IPS

Bleed air

Mechanical power

Gear box

Shaft power

Pump Generator

Hydraulic power

LGS

AFCS

Electrical power

Avionics

CCS

+

Electrical Subsystem Architecture

Non-propulsive/secondary
power off-takes

ECS

IPS

Mechanical power

Gear box

Shaft power

Generator

LGS

AFCS

Electrical power

Avionics

CCS

Figure 2.3: Transition from conventional to electrical subsystem architecture; adapted from [36].

The conventional subsystem architecture has proven to be reliable and effective in the past few decades.
Inevitably, this conventionalism has reached its point of technology saturation; while modern commercial
aviation seeks better and more advanced systems, large improvements in energy efficiency are no longer
attainable in this outdated configuration. Rapid developments in power electronics and electric drives
have allowed the focus to shift towards electrical architectures. Benefits of this more-electric approach
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include higher component efficiencies due to the absence of conversion losses, reduction in overall
system mass as well as lower operating and maintenance costs.

To make it clear within this study, a more electric aircraft (MEA) is defined as an aircraft which
has several or all conventional mechanical, hydraulic and pneumatic subsystems replaced by electrical
counterparts, while an AEA refers to an aircraft which also features fully electric propulsion. The main
differences between the MEA and conventional aircraft can be summarised as follows: elimination of
bleed air off-take, electric start of main engines and enhanced power generation capacity [33, 34]. The
principal idea behind a MEA architecture is to replace the three individual mechanical, hydraulic and
pneumatic secondary power systems with one electrical system, optimised for the entire aircraft [37];
this setup is shown on the right in Figure 2.3. Electrical power is the only type of power that could be
utilised for all systems. This transition marks the end of a traditional ‘fly-by-wire (FBW)’ era towards
the beginning of a new ‘power-by-wire (PBW)’ era.

Electrification of Aircraft Subsystems

Based on current conventional commercial aircraft, the following non-electric components or subsystems
can be replaced with an electrical counterpart [17, 19, 38]:

• Wing flaps
The flaps on the wing are currently controlled hydraulically. The hydraulic actuator of the flaps
can be replaced by an electrical actuator. This component is part of the AFCS subsystem.

• Landing gear
The landing gear retracts through the use of hydraulic struts with emergency extending if nec-
essary. Each landing gear leg is equipped with a mechanical lock in both extreme positions,
signalised by electro-block. Both the nose and main landing gear retraction can be controlled by
electrical actuators. In emergency cases, the actuators must allow retraction. This component is
considered a part of the LGS subsystem.

• Brakes
The current brake system makes use of hydraulically controlled three-disk six-piston brake calipers,
equipped with anti-lock braking system (ABS). The hydraulic brake system can be replaced
by an electro-magnetic brake system. Also, regenerative braking can be integrated to store
electrical energy when slowing down a landed airplane. This component is another part of the
LGS subsystem.

• Steering system
Using a hydro-mechanical cylinder, the nose landing gear can be controlled during ground move-
ment. This cylinder is also used to prevent shimmy damping. Both functions can be replaced
with electro-mechanical and electro-hydraulic actuators. Additionally, an electric drive system
can be installed to move the airplane on the ground with zero pollution and minimal noise; using
the engine thrust for taxiing at low speeds is inefficient and harmful to the environment. This
component is also part of the LGS subsystem.

• Environmental Control System (ECS)
The ECS includes the heating system as well as the pressurisation, ventilation and cooling system.
Bleed air from the engines is used for powering the ECS and providing heat. The ventilation
system operates by leading cold external air from the inlets through the heating system back to
the cabin; the cold air is led to the mixing chamber to combine it with cabin recirculated air. The
main difference lies in the heating system. In the conventional case, bleed air from the engine
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is the source of hot air. In the electrical case, hot air can also be generated by heating ambient
air with heat produced by fuel cells through a heat exchanger. For cooling, the same electric air
conditioning cooling system can be installed: it consists of a compressor-condensation unit and
two evaporators. The evaporators use ventilators to collect air from the cabin through inlets in
the ceiling, cool it down and return it back to the cabin.

• Ice Protection System (IPS)
The most common IPS for larger passenger aircraft is based on the bleed air system. Hot air is
bled through piccolo tubes along the wings, tail and engine inlets to keep these surfaces above
freezing temperatures; these sections are prone to ice accumulation and any malfunctions could
lead to severe aircraft performance loss. Another method consists of a flexible rubber coating
along the leading edges of the wing and control surfaces. When necessary, the pneumatic system
inflates the rubber coating with compressed air to get rid of any ice buildup and then deflates
again to its optimal shape. Electro-thermal and electro-impulse de-icing systems can be used to
replace current practices; the former uses resistive circuits to generate heat inside the airframe
structure, while the latter shatters ice by discharging a high-voltage electric current through coils
inside the aircraft surface.

• APU
The APU in current commercial aircraft is a gas turbine combined with a generator, usually
located in the tail, that provides electricity to the entire aircraft when grounded, and pneumatic
power to start the main engines. In present days, these tasks are still done by a small turbine,
but in the near future it can be replaced by advanced battery or fuel cell systems.

Most of these subsystems are already installed in modern MEA such as the Airbus A380, the Airbus
A350 and the Boeing 787 Dreamliner; an overview of the electrical subsystems is presented in Figure 2.4.
The electrical load requirements of the aircraft depend chiefly on which subsystems are converted from
mechanical, hydraulic or pneumatic power usage to electrical power usage [34].

Electric flap actuation Electrical power generation

Electric steering

Electro-magnetic brakes
Electro-impulse de-icing

Electric environmental control

Electric landing gear

Electric APU based on
fuel cells or batteries 

Electrical power
distribution

Figure 2.4: Electrical subsystems found in modern MEA; adapted from [14, 17, 37, 39].

2.3.3 Electrical Device Losses

The individual performance of the electrical machines determines the overall efficiency of the electrical
system. To gain a better understanding, the various losses occuring in electrical devices will be discussed.
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Power losses in electrical machines are important, because these losses ultimately determine the overall
efficiency of these devices. The most common losses are briefly discussed and will be applicable to most
electrical devices used in this study; electric motors, generators, power electronics, batteries, cables,
etcetera.

• Ohmic or copper losses [40]
Ohmic or copper loss refers to the heat produced by an electrical current flowing through a
conductor; e.g. in case of an electric motor, the armature windings and in transmission cables,
the wire itself. The copper loss is characterised by the following equation: Pcopper = I2 · R.

• Core or iron losses [40]
Core or iron losses are generally separated into two components: hysteresis loss and eddy current
loss. The former occurs when a varying magnetic field is applied to a magnetic material. This
leads to intermolecular friction, which in turn causes energy loss in the form of heat. The
hysteresis loss increases proportionally with the maximum magnetic field. Eddy currents refer to
circulating electric currents that are induced within the body of the conducting material when it
is subjected to alternating magnetic fields. These currents produce power that is dissipated as
heat; this waste of energy is known as eddy current loss.

• Mechanical losses [41, 42]
Mechanical losses are divided into friction and windage losses. Friction loss refers to the heat
generated in the bearings, bushings or brushes due to friction. In general, the frictional losses are
proportional to the rotor speed. Windage loss is caused by the relative motion shearing of the
fluid that flows between the rotor and stator. Windage losses are estimated as being proportional
to the cube of the rotor speed.

• Stray load losses [43]
Stray load losses arise from the variations in load and are difficult to measure precisely. Since the
losses are relatively small compared to the others, these may be neglected. These losses include:

– Ohmic loss due to skin effect: when an alternating current flows through a wire, the current-
density tends to be higher near the skin of the wire

– Additional core loss due to the flux from armature windings excited by load current
– Eddy current loss in armature windings, bolts and other solid parts
– Short-circuit loss of commutation

2.3.4 Types of Electric Motors

The basic operating principle of an electric motor is converting electrical energy via magnetic energy
into kinetic energy. The first conversion from electrical to magnetic energy is based on Faraday’s law
of induction, shown in Equation 2.2, which describes how an electric current flowing through a wire
produces a magnetic field.

B = N · I · μ
Lf

(2.2)

B is the magnetic field in teslas, N is the number of windings, I is the current in amperes, μ is
the magnetic permeability in henries per metre and Lf is the length of the magnetic field in metres.
This magnetic field strength can be enhanced by increasing the number of windings, increasing the
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current, increasing the magnetic permeability or decreasing the length of the magnetic field. The
second conversion from magnetic to kinetic energy is made possible by Lorentz’ force law. When a
current carrying conductor is placed within a magnetic field, a Lorentz force F is created, as formulated
in Equation 2.3:

F = B · I · L (2.3)

where F is the Lorentz force in newtons, B is the magnetic field in teslas, I is the operating current in
amperes and L is the length of the wire in metres. This Lorentz force can be enhanced by increasing
the strength of the magnetic field, increasing the current or increasing the wire length. A wire moving
relative to a magnetic field causes an electromotive force (emf), described by Equation 2.4:

E = B · L · v (2.4)

where E is the emf in volts, B is the magnetic field in teslas, L is the length of the wire in metres and
v is the wire velocity relative to the magnetic field in metres per second [44, 45]. By running a current
through a wire loop in a magnetic field, the interaction of these fields will produce a twisting force, or
torque, on the loop causing it to rotate. The moving component in an electric motor is called the rotor
and the component that generates the force to turn this rotor is the stator. This is the basic working
principle of an electric motor. A brief description of each common type of motor can be found below
[46]:

• AC commutator motor
These types make use of commutators, which periodically reverse the current direction of the
rotor to maintain a uni-directional torque.

• AC synchronous motor
The synchronous motor is characterised by the rotating speed being equal to the synchronous
speed. This speed is determined by the frequency and number of magnetic poles. Various types
include reluctance motors, hysteresis motors and inductor-type motors.

• AC induction motor
This is also known as an asynchronous motor. Unlike the synchronous motor, the rotating speed
of this motor is lower than the synchronous speed. Variants include squirrel-cage rotor type,
eddy-current motor and wound-rotor type.

• Switched reluctance motor (SRM)
The SRM uses a stator of concentrated winding and a salient-poled lamination rotor. SRMs are
variable speed motors that have a simple and robust structure.

• Surface Permanent Magnet (SPM) motor
The SPM has a structure in which permanent magnets are attached to the circumference of the
rotor surface. It only uses magnetic torque from the magnet.

• Interior Permanent Magnet (IPM) motor
The IPM motor has a rotor embedded with permanent magnets. Compared to the SPM, this
type can reduce the risk of a magnet being peeled off by centrifugal force, and take advantage
of reluctance torque through magnetic resistance in addition to magnetic torque.

A trade-off between the electric motors is summarised in Table 2.5. If each trade-off parameter is
treated as equally important, the SRM seems like the best option for aircraft applications: an electric
motor with the ability to perform under high temperatures and harsh environmental conditions [47].
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Table 2.5: Trade-off between different types of electric motors [47].

Trade-off parameter AC motor1 SRM SPM IPM
Useable in high temperature good intermediate poor poor
High rotational speeds good poor poor intermediate
High environment resistance good intermediate poor poor
Size and mass intermediate intermediate good good
Vibration and noise intermediate/poor good intermediate intermediate
Efficiency intermediate poor good good
Fixed output variation range good poor poor intermediate
Startup torque good intermediate intermediate good
Torque density intermediate poor good good
System cost good intermediate intermediate intermediate

2.4 Photovoltaic Applications in Aviation

The urge to search for alternative energy sources is growing due to the depletion of fossil fuels, the
need to lower fuel demand and global climate change. PV technology can serve as a solution to this
problem. Projects like the Sunseeker and Solar Impulse 2 have demonstrated that photovoltaics can
serve as the primary energy source for sustained level flight [48]. Perhaps the first application of PV
technology in commercial aircraft could be through the use of EAPPS.

The basic principle of solar powered aircraft is to have PV cells cover specific areas of the aircraft;
often the wing and tail plane, as these parts are in a position facing upwards towards the Sun. When
exposed to solar radiation, the cells convert solar energy into electrical energy. The total amount of
energy produced depends on varying factors; the day of the year, the time of the day, the position on
the Earth’s surface, the inclination of the cells relative to the Sun and the degree of cloud cover [20].
Excess energy produced can be stored in batteries or fuel cells for later use e.g. during nighttime when
the Sun is not available [49].

2.4.1 Photovoltaic System Technology and Development

Photovoltaics is defined as the direct conversion of solar energy into electricity using devices based on
semiconductor materials. To make use of solar energy on aircraft, a complete stand-alone PV system
is required. Other than PV modules, these system components include batteries, converters, charge
controllers with maximum power point tracking (MPPT) and cables [50].

Currently, there are three main types of solar cells being produced: thin-film, single junction and
multiple junction. For each type, the principle of energy generation is theoretically the same but
differs in material and manufacture. Materials used in today’s photovoltaics include monocrystalline
silicon (mono-Si), polycrystalline silicon (poly-Si), amorphous silicon (a-Si:H), cadmium telluride (CdTe)
and copper indium gallium selenide/sulphide (CIGS). A short description for each class of PV cells is
presented below [20, 51]:

1 AC motor refers to the commutator, synchronous and induction types of motor.
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• Single-junction crystalline wafers
Crystalline silicon (c-Si) wafers, also known as "first-generation" PV technology, are still the
dominant semiconducting material used for solar cells; it covers 75% to 90% of the entire PV
market. Their simplicity in p-n junction design and relatively high efficiency permit such dom-
inance. These cells, however, are expensive from a manufacturing perspective. Also, the cell
efficiency drops rapidly as the temperature rises, at a rate of 0.5%/°C. The highest conversion
efficiencies for mono-Si and poly-Si technologies are set at 25% and 27.6%, respectively.

• Thin-film technology
To lower the production costs, "second-generation" thin-film technologies have been developed
that do not require expensive c-Si wafers. These can be made from a range of inorganic semicon-
ducting materials such as CdTe and CIGS, as well as multi-junction a-Si:H. Laboratory efficiencies
for CdTe, CIGS and a-Si:H are 22.1%, 23.3% and 13.6%, respectively.

• Multi-junction cells
Multi-junction cells, one of the "third-generation" solar technologies, can capture and convert
a much broader light spectrum than other designs, thus achieving greater efficiencies. Three-
junction cells are generally made of gallium indium phosphide (GaINP), gallium arsenide (GaAs)
and germanium (Ge) p-n junctions. A key feature is that these multi-junction cells do not drop
in efficiency at increased temperatures. Various multi-junction cell efficiencies range from 31.6%
to 46.0% depending on the number of junctions.

Every year, the National Renewable Energy Laboratory (NREL) presents a chart of compiled values of
highest confirmed conversion efficiencies for research cells [52], from 1976 to the present, for a range
of PV technologies, shown in Figure 2.5. The efficiencies of laboratory cells have steadily grown in
the past and are expected to improve further with reduced costs in the coming decades. Both trends
in solar cell development, lowering manufacturing costs and increasing energy conversion efficiencies,
allow PV technology to expand and potentially be integrated in next-generation commercial aircraft.

Figure 2.5: Current overview of the highest conversion efficiencies in PV technology; red-marked boxes
are zoomed in for better readability [52].
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2.4.2 Design Considerations for PV Integrated Aircraft

A fine balance between energy collection and energy consumption is crucial to the design of an aircraft
completely reliant on solar power such as the Solar Impulse 2. If photovoltaics act as a secondary
power source, this aspect is of less importance. Other key factors that should be taken into account
are: the geographical area of operation, the orientation and inclination of the solar cell area, the weather
(clouds, humidity and temperature), the mission profile and the payload. The operating altitude also
affects the photovoltaic performance, as the solar power density increases with altitude, but this effect
is significantly small [49, 53]. Since the PV modules will be installed on the outer skin of the aircraft,
this will inevitably affect the aerodynamic and structural properties of the aircraft; however, this subject
is considered beyond the scope of this study and will not be elaborated any further.

PV cells are also highly responsive to temperature; the efficiency degrades quickly with increasing
temperature. This is due to the reduction of the band gap, rejecting the cell to absorb more energy
from the photons. Fortunately, the wind has a positive impact causing convection heat transfer and
lowering relative humidity and temperature, particularly effective on PV cells mounted on the wings of
a flying aircraft. This allows the cells to reach higher efficiencies as a result of lower temperature [54].

Depending on the circumstances, the PV cells on the aircraft will also continuously generate varying
amounts of power. Therefore, it is important to consider the use of MPPT. MPPT keeps the current
and voltage levels such that the maximum power available is extracted from the PV cells regardless
of changes in atmospheric or loading conditions. In case excess power is produced by the PV array, it
can be stored in an energy storage device. This approach allows the system to optimally harvest the
available solar radiation [49, 54].

Lastly, assuming that series-connected cells will be present, the one with the lowest irradiance e.g. due
to wing curvature or a change in flight orientation will dictate the current for the remaining cells. This
means that the maximum current flowing through the entire module or string is limited by this one cell
[49, 54]. To prevent this problem from happening, bypass diodes can be installed to allow the current
flow around the limited cell [50].

2.5 Fuel Cell Technology and Development

Another technology applicable to EAPPS is the use of fuel cell technology. Fuel cell systems are
distinguished by the energy conversion components; these include fuel cell stacks, energy storage com-
ponents, reactants, tankage and ancillary components. These systems can be categorised in two ways:
regenerative and non-regenerative. The regenerative system splits hydrogen from oxygen through the
use of an electrolyser stack. Whenever excess energy is generated, it is stored and used to disassociate
water molecules. In addition, oxygen and hydrogen gases are then gathered in separate pressurised
tanks. If power generation is required, the whole process will be reversed; hydrogen and oxygen will be
fed back through the fuel cell to produce electricity and water as a by-product. The water will be stored
in a tank until excess energy is available to repeat the process again. The non-regenerative system
works on the same principle except the electrolyser is removed. As long as hydrogen and oxygen are
supplied, the fuel cell will continuously generate electrical power along with heat and water.

Presently, there are different kinds of fuel cell technologies under development; these are shown in
Table 2.6.

The two most favourable fuel cell types for advanced aircraft applications are the polymer electrolyte
membrane fuel cell (PEMFC) and the solid oxide fuel cell (SOFC) [20, 55]. The PEMFC is a low-
temperature device that allows quick start-up times, but requires the use of pure gaseous hydrogen
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Table 2.6: Overview of fuel cell technologies [20].

Fuel cell type Electrolyte Operating tem-
perature [°C]

Efficiency
[%]

Power
output [kW]

Polymer electrolyte mem-
brane fuel cell (PEMFC) Proton exchange membrane 50 - 100 35 - 60 < 1 - 100

Alkaline fuel cell (AFC) Aqueous potassium hydrox-
ide solution

90 - 100 60 10 - 100

Phosphoric acid fuel cell
(PAFC) Liquid phosphoric acid 150 - 200 40 400

Molten carbonate fuel cell
(MCFC)

Solution of lithium, sodium,
and/or potassium carbonates 600 - 700 45 - 50 300 - 3,000

Solid oxide fuel cell
(SOFC)

Solid zirconium oxide sta-
bilised with yttrium 700 - 1,000 60 1 - 2,000

fuel. By increasing the operating temperature, the tolerance of impurities will improve and could
possibly increase the specific power. Furthermore, PEMFC stacks generate a large amount of heat that
is difficult to dissipate or to produce additional work. This necessitates some form of liquid cooling,
particularly at higher potential specific power. The SOFC, contrary to PEMFCs, operates with far more
airflow through the stack which provides sufficient heat removal; this eliminates the need and additional
mass for a liquid cooling system [20].

For both fuel cell technologies, it holds that significant development in several areas is required for future
implementation into EAPPS aircraft. These areas include increasing the specific power and energy, as
well as improving the operability and durability of these fuel cell systems for flight applications. Current
research and development programmes focus on developing reliable, low-cost, high-performance fuel
cell system components for transportation applications [56].
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CHAPTER 3
System Definition and Analysis

This chapter describes the characteristics of each individual system component and how these can be
simulated within two separate models; one for the mission analysis (EAPPS module) and one for the
in-depth energy management of the electrical system (EMS module).
First of all, Section 3.1 will cover the reference aircraft of this study, the Airbus A320neo. This is followed
by a description of the CFM LEAP-1A26 turbofan engine in Section 3.2, which is the newest generation
gas turbine installed on the A320neo. Afterwards, Section 3.3 will present a linear regression analysis
for specific power and energy of the most important electrical system components: motor/generator,
power electronics and batteries. Then, the dynamics and parameterisation of the electric motor and
battery will be explained in Section 3.4 and Section 3.5, respectively. A brief summary on the power
electronics and cables is given in Section 3.6. Subsequently, the fuel cell and photovoltaic systems will
be discussed in Section 3.7 and Section 3.8, correspondingly. Since power and energy management
are two essential and indispensable topics within this study, the strategies involved will be outlined
in Section 3.9 and Section 3.10. Lastly, the implementation of the two different simulation models
(EAPPS and EMS modules) using the aforementioned components will be specified in Section 3.11.

3.1 Reference Aircraft - Airbus A320neo (New Engine Option)

The reference aircraft chosen for this study is the Airbus A320neo with the new CFM LEAP-1A engine.
The A320 aircraft is designed for short- to medium-range missions and considered one of the most
successful single-aisle airliners with 4,333 units operable and 3,805 additional units to be delivered as of
August 2017 [57]. Since there are many variants of this aircraft, the key characteristics of the selected
version are shown in Table 3.1.
The mass breakdown of the A320neo can be found in Figure 3.1. In this research study, the maximum
take-off mass (MTOM) is set as a limitation on the maximum allowable mass. This value is derived
from the operational empty mass (OEM), design payload (DPL) and departure fuel load (DFL). To
ensure no shortcomings, the aircraft must be able to carry the same maximum payload (MPL) as before.
By subtracting the maximum zero-fuel mass (MZFM) from the MTOM, the mission mass (MM) can
be computed. This MM value of 10,700 kg includes the fuel mass as well as any additional loads,
such as the EAPPS, carried along the entire flight mission. Since the length of the reference mission
is merely a distance of 1,000 km, no more than 4,000 kg of fuel needs to be carried on-board. This
leaves a total of 6,700 kg for the EAPPS and its components.
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Table 3.1: Main characteristics of the Airbus A320neo [58, 59].

General
Typical seating (2-class) [pax] 165
Maximum seating (1-class) [pax] 190
Cruise Mach number [-] 0.78
Cruise altitude [ft] 37,000
Design range [km] 6,500

Masses
Maximum take-off mass [kg] 73,500
Maximum zero-fuel mass [kg] 62,800
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Figure 3.1: Mass breakdown of Airbus A320neo [59].

3.2 Turbofan Engine

The engine selected is the CFM LEAP-1A26 twin-spool turbofan engine installed on the Airbus A320neo
(New Engine Option) aircraft; a cross-sectional view of the engine is illustrated in Figure 3.2. This
engine was jointly certified in late 2010s by European Aviation Safety Agency (EASA) as well as Federal
Aviation Administration (FAA) and entered into service in 2016 [58]. Key performance characteristics
are presented in Table 3.2.

Figure 3.2: Cross-sectional view of the CFM LEAP-1A26 turbofan engine [60].
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Table 3.2: Technical characteristics of the CFM LEAP-1A26 turbofan engine [61].

Parameter Value
Engine mass (wet) [kg] 2,990
Take-off thrust [kN] 120.64
Maximum continuous thrust [kN] 118.68
Overall pressure ratio 40
LP rotor (N1 100%) [RPM] 3,856
HP rotor (N2 100%) [RPM] 16,645
Number of compressor stages (fan/LPC/HPC) 1/3/10
Number of turbine stages (HPT/LPT) 2/7

3.2.1 Power Off-Takes

As highlighted in Section 2.3.2, the secondary power off-takes can be divided into two parts: shaft
power and bleed air.

Shaft Power

The shaft power is used to operate hydraulic pumps and electrical generators; the generated electrical
power can then be directed towards different subsystems. The electrical power requirements for various
subsystems in conventional and electrical architectures are presented in Table 3.3 and Table 3.4, respec-
tively. A more in-depth explanation of how these values are estimated and verified against experimental
data is given in Appendix A.
Note that the total AC and DC loads are noted in apparent power and shown separately. This apparent
power is indicated by kVA and considers the differences in phase angle. For DC loads as well as AC
resistive loads, the apparent power is always equal to the actual power; there is no phase differential
between current and voltage. The ratio between actual and apparent power is called the power factor
PF. Assuming a power factor of 1, these two can be combined to acquire a total sum in kilowatts.

Table 3.3: Electrical power requirements for conventional architecture of Airbus A320neo; adapted
from [33, 36].

Subsystem Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Actuation &
landing gear 9.80 17.10 13.10 12.50 15.10 23.50 9.80

Avionics 31.59 34.13 41.23 41.23 41.23 34.62 31.59
Cabin equipment 7.50 6.50 6.50 49.40 6.50 6.50 7.50
Total AC [kVA] 19.80 12.50 18.80 61.70 18.80 12.50 19.80
Total DC [kVA] 29.09 45.23 42.03 41.43 44.03 52.12 29.09
Total [kW] 48.89 57.73 60.83 103.13 62.83 64.62 48.89

Bleed Air

The bleed air is mainly utilised for internal engine cooling and air supply towards the IPS and the
ECS. To determine the bleed air requirements for the aircraft subsystems of the conventional Airbus

23



Master of Science Thesis System Definition and Analysis

Table 3.4: Electrical power requirements for electrical architecture of Airbus A320neo; adapted from
[33, 36].

Subsystem Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Actuation 12.89 43.48 35.48 34.28 35.48 16.74 12.89
Avionics 41.59 34.13 41.23 41.23 51.23 47.92 41.59

Cabin equipment 7.50 6.50 6.50 49.40 6.50 6.50 7.50
ECS 135.00 5.00 125.00 130.40 125.00 5.00 135.00
IPS 4.33 8.23 26.29 26.29 26.29 0.00 4.33

Landing gear 5.10 3.80 0.00 0.00 0.00 31.20 5.10
Total AC [kVA] 22.44 28.04 44.40 87.30 44.40 24.84 22.44
Total DC [kVA] 183.97 73.10 190.10 194.30 200.10 82.52 183.97
Total [kW] 206.41 101.14 234.50 281.60 244.50 107.36 206.41

A320, a closer look is taken at the available flight data from Hamburg to Toulouse; these are shown in
Table 3.5.

Table 3.5: Required bleed air off-takes; derived from actual Airbus A320 flight data (Hamburg-
Toulouse) [62].

Take-off Climb Cruise Descent Approach
Maximum bleed air off-take fan [kg/s] 0.463 0.308 0.186 0.332 0.453
Maximum bleed air off-take HPC [kg/s] 0.579 0.710 0.481 0.481 0.453
Maximum total bleed air off-take [kg/s] 1.042 1.018 0.667 0.761 0.906
Assumption: constant ECS bleed during flight (0.667 kg/s) and IPS inactive during cruise

Environmental Control System [kg/s] 0.667 0.667 0.667 0.667 0.667
Ice Protection System [kg/s] 0.375 0.351 0 0.094 0.205

By assuming that the ECS bleed off-take is constant throughout the mission and that the IPS is
inactive during cruise, the bleed consumption for the ECS and the IPS can be derived. The order of
magnitude for the IPS (0.205-0.375 kg/s) is in line with values from an in-house developed model [63].
Another assumption is that taxiing requires no more than 0.75 kg/s of bleed air, equal to the other
less heavily-loaded flight segments (cruise, descent and landing). The derived bleed air requirements
for the subsystems on a conventional A320neo, as applied in the analysis of this thesis, is presented in
Table 3.6; the electrical A320neo features a bleedless concept, therefore the required bleed flow in that
case equals zero.

Table 3.6: Bleed air requirements for the aircraft subsystems of the conventional A320neo as applied
within the present study.

Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Required bleed flow [kg/s] 0.75 1 1 0.75 0.75 0.75 0.75

To find the corresponding bleed setting for each flight segment, Figure 3.3 can be used as a guideline.
This graph shows the average mass flow for varying levels of bleed air extraction per flight phase. Given
this illustration and the required bleed flow in Table 3.6, the desired bleed settings set as mass flow
percentage of the engine air flow are derived and presented in Table 3.7.
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mission.

Table 3.7: Selected bleed schedule for the aircraft subsystems of the conventional A320neo.

Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Bleed air extraction [%] 10 3 5 6 10 4 10

3.2.2 Engine Scaling

Since an electric motor is utilised to assist the turbofan engine during the take-off and climb phases in
this EAPPS setup, the maximum thrust of the initial CFM LEAP-1A26 engine is not required. This
allows the CFM LEAP-1A26 gas turbine to be downscaled; it can be done via scaling the bypass ratio
down or scaling the engine core mass flow down. In this study, the bypass ratio is kept constant, thus
the engine core is scaled down.

The engine mass is related to the static take-off thrust FNtakeoff by Equation 3.1. This formula corre-
sponds quite well to a database of 26 turbofan engines; the error using this correlation is within 10%
of the actual engine mass [64]. Note that the input FNtakeoff is in pound-force (lbf), while the output
mengine is in pounds (lbs).

mengine = 2.7 · F0.75
Ntakeoff (3.1)

The parameters for scaling the mass flow and the shaft speed are shown in Equation 3.2 and Equa-
tion 3.3, respectively [65]. When engine scaling is applied, these parameters must remain constant. If,
for example, the engine core diameter DI is scaled down by 90%, the mass flow should be downscaled
by the square of 90%. In turn, the shaft speed needs to increase by the inverse of 90%; this is required
to keep the same tip Mach number of the engine blades, considering the compressibility effects [66,
67].
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mass flow scaling parameter = ṁ ·
√
θ

DI2 · δ (3.2)

shaft speed scaling parameter = DI · N√
θ

(3.3)

The two other variables in the aforementioned formulas, δ and θ, represent the parameters for the
pressure and the temperature ratios, respectively, and are defined in Equation 3.4 and Equation 3.5.
Here, the pressure and the temperature at International Standard Atmosphere (ISA) sea level static
conditions are used as reference values.

δ = pinlet
pref

(3.4)

θ = Tinlet
Tref

(3.5)

By scaling the engine down and thus increasing the shaft speeds of the engine, the stresses on the discs
are also affected. Within this study, these stresses are treated as proportional to the centrifugal force.
This relation is shown in Equation 3.6, with Adisc being the circumferential area of the disc. To ensure
safe engine operation and assure that the discs do not fail under the loads, the disc thickness and thus
the disc mass is increased proportionally to the square of the rotational speed ω. The masses of the
individual CFM LEAP-1A components can be estimated by using mass fractions stated in Table 3.8.
These are derived from a PW4056 engine in a turbine performance simulation software called GasTurb
[68].

σdisc = Fc
Adisc

(3.6)

Table 3.8: Mass fractions of individual components of PW4056 engine [68].

Component Mass [kg] Fraction [%]
Fan 840.63 22.1
LPC 253.58 6.7
HPC 455.54 12.0
HPT 119.63 3.1
LPT 265.41 7.0
Other 1,871.64 49.2
Total 3,806.43 100

The scaled engine mass is obtained in two steps. First, the total mass of the non-rotating components
is determined using the mass fraction of 49.2% mentioned in Table 3.8 and proportionally lowered by
the applied scale. Then, in a similar way, the masses of the rotating components are calculated and
increased proportionally to the square of the rotational speed. The results for varying scales of the
CFM LEAP-1A engine are found in Table 3.9; these masses include the reinforced discs and are valid
for the A320neo aircraft.
The last but most important aspect is that scaling should be done within the engine limitations. Even
though the mass of the discs may be increased with increasing shaft speeds, the maximum allowable
temperatures for nozzle guide vanes (NGVs) Tt41 and exhaust gas temperature (EGT) Tt45 remain
unchanged. More details on engine limitations are provided in Section 4.9.2.

26



3.2 Turbofan Engine Master of Science Thesis

Table 3.9: Masses of different scales of CFM LEAP-1A engine.

Scale Engine mass [kg] Total mass [kg]
100% 2,879.90 5,759.8
95% 2,796.65 5,593.3
90% 2,675.15 5,350.3
85% 2,543.00 5,086.0
80% 2,410.05 4,820.1

3.2.3 Engine Emissions

To monitor the engine emissions, the International Civil Aviation Organization (ICAO) has set standards
limiting the production of soot, unburnt hydrocarbons (UHCs), carbon monoxides (COs) and nitrogen
oxides (NOx) from turbofan engines. Each pollutant is characterised by the so-called emissions index
(EI), expressed in Equation 3.7. This is the ratio between the mass of the pollutant i in grams and the
mass of the fuel used in kilograms [69].

EIi = mi
mfuel

(3.7)

The expected EI values for each pollutant produced by the turbofan engine are displayed in Table 3.10.
First of all, carbon dioxide (CO2) and water vapour (H2O) are products of complete combustion and
only dependent on the total fuel burnt throughout the mission. CO, UHC and soot are products of
incomplete combustion and thus determined by the thrust setting. NOx is a by-product of complete
combustion and along with sulphur oxide (SOx), are products of fuel impurities. Since SOx emission
levels are low for jet fuels used in aircraft engines, this parameter may be disregarded.

Table 3.10: Indicative emissions indices of Jet A-1 fuel [70].

Substance EI [g/kg fuel] Emission depends on
CO2 3,150
H2O 1,250

fuel consumption

CO 0.4 - 65 thrust setting: maximum
production at idleUHC 0.2 - 12

Soot ± 0.015
NOx 4 - 30
SOx 0.02 - 6

thrust setting: maximum
production at full thrust

The formation of CO and UHC decreases with higher thrust settings, while the production of soot,
NOx and SOx increases [70]. This trend is clearly visible in Figure 3.4.

Here, soot is represented by the smoke number (SN); it is the plume opacity of the engine exhaust
and rated on a scale of 0 to 100. By staining a filter sample, the SN can be determined using
Equation 3.8; where Rs and Rw are the absolute reflectance readings of the stained and clean filter
material, respectively [69].

SN = 100 ·
(

1− Rs
Rw

)
(3.8)
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Figure 3.4: Emission trends of CO, UHC, soot and NOx; adapted from [60, 70].

3.3 Electrical System

The minimal setup of the electrical system comprises an electric motor/generator, an inverter, a battery
and cables for transmission. In this particular study, fuel cells and PV systems can also be implemented
to become part of the electrical system. Each component will be discussed in the following sections: the
electric motor in Section 3.4, the batteries in Section 3.5, the power electronics and cables in Section 3.6,
the fuel cells in Section 3.7 and the PV system in Section 3.8. The advancement and current state
of these individual components ultimately decide the overall performance on the system level. To
account for such technological developments, the performance characteristics of each component will
be determined at two different time frames: near term (2020+) and far term (2040+).

The most important parameters are efficiency, specific power and specific energy. The specific power
describes the amount of power a component can supply per unit mass (in watts per kilogram). The
specific energy gives the amount of energy a battery can store per unit mass (in watt hours per
kilogram). A linear regression analysis is performed to find the specific power and energy values for
the most important components: electric motor, generator, power electronics and batteries. Numerous
journal articles, conference papers and reports have been used to create a data map: N = 26 for
motors/generators, N = 6 for power electronics and N = 11 for batteries. The results of this linear
regression fit are shown in Figure 3.5. The symbols marked in green are the numeric values considered
for the electrical components in 2020+ and 2040+. Keep in mind that these specific power and energy
values are based on non-cryogenic technology; including cryogenics would significantly increase these
values but also raise concerns about safety and other aspects.

Additionally, the power density (watts per litre) is used for batteries and fuel cells, to determine the
volume needed for the stacks and hydrogen fuel storage. Also, the area mass density is specified, in
kilograms per square metre, to determine the total mass of the PV panels.
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3.4 Electric Motor

The electric motor is a device that turns electrical power into mechanical power; see Section 2.3.4 for
some background information. If the mechanism is reversed, it essentially operates as a generator. In
this study, the focus lies on the modelling of the motor functionality; the generator part is only addressed
in a limited way (as a fixed efficiency). The motor selected for this study will be a switched reluctance
motor (SRM) similar to the one used for the SUGAR Volt, the hFan motor [78]. It is assumed that the
hFan characteristics do not change and can be applied for the power requirements of the flight mission.
In the simplified motor model, the electric motor will be parameterised to only include a fixed efficiency
and specific power for each time frame, stated in Table 3.11.

Table 3.11: Simplified characteristics of the electric motor in 2020+ and 2040+ [47, 72, 80].

Parameter 2020+ 2040+
Efficiency [%] 95 98
Specific power [W/kg] 7,500 15,000

In the advanced motor model, the electric motor will be sized and modelled dynamically, with the
efficiency depending on power output and rotational speed. The corresponding formulas to determine
the motor characteristics and its losses are described in the following paragraphs.

3.4.1 Electric Motor Parameterisation

Before the motor sizing procedure, it is essential to understand the operational behaviour of an SRM.
In general, any type of electric motor works on the same principle: the rotational speed is proportional
to the voltage applied and the torque is proportional to the current drawn. The motor power output
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is the product of the torque and rotational speed. These fundamental torque-speed relationships are
formulated in Equation 3.9 to 3.11, where Kv and Kt are the voltage and torque coefficients, respectively.
For a specified motor design, these parameters are assumed to remain constant [78].

P = T · ω (3.9)
V = Kv · ω (3.10)
T = Kt · I (3.11)

The torque-speed characteristics of an SRM are illustrated in Figure 3.6.
T
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Figure 3.6: Torque-speed characteristics of an SRM; adapted from [81].

At low rotational speeds, the torque is limited by the maximum allowable current (region 1). As
speed increases, the torque-limited region will persist until the rotor reaches a point where the back
electromotive force (emf) can no longer draw more current, given the nominal voltage supplied, and
thus no longer produce maximum torque. This point is characterised by the base speed, ωb. After this
point, the downward sloping curve shows the maximum permissible torque at each speed representing
a constant maximum power output (region 2); the core and windage losses increase rapidly with speed.
At even higher speeds (beyond the critical speed ωp), the back emf increases and the shaft output
power will drop following the natural characteristic of the SRM, i.e. the torque decreasing with the
square of the rotational speed (region 3). Keep in mind that operation below this line is allowed;
however, higher efficiencies are generally achieved near the power rating of the motor.
Depending on the circumstances, deviations from this curve may occur. The first is at very low speeds
(line i): e.g. if the chopping frequency1 is limited by the use of gate turn-off thyristors2; since high
peak currents cannot be controlled in a safe manner, the maximum allowable current may be lowered.
If core and windage losses are negligibly low, higher torques can be obtained (line ii) by temporarily
drawing more current through the coils, thus increasing the copper losses [81].
By making use of the correlation between torque and speed illustrated in Figure 3.6, the voltage and
torque coefficients can be determined for any given SRM. The first step is to specify the maximum power
output required by the electric motor for the electrification of propulsion. In addition, the maximum
rotational speed can be specified by assuming that the motor is directly mounted on the LP shaft.
Assuming that operation in region 3 is undesirable, with the torque declining rapidly with the inverse

1 The chopping frequency is the rate at which a switching device (chopper) switches on and off.
2 The gate turn-off thyristor is a high-power semiconductor device that acts as a fully-controllable switch, albeit with

relatively long switch-off times.
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of the rotational speed squared, point A can now be defined. The torque at point A can be calculated
using Equation 3.12:

TA = Pmax
ωmax,LP

(3.12)

Using the maximum operating voltage Vmax, the voltage coefficient follows from Equation 3.13:

Kv = Vmax
ωmax,LP

(3.13)

To determine point B, a value must be chosen for the base speed ωb; this is defined as a ratio of the
maximum rotational speed ωmax. With the base speed known, the maximum torque can be determined
using Equation 3.14:

TB = Pmax
ωb

(3.14)

Then, the maximum current is estimated with an empirical formula (Equation 3.15) [78]. A value is
assumed for the motor winding resistance R0, in Ohms.

imax = 0.5 ·

√
K2

v · ω2
b + 1.63299 · Pmax · R0 − Kv · ωb

R0
(3.15)

With both the maximum current and torque known at point B, the torque coefficient Kt can finally be
obtained using Equation 3.16:

Kt = TB
imax

(3.16)

By determining the two coefficients Kv and Kt for a given SRM setup, the motor is now properly
defined. When two inputs for power, torque, rotational speed, current or voltage are specified, any
remaining unknown parameters can be solved using Equation 3.10 and Equation 3.11.

3.4.2 Electric Motor Losses

The individual losses (copper, iron, friction and windage) of an SRM, described in Section 2.3.3, can be
estimated by means of semi-empirical relationships published in available literature [40, 47, 78]. These
predictions are based on the operating current and rotational speed as well as the motor dimensions.
First, the diameter and length of the motor are calculated using Equation 3.17 and Equation 3.18.
These formulas are based on the findings of another hybrid electric aircraft study led by Boeing [78].
The stator diameter Ds is equal to the motor diameter D here.

D = Ds = 0.0713950 · log(Pmax)− 0.1572667 (3.17)

Lmotor = 0.4
0.48 · D (3.18)

With Equation 3.19 and Equation 3.20, the rotor diameter Dr and the air gap length g can be approx-
imated [47]. To calculate the mass of the electric motor, the shape will be simplified into a simple
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cylinder. A shape factor ∆ is introduced to correct for mass changes without considering each motor
element; this factor changes depending on the number of stators and rotors in an SRM configuration.
Equation 3.21 calculates the motor mass as a function of shape factor ∆, material density ρmat and
stator diameter Ds.

Dr = 0.5 · Ds (3.19)

g = 0.0083 · Dr (3.20)

mmotor = ∆ · ρmat · π ·
(Ds

2

)2
· Lmotor (3.21)

Once the motor dimensions are established, the various motor losses can be estimated. The copper
losses are caused by the current going through the windings. First, the resistance per turn rperturn is
estimated based on AWG wire sizing charts [78] in Equation 3.22, followed by the total wire resistance
per turn Rwire,perturn in Equation 3.23.

rperturn = 48.83 · i−1.001259
max (3.22)

Rwire,perturn = D · π · rperturn
103 (3.23)

To obtain the number of turns per phase Tph in Equation 3.24, the values for the specific electric
loading As and the phase current Iph need to be determined. Equation 3.25 shows an estimation of the
specific electric loading As as a function of the stator diameter Ds only [47]. With Equation 3.26, the
phase current is acquired with the power and speed ratios, relative to the peak phase current I0.

Tph = π · As · Ds
2 ·m · Iph

(3.24)

As = 4.6e−7 · D6
s − 1.4e−4 · D5

s + 0.02 · D4
s − 1.3 · D3

s + 61.5 · D2
s − 2242 · Ds + 73022 (3.25)

Iph = I0 ·
Pop

Pmax
· Nop

Nmax
(3.26)

Now all the parameters are known to determine the copper losses using Equation 3.27. This formula
shows that the copper losses are dictated by the operating current.

Pcopper = I2op · Rwire,perturn · Tph (3.27)

The iron losses are calculated with Equation 3.28 to 3.30 based on the Steinmetz equation, which
considers the hysteresis and eddy current losses separately.

fs = 2 · Nop · ns
60 (3.28)

Bp =
[

Bp,0 ·
(ns,6/4SRM

ns

) ns
nr·m
]( Ds

Ds,hFan

) Nmax
Nmax,hFan (3.29)

Piron =
[

Kh · B2
p · fs + Kc · (Bp · fs)2 + Ke · (Bp · fs)1.5

]
·mmotor (3.30)
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Equation 3.28 calculates the frequency based on the operational speed Nop and number of stators
ns. The peak magnetic flux density Bp follows from Equation 3.29; this formula relates the motor
characteristics to the peak flux density and features of the hFan, the SRM used for Boeing’s SUGAR
Volt. Here, Bp,0 is the peak flux density of the hFan, nr is the number of rotors, m is the number of
phases, Ds,hFan is the hFan stator diameter and Nmax,hFan is the hFan maximum rotational speed. The
iron losses are then calculated with Equation 3.30, where Kh, Kc and Ke are the coefficients for the
hysteresis, classical eddy current and excess eddy current losses, respectively.

The mechanical losses consist of the friction and windage losses; these can be estimated using the
semi-empirical relations derived from Ref. [40]. The friction losses in the bearings are described by
Equation 3.31, where nbear is the number of bearings used. The windage losses are calculated with
Equation 3.32.

Pfriction =
3
2 · nbear ·mmotor · Nop

103 (3.31)

Pwindage =
2 · D3

s · Lmotor · N3
op

106 (3.32)

As shown in Equation 3.33, the copper, iron, friction and windage losses can then be summed to obtain
a final value for the total power lost. The motor efficiency follows by substituting the operating power
Pop and the total losses Ploss,total into Equation 3.34. This efficiency varies throughout flight, as the
required power changes along with its accompanying losses, which are dependent on operating current
and rotational speed. The resulting efficiency map of the electric motor can be found in Section 5.3.

Ploss,total = Pcopper + Piron + Pfriction + Pwindage (3.33)

ηmotor = Pop − Ploss,total
Pop

(3.34)

3.5 Battery

As discussed before in Section 2.3.1, the development in battery technology plays a huge role in the
realisation of HEPS and EAPPS concepts. Higher specific energy values are necessary to keep the
overall system weight low; beyond a certain limit, the benefits are negated. By picking two time
frames separated by 20 years of technological development, the feasibility of advanced hybrid electric
configurations can be presented clearly. As current development leans towards lithium technologies,
a lithium-based battery is used. The features of this battery for the EAPPS module are shown in
Table 3.12.

Table 3.12: Technical characteristics of the battery in 2020+ and 2040+ [72, 80, 82].

Parameter 2020+ 2040+
Efficiency [%] 92.5 95
Specific energy [Wh/kg] 500 1,000

In the EMS module, the dynamics of discharging and charging the battery will also be taken into
account. The battery characteristics and how these performance parameters can be extracted from
experimental data through curve fitting will be described in Section 3.5.1 and Section 3.5.2.
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3.5.1 Battery Dynamics

To simulate the battery dynamics, various models exist throughout literature. One of the most common
and simple battery models is Shepherd’s battery model [83]. The original model for discharging is shown
in Equation 3.35.

Vb = V0 − K · Qb
Qb − Ib · t

+ A · e−B·Ib·t − Ib · Rb (3.35)

The first term, after V0, takes care of the voltage drop due to cell reactant depletion near the maximum
battery capacity. The exponential term accounts for activation and concentration polarisation to initiate
and drive the chemical reaction. The last term represents the internal voltage losses in the battery [84].

The modified version of Shepherd’s model considers both charging and discharging, and consists of
two formulas: one in discharge mode and one in charge mode. These are shown as Equation 3.36 and
Equation 3.37, respectively.

Vb = V0 − K · Qb
Qb − Ib · t

· Ib · t− K · Qb
Qb − Ib · t

· Ib + A · e−B·Ib·t − Ib · Rb (3.36)

Vb = V0 − K · Qb
Qb − Ib · t

· Ib · t− K · Qb
Ib · t− 0.1 · Qb

· Ib + A · e−B·Ib·t − Ib · Rb (3.37)

Within these formulas, the following applies: Vb is the battery terminal voltage, V0 is the battery
nominal voltage, Rb is the battery internal resistance, Ib is the current through the battery (positive
for discharge, negative for charge), Qb is the nominal battery capacity, K is the polarisation coefficient,
A is the exponential voltage coefficient and B is the exponential capacity coefficient. The last three
parameters are considered curve fitting parameters and will be elaborated upon in Section 3.5.2.

The generic battery model, readily available in the SimPowerSystems (SPS) environment of Simulink®,
is based on these two equations [85]. The difference between the original Shepherd (Equation 3.35)
and the modified Shepherd (Equation 3.36 and Equation 3.37) lies mainly in the additional term called
the polarisation resistance. This expression takes care of the steep voltage slopes at the end of the
discharge curve and at the beginning of the charging curve. In particular, for batteries with low internal
resistance (in the order of μΩ), this term will help significantly. In this study, the lithium-ion battery
used will be in the order of mΩ, therefore this term will not be of substantial importance [83].

3.5.2 Curve Fitting Analysis

Using the original Shepherd model from Equation 3.35, a curve fitting analysis can be performed on
experimental data to obtain the unknown fitting parameters; details of this curve fitting approach
will be covered in Section 5.4. To fit multiple discharge curves simultaneously and accurately, a
method provided by Ref. [84] is applied. It makes use of a cubic polynomial equation to model the
current dependence of the exponential capacity coefficient B on the discharge current, described by
Equation 3.38.

B = p3 · C3 + p2 · C2 + p1 · C + p0 (3.38)

The C in the formula is the discharge rate normalised to the battery capacity and is given by Equa-
tion 3.39:
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C = Ib
Qrat

(3.39)

The decrease in battery capacity at high discharge rates is invoked by the Peukert effect; to take this
into account, the battery capacity is derated with increasing current drawn to obtain the actual battery
capacity Qb, expressed as:

Qb = Qrat ·
( Irat

Ib

)pc−1
(3.40)

where Qrat is the rated battery capacity, Irat is the rated discharge current and pc is the Peukert
constant. This constant usually varies between 1.0 and 1.04 [84]. The state of charge (SOC) and
depth of discharge (DOD) are each other’s complement; one increases as the other decreases and vice
versa. The definition can be found in Equation 3.41.

SOC = 1− DOD = 1−
∫

Ib · dt
Qrat

(3.41)

3.5.3 Battery System Sizing

Battery packs can be sized for the operating voltage required by the electrical system or the minimum
capacity necessary to complete the mission. In short, the desired operating voltage or battery capacity
can be reached by connecting the cells in series or in parallel, respectively. A combination of series and
parallel connections is also possible; note that such a configuration should only be designed with the
same battery type to avoid mismatches in voltage and capacity.

Therefore, the characteristics of a battery system or pack are ruled by the number of identical battery
cells in series (indicated by nbatt) and in parallel (indicated by mbatt). The important features are
described by Equation 3.42 to Equation 3.49; these are derived by applying Kirchhoff’s laws.

Vnom,pack = Vnom,cell · nbatt (3.42)
Qrat,pack = Qrat,cell ·mbatt (3.43)
Irat,pack = Irat,cell ·mbatt (3.44)

Rpack = Rcell ·
nbatt
mbatt

(3.45)

V0,pack = V0,cell · nbatt (3.46)

Kpack = Kcell ·
nbatt
mbatt

(3.47)

Apack = Acell · nbatt (3.48)

Bpack = Bcell
mbatt

(3.49)

The total number of cells needed to assemble the battery pack is then found by:

Npack = nbatt ·mbatt (3.50)
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3.6 Supplementary System Components

Other components needed in a functional electrical system are the power electronics and the cables,
covered in Section 3.6.1 and Section 3.6.2, respectively.

3.6.1 Power Electronics

Power electronics refers to all sorts of power conversion systems needed to deliver power at the appro-
priate voltage levels and type of current. This includes rectifiers (AC to DC), inverters (DC to AC)
and converters (AC to AC, DC to DC). Each device requires a different power conversion e.g. electric
motor versus PV system. To simplify this matter, the properties of all power conversion devices are
assumed to be similar; these are summarised in Table 3.13.

Table 3.13: Technical characteristics of the power electronics in 2020+ and 2040+ [71, 72].

Parameter 2020+ 2040+
Efficiency [%] 95 98
Specific power [W/kg] 7,500 15,000

3.6.2 Cables

The electrical cables connect all the individual components into one co-operative system. Each con-
nection requires special attention with respect to length, power type, transmitted power, voltage drop
and required current. From this, a cable may be selected from a wire stranding chart, which allows
the mass of the cable to be calculated. Since cable management is an art of its own and outside the
scope of this study, it is assumed that the cables presently take up 15% of the simplified system mass
(electric motor, inverter and battery). This fraction is assumed to decrease to 10% in the future, as an
advanced power distribution system incorporates less cables and makes better use of dynamic power
management [33]. The technical details of the power distribution are presented in Table 3.14.

Table 3.14: Technical characteristics of the cables in 2020+ and 2040+ [33, 72].

Parameter 2020+ 2040+
Efficiency [%] 99 99.6
Mass fraction of simplified system [%] 15 10

3.7 Fuel Cell System

One of the options is to include a fuel cell system covering a part of the electrical load required
for HEPS and the aircraft subsystems. The complete fuel cell system consists of fuel cell stacks,
compressors, humidifiers, coolers, reactants and tankage. In the context of this study, a system of
the non-regenerative type will be addressed; it is assumed that the hydrogen tank will carry sufficient
fuel for the whole mission. Since these fuel cell systems may take up more space than conventional
systems, the total volume including its fuel will also be taken into account; this procedure is described
in Appendix B. Furthermore, power electronics will be required to regulate the power between the fuel
cell system and the electrical network. As mentioned in Section 2.5, both PEMFCs and SOFCs are
currently favoured within the aircraft industry. Throughout this study, the PEMFC type will be used
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for its quick start-up and shut-down times. The system properties are indicated in Table 3.15; the size
of the fuel cell system is assumed to decrease by 30% through 20 years of development.

Table 3.15: Technical characteristics of the fuel cell system in 2020+ and 2040+ [20, 72, 86, 87].

Parameter 2020+ 2040+
Efficiency [%] 60 75
Specific power [W/kg] 500 1,000
Power density [W/L] 350 500

The characteristics of a fuel cell are in general defined by a polarisation curve, which shows the voltage
output for a given current. In order to gain a better understanding, the characterisation of a fuel cell
stack, along with its typical losses, will be discussed in Section 3.7.1. Moreover, the expansion of this
stack into a fully-working fuel cell system will be described in Section 3.7.2.

3.7.1 Polarisation Curve of Fuel Cell Stack

The polarisation curve of a typical low-temperature fuel cell is illustrated in Figure 3.7. The open-circuit
voltage Voc is already lower than the ideal voltage and the curve stops at the limiting current IL. Note
that the horizontal axis of the curve may be expressed in current I or current density i, current per unit
area. The latter is more often used, as it allows the user to compare the characteristics of different-sized
fuel cells.

I

V Ideal voltage

Ohmic
polarisation

activation
polarisation

concentration
polarisation

Voc

IL
Figure 3.7: Example of a typical low-temperature fuel cell polarisation curve.

The ideal electrochemical performance of a fuel cell can be modelled in several ways. One of the most
common methods to characterise this ideal performance is based on the Nernst potential, usually noted
as E. This voltage term represents the reversible cell voltage or highest voltage that could exist at
a given temperature and pressure. This allows the user to model the ideal performance for a range
of temperatures and pressures; in general, the performance improves with increasing temperature or
pressure. The Nernst equation is shown in Equation 3.51. Here, E0 is the emf or cell potential at
open-circuit conditions, R is the universal constant of ideal gases (8.314 J/(K ·mol)), F is the Faraday
constant (96,485.33 C/mol), Top is the operating temperature and pop is the operating pressure. The
three Greek parameters α, β and δ represent the partial pressures of hydrogen, oxygen and water,
respectively [88, 89].

E = E0 + R · Top
2 · F · ln

(
α · β

1
2

δ

)
+ R · Top

4 · F · ln(pop) (3.51)
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In an ideal fuel cell, the cell voltage E is independent of the current drawn. In practice, this reversible
cell voltage cannot be realised due to irreversible processes during fuel cell operation. This difference
between actual cell voltage at a given current and ideal cell voltage is known as overpotential. Three
major sources of overpotential in a fuel cell are activation, Ohmic and concentration losses [90].
Activation losses are prominent at low current densities and represent the fact that the cell requires
a certain amount of energy to start electron circulation and create or break chemical bondings in the
anode and the cathode. This explains the significant voltage drop at low currents in both electrodes.
The activation loss Vact can be related to the current density i by Equation 3.52; A is the slope of the
Tafel line and is given by Equation 3.53. Equation 3.52 is better known as the Tafel equation, where
α is the charge transfer coefficient, n is the number of electrons involved, i is the current density and
i0 is the exchange current density at which the voltage drop occurs. This equation is only valid when
the current density i is higher than the exchange current density i0 (i > i0).

Vact = A · ln
( i

i0

)
(3.52)

A = R · Top
α · n · F (3.53)

The Ohmic losses arise due to the resistance of current flow in the electrolyte and in the electrodes.
This voltage drop Vohmic follows Ohm’s law and can be expressed as Equation 3.54. Here, i is the
current density and rohmic is the cell area specific resistance. The value of internal resistance is heavily
dependent on cell humidity and temperature levels [89]. This voltage loss occurs in the middle part of
the polarisation curve and is mainly linear.

Vohmic = i · rohmic (3.54)

The last form of losses are the concentration or diffusion losses. These are the result of changes in
the concentration of reactants while they are consumed by the electrochemical reaction. The effects of
voltage drop Vconc are mostly evident at high current densities and can be described by Equation 3.55.
In this formula, i is the current density and i∆ is the limiting current density at which the operating
fuel rate equals the maximum fuel supply rate.

Vconc = R · Top
n · F · ln

(
1− i

i∆

)
(3.55)

Another approach for expressing the concentration losses that is highly favoured, but purely empirical,
is given by Equation 3.56. This formula fits experimental results very well, provided that the fitting pa-
rameters m and n are chosen properly [88]. This expression will actually be preferred over Equation 3.55
for the curve fitting procedure of an experimental polarisation curve in Section 5.6.

Vconc = m · exp(n · i) (3.56)

By taking into account all the losses, the actual cell voltage Vfc can then be described by Equation 3.57,
or more accurately, by Equation 3.58:

Vfc = E− Vact − Vohmic − Vconc (3.57)

Vfc = E− R · Top
α · n · F · ln

( i
i0

)
− i · rohmic + R · Top

n · F · ln
(

1− i
i∆

)
(3.58)
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When the voltage drops as a result of the various losses, the efficiency of the fuel cell decreases. The
total or electrical efficiency of the fuel cell ηelec,fc can be defined in many ways; here, it is computed
using Equation 3.59. The electrical efficiency is defined as the ratio of the power output and the amount
of fuel utilised. In this formula, ṁf is the fuel flow rate and LHVf is the lower heating value of the fuel
used; for PEMFCs, this is usually hydrogen and LHVH2 equals 120 MJ/kg [91].

ηelec,fc = Pfc
ṁf · LHVf

= Ifc · Vfc
ṁf · LHVf

(3.59)

Alternatively, the efficiency ηelec,fc can also be written as Equation 3.60. This notation is preferred by
Ref. [91] to identify where the largest efficiency losses occur.

ηelec,fc = ηth · ηF · ηV · μf (3.60)

Here, ηth is the thermodynamic or theoretical maximum efficiency, which equals 98.1% for hydrogen. ηF
is the Faradaic efficiency, which accounts for the charge transfer losses. Electrons may cause unwanted
side reactions or leak through the electrolyte membrane; both causes a reduction in Faradaic efficiency.
ηV is the voltaic efficiency and decreases with increasing operating current. Finally, μf is the fuel
utilisation coefficient. This coefficient μf is defined by Equation 3.61, as the ratio between the actual
fuel consumed and the amount of fuel supplied.

μf = ṁf,used
ṁf,supp

(3.61)

According to Ref. [91], the low electrical efficiency at reduced power settings is mainly caused by the
low Faradaic efficiency. At high power settings, the fuel cell operates at a lower voltage, thus yielding
a low voltaic efficiency and electrical efficiency.

The next subject to be discussed is the fuel flow rate or hydrogen consumption rate. This parameter is
typically specified in standard litres per minute (slpm) or in kilograms per second. The conversion from
slpm to kg/s is described by Equation 3.62, where MH2 is the molar mass of hydrogen (2.016 g/mol)
and MSTP is the molar mass at STP conditions (22.4 L/mol).

ṁH2 [kg/s] = ṁH2 [slpm]
60 · 103 · MH2

MSTP
(3.62)

A relationship between the hydrogen consumption rate and the operating current is shared by Ref. [92];
this expression is shown in Equation 3.63.

ṁH2 = Ifc · λH2 ·MH2

2 · F (3.63)

Here, Ifc is the operating fuel cell current, λH2 is the hydrogen stoichiometry (typically between 1.1
and 2), MH2 is the molar mass of hydrogen and F is the Faraday constant. Note that the hydrogen
consumption rate ṁH2 is now calculated in kg/s.

Lastly, the H2O emissions can be calculated by applying the mole ratio from the half and net reactions
involved in a fuel cell, as described by Equation 3.64 to Equation 3.66 [92]:
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2H2 → 4H+ + 4e− Anode, release of electrons (oxidation) (3.64)
O2 + 4H+ + 4e− → 2H2O Cathode, capture of electrons (reduction) (3.65)

2H2 + O2 → 2H2O Net reaction (redox) (3.66)

Equation 3.66 reveals that 2 moles of hydrogen reacts into 2 moles of water. In terms of kilograms,
this translates to 1 kg of hydrogen consumed produces 8.94 kg of H2O emissions.

3.7.2 Fuel Cell System Sizing

Individual cells can be stacked, similar to batteries, to form a fuel cell stack for high-power and high-
voltage applications. Raising the number of cells in a stack increases the voltage, while enlarging the
surface area of the cells increases the current. Such a fuel cell stack is finished with end plates and
connections for easier use. The stack voltage Vstack can be determined by the number of cells stacked
in series nstack, as shown in Equation 3.67.

Vstack = nstack · Vfc (3.67)

With the operating stack voltage Vstack and current density i known, the total stack area Astack required
for a defined power output Pfc can be calculating using Equation 3.68. Subsequently, the number of
cells mstack to produce this required stack area can then be found with Equation 3.69 [78].

Astack = Pfc
Vstack · i

(3.68)

mstack = Astack
Acell

(3.69)

Finally, the total number of cells necessary to form the complete fuel cell stack for a specified power
output Pfc is given by Equation 3.70:

Nfc = nstack ·mstack (3.70)

The hydrogen consumption rate of Equation 3.63 can then be expressed as:

ṁH2 = Nfc · Istack · λH2 ·MH2

2 · F (3.71)

3.8 Photovoltaic System

In the context of this study, a PV system is also addressed to generate additional electrical power; see
Section 2.4 for background information on PV. Later in this section, the efficiency and sizing of PV on
aircraft will be discussed.

A possible method to implement PV is to install a thin film of PV cells on the A320neo aircraft; this
technique is mimicked from a recently developed solar powered aircraft, the Solar Impulse 2, shown in
Figure 3.8.
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Figure 3.8: Example of a successful solar powered aircraft project, the Solar Impulse 2 [93].

The wings, fuselage and horizontal stabiliser of the Solar Impulse 2 are covered by a so-called solar skin
of PV cells. These cells are less than 120 µm thick and have a commercial module efficiency of 23.6%.
To protect the PV panels, an ultra-thin film made from Halar® ethylene chlorotrifluoroethylene (ECTFE)
is placed on both sides. This resin has a thickness of 20 µm and ideal properties for PV applications; UV
resistant, highly transparent and waterproof. In addition, Solstick® adhesive tape (based on the Solef®
polyvinylidene fluoride (PVDF) polymer) covers the 5 mm gap between the panels; this improves the
aerodynamics of the wings and adds wing flexibility during flight [94–96]. An illustrative representation
of the solar skin is found in Figure 3.9.

50 μm

20 μm

20 μm

120 μm

5 mm

Halar® ECTFE ultra-thin film

Monocrystalline
Maxeon Gen III PV cell

Halar® ECTFE ultra-thin film

Solstick® adhesive tape

Figure 3.9: Cross-sectional view of the solar skin on Solar Impulse 2.

To calculate the total area density of the solar skin used on the Solar Impulse 2, the volumetric mass
density and thickness of each individual component are required. These are summarised in Table 3.16.
It is assumed that the monocrystalline Maxeon Gen III solar cell has similar mass density as silicon and
that the Solstick® adhesive tape has a thickness of 50 µm (similar to regular adhesive tape).

Table 3.16: Specifications of the solar skin on Solar Impulse 2 [94, 97, 98].

Individual layer of solar skin Density
[g/cm3]

Thickness
[µµµm]

Area density
[kg/m2]

Monocrystalline Maxeon Gen III PV cell 2.3296 120 0.2796
Halar® ECTFE ultra-thin film 1.68 20 0.0336
Solstick® adhesive tape 1.8 50 0.0900
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Assuming that the solar skin consists of the monocrystalline Maxeon Gen III solar cell, two thin films of
Halar® ECTFE and Solstick® adhesive tape along the aircraft’s surface, the overall area mass density
for the solar skin becomes 0.4368 kg/m2. This value is assumed to reduce down to a conservative
value of 0.35 kg/m2 by 2040. To complete the PV system, necessary power electronics will be installed
to interact with the existing electrical network including a charge controller and batteries to store the
generated energy. Additional features of the PV system can be found in Table 3.17.

Table 3.17: Technical characteristics of the PV system in 2020+ and 2040+ [94, 97–100].

Parameter 2020+ 2040+
Efficiency [%] 23.6 35
Area mass density [kg/m2] 0.4368 0.35

In reality, the PV system will be operating on a current and voltage (I-V) curve. To model this
accurately in the EMS module, some theory on I-V characteristics and basic equivalent circuit models
will be discussed in Section 3.8.1. Furthermore, expanding and sizing the PV cell towards a complete
PV system is outlined in Section 3.8.2.

3.8.1 I-V Characterisation of Illuminated Photovoltaic Cell

A photovoltaic cell converts direct sunlight into electricity. This working principle is based on the
photovoltaic effect, i.e. the generation of a potential difference at the junction of two different semi-
conductor materials in response to electromagnetic radiation. Essentially, three basic processes can be
distinguished: generation of charge carriers due to the absorption of photons, subsequent separation of
the carriers at the p-n junction and collection of these photo-generated carriers at the terminals of the
device [50, 101]. Going into the physics behind semiconductor materials is outside the scope of this
report; the reader is advised to consult literature on PV fundamentals such as Ref. [50].
One of the most common ways to represent an I-V curve of an illuminated PV cell is through the use
of a simple equivalent circuit as shown in Figure 3.10. The diode is connected to a current source in
parallel. The I-V characteristics are given by Shockley’s ideal diode formula in Equation 3.72, where
the thermal voltage VT is expressed as Equation 3.73. In this case, the PV cell behaves as an ideal
diode, therefore the diode ideality factor n is omitted from the formula.

Vcell

-

IdIph

+
Icell

Figure 3.10: Example of a simple equivalent circuit model for an ideal PV cell; adapted from [50].

Icell = Iph − Id = Iph − I0
[

exp
( Vcell

VTcell

)
− 1

]
(3.72)

VTcell = k · Top
q (3.73)
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Here, Iph is the photoelectric current, Id is the diode current, I0 is the diode reverse saturation current,
Vcell is the operating cell voltage, k is the Stefan Boltzmann’s constant (1.38 · 10−23 J/K), T is the
operating cell temperature expressed in kelvins and q is the elementary charge (1.602 · 10−19 C).

To model the I-V curve more realistically, the equivalent circuit from Figure 3.10 can be expanded to
include a series resistance Rs and a shunt resistance Rp; the result is shown in Figure 3.11. These terms
take the parasitic power losses into account. A sensitivity study on how each parameter affects the
performance can be found in Section 5.8.3. This circuit is also known as the five parameter model and
Equation 3.74 shows the governing formula using Kirchhoff’s current law. Note that the diode ideality
factor n is present to account for additional recombination losses [50].

-

IdIph

+
Icell

Rp

Rs

Vcell

Figure 3.11: Example of a complex equivalent circuit model for PV characterisation; adapted from
[50].

Icell = Iph − Id − Ip = Iph − I0
[

exp
(Vcell + Icell · Rs

n · VTcell

)
− 1

]
− Vcell + Icell · Rs

Rp
(3.74)

If the user connects a load to this modified circuit in Figure 3.11 and sweeps the voltage across the
measuring load from zero to the open-circuit voltage Voc, an I-V curve of the illuminated PV cell
can be obtained. The generated power can be calculated by multiplying the current with the voltage.
Examples of these characteristic curves are illustrated in Figure 3.12.

When modelling the performance of a PV system, two important factors need to be kept in mind: the
effect of temperature and the effect of solar radiation.

The performance of a cell is highly sensitive to the operating temperature. When a solar cell is exposed
to higher temperatures, the short-circuit current Isc will increase slightly while the open-circuit voltage
Voc decreases a significant amount; this shift is illustrated in Figure 3.13a. The effect of temperature
on the short-circuit current Isc, the open-circuit voltage Voc, the reverse saturation current I0 and the
photoelectric current Iph is formulated in Equation 3.75 to Equation 3.78.

Isc,cell = Isc,ref + αIsc · (Top − Tref) (3.75)

Voc,cell = Voc,ref + αVoc · (Top − Tref) (3.76)

I0 = Isc,cell + αIsc · (Top − Tref)

exp
(Voc,cell + αVoc · (Top − Tref)

n · VTcell

)
− 1

(3.77)
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Figure 3.12: Examples of the I-V and P-V curves for an illuminated PV cell.

Iph =
(

Iph,ref + αIsc · (Top − Tref)
)
· Gop

Gref
(3.78)

In these formulas, αIsc and αVoc are temperature coefficients, while Tref and Gref refer to the temperature
and nominal irradiance at Standard Test Conditions (STC); usually 25°C and 1,000 W/m2, respectively.
From Equation 3.78 can also be derived that the photoelectric current Iph is directly proportional to
the solar irradiance Gop. This causes the current to drop quickly with reduced sunlight, as shown in
Figure 3.13b.

To measure how efficient a PV cell behaves, a fill factor (FF) can be determined. This is the ratio
between the maximum power generated and the product of the short-circuit current Isc and the open-
circuit voltage Voc described in Equation 3.79. This fill factor refers to the degree at which the actual
operating conditions performs compared to its potential power; it can never reach a value of 1.

FF = Pmpp,cell
Isc,cell · Voc,cell

= Impp,cell · Vmpp,cell
Isc,cell · Voc,cell

(3.79)

Another way is to simply calculate the cell efficiency with Equation 3.80. Here, Scell,eff is the effective
area of a single PV cell.

ηcell = Pout,pv
Pin,pv

= Voc,cell · Isc,cell · FF
Gop · Scell,eff

(3.80)

Using the newfound relationship between the fill factor and the maximum power, Equation 3.80 can
also be written as:

ηcell = Pmpp,cell
Gop · Scell,eff

= Impp,cell · Vmpp,cell
Gop · Scell,eff

(3.81)
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Figure 3.13: Effect of temperature and solar irradiance on the I-V curve and cell performance; adapted
from [50].

3.8.2 Photovoltaic System Sizing

The shape of the I-V curve, presented in Figure 3.12, is similar for a PV module or array. However, the
values for short-circuit current Isc and open-circuit voltage Voc will scale based on the number of cells
connected in series (indicated by ncell) and in parallel (indicated by mcell); a similar procedure is used
for batteries in Section 3.5.3. If n cells are connected in series, the short-circuit current Isc is multiplied
by n; if m cells are connected in parallel, the open-circuit voltage Voc is multiplied by m. The effect of
this sizing procedure is shown in Figure 3.14.
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(c) I-V curves of cells in series and in par-
allel.

Figure 3.14: I-V characteristics of PV cells in series and in parallel; adapted from [50].

A PV module is defined as a larger device in which many cells are connected in series and in parallel.
In turn, these modules can be connected in series to form a PV string and multiple strings in parallel
together are specified as a PV array [50]. The accompanying formulas are described by Equation 3.82
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to Equation 3.86.

npv,total = npv,cell · npv,module (3.82)
mpv,total = mpv,cell ·mpv,module (3.83)

Npv = npv,total ·mpv,total (3.84)
Isc,system = Isc,cell ·mpv,total (3.85)

Voc,system = Voc,cell · npv,total (3.86)

For a complete PV system, Equation 3.74 turns into the following formula:

Ipv = mpv,total · Iph −mpv,total · I0
[

exp
(Vpv + ntotal · Ipv · Rs

npv,total · n · VT

)
− 1

]
− Vpv + npv,total · Ipv · Rs

npv,total · Rp
(3.87)

It is assumed that all cells are identical within the whole PV system; in reality, this is not the case
as there are manufacturing imperfections and ageing effects [101]. Also, the temperature and solar
irradiance are assumed to be uniform across all cells. Using these two assumptions and Equation 3.81,
the system efficiency can be defined as:

ηpv = Pmpp,pv
Gop · Spv,eff

= Impp,pv · Vmpp,pv
Gop · npv,total ·mpv,total · Scell,eff

(3.88)

3.9 Power Management Strategy and Optimisation

The overall performance of the EAPPS from a mission perspective is based on the power management
strategy applied. It describes when and how much power is provided throughout the mission from two
different sources: the turbofan engine and the electric motor. From this, the power split ratio φ can be
calculated using Equation 2.1:

φ = Pelectric
Ptotal

= Pelectric motor
Pengine + Pelectric motor

(3.89)

Since this approach determines the amount of electrical power and energy required for the complete
mission, the electrical system can be sized accordingly. In turn, the additional mass of this electrical
system must be justified by its improvement in overall performance and efficiency.

While taxiing, the main engines operate inefficiently at power settings of approximately 7-15% [102];
this leads to excessive fuel burn between gate and runway. For short and medium-haul flights this
becomes even more prominent, as the taxiing procedure takes up a lot of time, compared to the actual
length of the flight [103]. By performing this phase electrically, fuel and emission savings can be
achieved. During the take-off and climb segments, the overall system efficiency increases due to the
assistance of a highly efficient electric motor. Considering that the sizing of the turbofan engine is
no longer dictated by the maximum take-off thrust, the engine can be sized and optimised for the
cruise phase. In the time of descent and approach, the battery can be recharged by the turbofan via a
generator. The final landing and taxi-in procedures are, once again, carried out electrically.

The choice to perform electric aircraft taxiing is in line with current advancements. Airbus and Safran
have recently developed an Electric Green Taxiing System (EGTS) for the A320 family; it will be
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released in the near future and available as both a retrofit and forward fit option. The benefits of
electric taxiing include reduction in operating costs as well as lower carbon footprints [104].

The power management strategy proposed for the EAPPS is summarised below and mapped in Fig-
ure 3.15 (inactivity is indicated as transparent):

1. Taxi-out: electric motor only (φtaxiout = 1)

2. Take-off: turbofan engine is assisted by the electric motor (based on φtakeoff)

3. Climb: turbofan engine is assisted by the electric motor (based on φclimb)

4. Cruise: turbofan engine only (φcruise = 0)

5. Descent & approach: turbofan engine can recharge the batteries (φdescent, φapproach = 0)

6. Landing & taxi-in: electric motor only (φlanding, φtaxiin = 1)

In this study, the power split ratio is applied on the average total power required in each flight phase;
this ensures that the electrical power supplied is constant throughout each phase.

1. Taxi-out 2. Take-off 3. Climb 4. Cruise 6. Landing & taxi-in5. Descent & approach

+ - + -

+ - + -+ -

+ -

+ -

Figure 3.15: Selected power management strategy throughout mission (inactivity is indicated as
transparent).

The optimal power management strategy in the EAPPS simulation model is the one which leads to the
lowest fuel and energy consumption, while the total aircraft mass stays below the MTOM limit. To
find this optimal configuration with near future technology (2020+), the power management strategy
will vary from 0% to 40% with increments of 10% for both take-off and climb power splits (φtakeoff
and φclimb). This gives a set of 25 different configurations per case. Ideally, smaller increments are
preferred, but due to time constraints, this is not achievable within this project.

Since far future technology (2040+) results in lower electrical system mass and thus enables greater
degrees of hybridisation, the power split ratios will range from 0% to 50% with increments of 10%.
This yields a total of 36 power management strategies to be analysed per case.

3.10 Energy Management Strategy and Optimisation

The electrical system consists of three different energy providers: the PV system, the PEMFC system
and the battery system. The electrical power and energy received from PV is determined by the incoming
solar irradiance, while the power supply of the PEMFC system is specified by the user. This implies that
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only the battery system can be optimised; the energy management optimisation is simply determining
the minimal battery system setup that can provide the required power within certain operating range.

The optimal battery system setup in the EMS module is the one with the smallest battery pack or the
lowest total amount of batteries. In this analysis, the number of cells in series nbatt is varied from 600
to 740 and the number of cells in parallel mbatt is varied from 2 to 800; these cell ranges are based
on the required power requirements and operating limitations. A total of 112,659 different battery
combinations will be investigated.

3.11 System Modelling of Airbus A320neo with EAPPS

In order to investigate the flight performance of the Airbus A320neo equipped with a selected EAPPS
configuration, two simulation models will be developed: the EAPPS module and the EMS module.
The two separate modules along with the associated input and output parameters are illustrated in
Figure 3.16.

Legend
Input
Module
Output
Feedback

Electrically Assisted
Propulsion & Power

System (EAPPS) module

Top level aircraft, flight mission & simulation parameters:
selected EAPPS configuration, technology advancement level

Aircraft flight
performance (fuel, 
energy & emissions)

Energy Management
System (EMS) module

Optimal battery setup,
system behaviour

throughout mission

Realised battery
specific energy

Total electrical
power required

Electrical system
configuration

Total electrical
system mass

FEEDBACK

Figure 3.16: Schematic overview of modelling the Airbus A320neo flight performance with EAPPS.

For both modules, the same aircraft, flight mission and simulation parameters are specified as input;
this ensures that the results will be consistent. The EAPPS simulation model is essentially an advanced
flight mission analysis tool which can compute the performance of a hybrid electric aircraft through
several simulation steps (see Section 4.1). In this case, the electrical system is represented as a low-
fidelity model, which only accounts for fixed system parameters. The most important outputs of this
module are the fuel and energy consumption as well as the aircraft emissions.

The EMS module is an in-depth simulation model of the electrical system only and considers the
internal dynamics of four components: the electric motor, the PV system, PEMFC system and the
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battery system. The main inputs are the total power required, by the electric motor and the non-
propulsive power systems, as well as the configuration of this electrical system. Its output is the most
optimal battery system setup which can conform to the defined power requirements and operating
limitations. Also, the behaviour of the aforementioned components throughout the entire mission will
be available. This module provides valuable feedback on the realised specific energy of the battery
system, which leads to a new electrical system mass. This updated mass value can be put back into
the EAPPS module to re-evaluate the aircraft performance and increase the model’s level of fidelity.

These two modules will be covered in more detail in Chapter 4 and Chapter 5, respectively.
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CHAPTER 4
EAPPS Simulation Model

To put this altogether, an advanced flight simulation and analysis tool is required to accurately model
the aircraft performance of the Airbus A320neo as well as the technologies addressed in Chapter 3; the
result of this integration is an EAPPS configuration. This chapter will cover the whole arrangement of
the EAPPS simulation model, from assumptions to modelling approaches to validation and verification.

In the first place, the method used to implement the electrification of the propulsion system within the
simulation will be explained in Section 4.1. This concludes with a schematic overview of this EAPPS
module. Then, the associated model assumptions and limitations will be described in Section 4.2,
followed by the mission profile in Section 4.3. The approaches and accompanying formulas used to
simulate the aircraft and engine performances are covered in Section 4.4 and Section 4.5, respectively.
Afterwards, the aspects regarding the aircraft mass can be found in Section 4.6. Then, in Section 4.7,
the solar irradiation model is discussed along with some important equations to convert between local
clock and solar times. The chosen EAPPS configuration for this study will then be illustrated in
Section 4.8. Lastly, the verification and validation procedures of various component models can be
found in Section 4.9.

4.1 Schematic Overview

In terms of turbomachinery, the hybridisation of the Airbus A320neo can be realised by physically
connecting the electric motor to the low pressure (LP) shaft of the CFM LEAP1A-26 engine. This
allows the motor to supplement additional shaft power to the fan. The electrification of the propulsion
system, conforming to the power management strategy outlined in Section 3.9, can be simulated by
separating the hybridisation approach into four discrete simulation steps. These steps are indicated in
a flow diagram of the EAPPS module, illustrated in Figure 4.1 and summarised in Table 4.1. This
methodology was conceived by United Technologies Research Center (UTRC) [105] and has been further
developed in Ref. [1].

The first step of the procedure is to simulate the reference mission; this is done to determine the power
requirements of the LP shaft throughout flight. From this, the power split ratios defined by the power
management strategy can be applied in step 2, resulting in reduced LP shaft power requirements. This
additional shaft power supplied by the electric motor will be added as a negative power off-take to the
LP shaft within the GSP® model. The mission will then be simulated with the new LP shaft power
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Figure 4.1: Schematic overview of the EAPPS module, including four discrete simulation steps.

requirements and additional electrical power, but without taking the mass of the electrical system into
account. In step 3, this electrical system mass will be calculated based on the power supplied by the
electric motor. Again, a full mission is simulated; this time keeping the LP shaft power requirements
unaltered, but including the mass of the electrical system. This produces new values for the LP shaft
power to meet the new thrust requirements due to increased aircraft mass. In the last step, the electrical
shaft power calculated in step 2 will be added to the new LP shaft power requirements from step 3.
Once more, a full simulation will be performed to obtain the final results of the electrification. Keep in
mind that the resulting power split ratios in step 4 will be lower than in step 2, because the LP shaft
power requirements used in step 2 did not account for the electrical system mass.
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Table 4.1: Electrification methodology in four discrete simulation steps; adapted from [1, 105].

Step Description Power of
electrical system

Mass of
electrical system

1 Simulate reference flight mission
Compute peak power and energy required from

2
electrical system based on φtakeoff and φclimb

•

3 Determine and apply electrical system mass •
4 Finalise electrification of propulsion system • •

4.2 Model Assumptions and Limitations

The main assumptions and limitations used within the EAPPS model are as follows:

• Full mission profile
The model covers the whole flight mission from taxi-out to taxi-in for a mission range of 1,000 km;
details are described in Section 4.3. Within this mission, a power management strategy can be
applied; refer to Section 3.9 for more information.

• Horizontal runway
The runway at the airport is assumed to be horizontal; no elevation is present.

• Thrust in direction of velocity
The thrust vector of the engine acts in the same direction as the velocity vector of the aircraft.

• Only steady and symmetrical flight
The aircraft is constrained to lateral manoeuvres (pitch) only; the aircraft neither turns (yaw) or
banks (roll). In reality, an aircraft will often perform a combination of these three movements to
fly a specified mission from A to B.

• Only longitudinal stability
Only longitudinal stability and control is taken into account, as the flight is assumed to be
symmetrical.

• No wind disturbances
The aircraft is not affected by any wind disturbances in the model.

• MTOM as absolute mass limitation
The MTOM of the conventional A320neo is taken as the maximum limit on the aircraft mass,
including all equipment that represents the EAPPS. A detailed mass breakdown is given in Fig-
ure 3.1.

• Constant aircraft geometry and aerodynamics
The aircraft geometry stays the same. When photovoltaic panels are installed on the outer skin of
the aircraft or when the engine is being downscaled, the aerodynamic characteristics are assumed
to remain unchanged.

• Constant payload
The payload remains constant and is equal to the maximum payload of 190 passengers (17,100 kg)
for the conventional A320neo configuration. With an OEM of 45,700, this implies that the MZFM
stays constant as well, at a total mass of 62,800 kg.
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• Initial fuel mass of 4,000 kg
The initial fuel mass is assumed to be a total of 4,000 kg, as mentioned in Section 3.1. This
amount is based on a reference flight mission of 1,000 km, including taxi and trip fuel.

• Constant battery mass
The mass of the batteries in the electrical system is assumed to stay constant throughout the
mission. Future battery technologies may make use of advanced chemical compositions, allowing
the mass to significantly change while charging or discharging.

• No electrical system overhead
The equipment for monitoring and cooling the electrical components is not taken into account.

• Minimum battery state of charge is 10%
The state of charge (SOC) of the lithium-ion battery is limited to 10% due to safety reasons;
discharging the battery beyond the cut-off voltage can lead to permanent damage such as reduced
battery lifetime or even explosions. Therefore, the device cannot be discharged below 10% SOC
within this study.

• Sufficient hydrogen on-board
It is assumed that there is enough hydrogen on-board to carry out the full mission. In addition,
the mass of the required hydrogen is negligible compared to the total aircraft mass and will not
be taken into account.

• Near and far future technology level
The system components that form the electrical system for the EAPPS is based on the technology
level projected for the near future (2020+) and far future (2040+). The assumed mass-related
parameters and efficiencies are based on linear regression analyses (Section 3.3) and multiple
sources in literature.

• Constant aircraft engine performance and mass
The performance and mass of the CFM LEAP-1A engine are considered to stay the same within
a time span of 20 years (from 2020+ to 2040+); in reality, the gas turbine performance will
deteriorate over time which also implies that more maintenance is required. Aircraft engines
are usually replaced entirely with newer and more efficient models instead of applying engine
upgrades; these are more common in the automotive industry than in aviation.

• Electric motor attached to LP shaft
The electric motor is assumed to be physically attached to the LP shaft of the turbofan engine.
This implies that the additional shaft power supplied by the motor is added to the LP shaft of
the engine, as part of the hybridisation approach.

• Only shaft speed and temperature as engine limitations
Only the limitations on the LP and HP shaft speeds, exhaust gas temperature (EGT) and HPT
NGV temperatures are considered for the CFM LEAP-1A engine. The limits on shaft speeds N1,
N2 and EGT (Tt45) are stated in Ref. [61]. An EGT margin of 75°C is selected and the NGV
temperature Tt41 is assumed to be 2,000 K. Note that the EGT is merely used as an indicator
and not a hard limitation; the user may decide whether to apply this boundary condition or not.

• Engine bleed occurs at 10th stage of HPC
The bleed air for powering the aircraft subsystems and engine cooling is extracted at the last stage
of the high pressure compressor (HPC). In reality, the CFM LEAP-1A makes use of an advanced
bleed air system: this system controls several bleed valves at various locations according to a
detailed engine bleed schedule.
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• Linear engine scaling
The CFM LEAP-1A engine will be scaled linearly according to scaling parameters defined in Ref.
[65]. In practice, this does not hold for components such as casing wall thicknesses, trailing edge
radii, etcetera. Also, by downscaling the engine, a certain point will be reached when required tip
clearances cannot be produced due to manufacturing limitations; this would have a significant
impact on the overall engine performance.

4.3 Mission Profile

The mission profile of a commercial passenger airliner can usually be broken down into several phases:
taxiing, take-off, climb, cruise, descent, approach and landing. Figure 4.2 shows a schematic diagram
of a typical flight mission for an Airbus A320neo. The altitudes and velocities are based on values
indicated in the Airbus Flight Operations Manual [106].
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Figure 4.2: Typical mission profile of Airbus A320neo; based on [106].

The mission begins with the aircraft parked at the airport gate to start up the engine and other systems
(segment 1). Soon after all passengers are boarded, the aircraft will taxi out towards the runway
(segment 2). The take-off phase is one of the most critical phases throughout the mission and covers
everything from ground level till 1,500 ft (segment 3). From here on, the aircraft climbs with a constant
speed of 250 Knots-Indicated Air Speed (KIAS) from 1,500 ft to 10,000 ft (segment 4). Then, the
aircraft will accelerate to 275 KIAS before climbing further to 30,400 ft (segment 5). This is known as
the crossover altitude, where the aircraft will climb at a constant Mach number of 0.737 until 37,000 ft
(segment 6). At cruise altitude, the aircraft will accelerate to a Mach number of 0.78 and keep this
constant throughout cruise (segment 7). Right before the descent phase, the aircraft will decelerate to
Mach 0.737. The descent phase is carried out in the same fashion as for the climb phase, but mirrored;
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the first leg of the descent is flown at a constant Mach number of 0.737 (segment 8), followed by
two legs of constant KIAS (segment 9 and 10). The approach starts at an altitude of 1,500 ft with a
speed of 137 KIAS till touchdown (segment 11). The mission ends with the aircraft decelerating during
landing (segment 12) and taxiing back to the airport apron (segment 13).
In this study, the reference flight mission is based on a range of 1,000 km, following the mission profile
described above.

4.4 Aircraft Flight Performance

Each mission segment can be modelled separately, based on different sets of equations of motion. Since
the taxi, take-off and landing segments are of short duration compared to the other segments, these
ground performance models will be reduced to two-dimensional form. The free body diagrams can be
found in Figure 4.3, along with the accompanying simplified equations of motion.
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Figure 4.3: Free body diagrams and simplified equations for taxi, take-off and landing phases.

To solve these equations, the aerodynamic forces lift and drag need to be determined. The lift coefficient
CL can be computed using Equation 4.1:

CL = CL0 + CLα · α (4.1)

Subsequently, the lift L can be calculated from Equation 4.2:

L = CL · qdyn · S (4.2)
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The drag coefficient consists of five components: zero-lift drag CD0 , induced drag, drag due to flap
extension CDflaps , drag due to landing gear CDgear and compressibility drag due to increased Mach
numbers CDmach . Putting this together results in Equation 4.3:

CD = CD0 + k · CL
2 + ∆CDflaps + ∆CDgear + ∆CDmach (4.3)

Similar to the lift force, the drag D can be expressed using the drag coefficient CD, the dynamic pressure
qdyn and the wing area S. This is shown in Equation 4.4:

D = CD · qdyn · S (4.4)

Since fuel is being consumed throughout the flight mission, the mass of the aircraft is not considered
to be constant. This change in aircraft mass due to fuel flow ∆m is formulated in Equation 4.5:

∆m = −ṁf (4.5)

The GSP® add-on calculates this fuel flow based on the state of the aircraft (Mach number M, altitude
h and required thrust Fthrust). The resultant change in aircraft mass can then be fed back into the next
iteration.
For the other flight segments (climb, cruise and descent), a more sophisticated flight performance
model is used governed by three-dimensional point-mass differential equations. This set of equations
results in seven state variables:

• V; the velocity in [m/s]

• h; the altitude in [m]

• γ; the flight path angle in [rad]

• φ; the bank angle in [rad]

• ψ; the heading angle in [rad]

• xnorth; the relative position of the aircraft towards the North in [m]

• xeast; the relative position of the aircraft towards the East in [m]

Assuming that the angle of attack α is relatively small and no wind is present (Vwind = 0), the aircraft
equations of motion become (Equation 4.6 to 4.12):

V̇ = Fthrust − D
m − g · sin γ (4.6)

ḣ = V · sin γ (4.7)

γ̇ = L
m · V · cosφ−

g
V · cos γ (4.8)

φ̇ = p (4.9)

ψ̇ = g · tanφ
V (4.10)

ẋnorth = V · cos γ sinψ (4.11)
ẋeast = V · cos γ cosψ (4.12)

Along with the previous equations for lift, drag and change of mass (Equation 4.1 to 4.5), the aircraft
flight performance can be computed for the remaining segments. More details and information of this
flight performance model can be found in Ref. [107].

57



Master of Science Thesis EAPPS Simulation Model

4.5 Engine Performance

The performance of the CFM LEAP-1A26 turbofan engine can be reproduced using GSP® software
developed by Netherlands Aerospace Centre (NLR). To determine the unknown engine parameters,
alterations are made iteratively until the output data corresponds to the available data. The design
temperature of the nozzle guide vanes (NGVs) Tt41 of the HPT is assumed to be at 2,000 K.

To initialise the engine model, the rotor speeds and bypass ratio (BPR) are used as input values.
Then, the pressure ratios of the fan, HPC and low pressure compressor (LPC) will be adjusted until
a desired overall pressure ratio (OPR) is reached. A similar procedure follows with the take-off thrust
by changing the design mass flow rate at the inlet [1]. To ensure the engine is optimised for specific
fuel consumption (SFC), the jet velocity ratio should be between 0.7 and 0.9 depending on the overall
conditions [68, 108]. This ideal jet velocity ratio can be achieved by varying the outer fan pressure
ratio. Figure 4.4 shows the CFM LEAP-1A26 engine model in the GSP® environment.

Figure 4.4: GSP® model of the CFM LEAP-1A26 turbofan engine.

Engine Emissions

The engine emissions are also modelled within the GSP® environment. To do so, emission data is taken
from the ICAO Aircraft Engine Emissions Databank [102] and implemented into the engine model. As
input, GSP® requires the emissions indices (EIs) for UHC, CO and NOx as well as the smoke number
(SN) throughout each phase of the LTO cycle (take-off, climb out, approach and idle). In addition, the
fuel flow, total pressure and temperature after the HPC (indicated as point 3 in Figure 4.4) are given.
Table 4.2 presents the emission data for the CFM LEAP-1A26 as input for GSP®.

Table 4.2: Emission data from ICAO Aircraft Engine Emissions Databank for the CFM LEAP-1A26
engine [102].

Mode ṁfuel [kg/s] Tt3 [K] Pt3 [bar] EIUHC EICO EINOx SN
take-off 0.855 1,050.5 44.946 0.02 0.22 18.77 1.30
climb out 0.705 994.1 38.996 0.02 0.27 11.16 1.17
approach 0.242 713.1 18.461 0.04 2.74 8.67 1.31

idle 0.088 560.7 7.384 0.28 21.4 4.63 1.25

4.6 Mass Breakdown

The complexity of the mass model is reduced to only account for the aircraft mass, the change in
mass due to transitioning from conventional to electrical subsystem architecture, the amount of fuel
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burnt and the system components of the electrical system. The initial aircraft mass is calculated using
Equation 4.13.

maircraft,init = maircraft,MZFM + ∆mconversion + mfuel + melectricsystem (4.13)

The MZFM is equal to 62,800 kg, as stated earlier in Table 3.1. The conversion mass change
∆mconversion is described in Table 4.3; these values are based on detailed subsystem sizing methods and
empirical relationships from a systems architecture design tool called Pacelab SysArc. These practices
were presented in a study comparing the performance of conventional and electrical subsystem archi-
tectures for a single-aisle narrowbody aircraft such as the Airbus A320neo. Other components include
additional wiring, increased auto transformer rectifier units (ATRUs) and the removal of generators due
to the use of batteries [36].

Table 4.3: Mass changes for converting from conventional to electrical subsystem architecture [36].

Description Change in mass [kg]
Actuation - 725

Landing gear - 100
IPS - 101
ECS - 55

Other components +182
Total - 799

The initial fuel mass is assumed to be 4,000 kg for this study, as mentioned before in Section 3.1. The
mass of the electrical system equals the mass of the electric motor, inverters, batteries and cables. If
fuel cells and/or PV panels are installed, these masses will be included as well. The masses are obtained
by using the mass-related parameters stated in Section 3.3 to Section 3.8. The corresponding formulas
are shown below (Equation 4.14 to 4.21):

melectricsystem = melectricmotor + minverters + mbatt + mcables + mfc + mpv (4.14)

melectricmotor = Pelectricmotor
p̄electricmotor

(4.15)

minverters = minv,batt + minv,fc + minv,pv (4.16)

minv,x = Pinv,x
p̄inverter

(4.17)

mbatt = Ebatt
ebatt

(4.18)

mcables = melectricsystem· %mass,electricsystem (4.19)

mfc = Pfc
p̄fc

(4.20)

mpv = ρA,pv · Spv,eff (4.21)

The instantaneous aircraft mass can then be determined using Equation 4.22:

maircraft = maircraft,init −
∫

ṁf · dt (4.22)
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4.7 Solar Irradiation

The solar irradiance, which varies slightly throughout the year, can be determined by calculating the
actual distance between the Earth and the Sun, r, at a given time of the year. In this procedure, the
following formulas are applied:

r = rm ·
(1− ε2)

(1 + ε · cos(α)) (4.23)

α =
(2π · (n− 4)

365

)
(4.24)

SF = SFm · τ
r2
m
r2 (4.25)

where the mean radius of the Earth rm is 1.496 · 108 km, the Earth’s orbital eccentricity ε is 0.017, the
mean solar irradiance at orbit SFm is 1,367 W/m2 and the day number n is based on the day of the
year (for January 1st, n = 1). The solar attenuation factor due to the atmosphere τ is assumed to be
0.80 for this study [109].

The incidence angle of incoming solar irradiance θ depends on the solar declination angle δ, the orien-
tation of the panels characterised by the inclination angle β and the azimuth angle γ, the latitude φ
and the time of the day expressed as the hour angle ω. The equation becomes:

θ =acos
(

sin(δ)sin(φ)cos(β)− sin(δ)cos(φ)sin(β)cos(γ)+

cos(δ)cos(φ)cos(β)cos(ω) + cos(δ)sin(φ)sin(β)cos(γ)cos(ω)+

cos(δ)sin(β)sin(γ)sin(ω)
) (4.26)

The declination angle δ changes with the day of the year dn. This parameter dn is based on the vernal
equinox in the Northern hemisphere (e.g. dn = 1, if the date is March 21st), the instance at which the
Sun shines directly on the Earth’s equator. This declination angle can be calculated with the following
equation:

δ = 0.4091 · sin
(2π · dn

365

)
(4.27)

The declination angle is the same anywhere across the globe on any given day; Figure 4.5 shows the
variation throughout the year. In the Northern hemisphere, March 21st and September 21st are known
as the vernal and autumnal equinoxes. On these two days, the length of day and night are approximately
the same. June 21st and Dec 21st are known as the summer and winter solstices, when the longest
and shortest period of daylight can be experienced. The period of the Earth’s revolution around the
Sun does not coincide exactly with the calendar year, therefore the declination angle varies slightly on
the same day from year to year. For the Southern hemisphere, the equinoxes and solstices are reversed
[110].
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Figure 4.5: Variation in declination angle δ throughout the year.

The hour angle ω can be expressed as Equation 4.28:

ω = 2π · i− 11.968
23.935 (4.28)

where i is the instantaneous time of the day or local solar time in hours. The convention for ω is
negative before noon, zero at noon and positive after noon. The solar time depends on the location
(more specifically, the longitude) and is, in general, different from the local clock time (LCT), which is
defined by the specified time zone.

The input for the solar irradiation model can either be given in LCT or solar time tsolar; one can
be converted to another if the following parameters are known: daylight saving, local longitude, day
number and time zone [111].

The difference between mean solar time and apparent solar time on a given date is called the equation
of time (EOT). This deviation is caused by the definition of the solar time; the Sun is not always due
South at 12AM noon on any given day. An approximation of the EOT is given by Equation 4.29 in
minutes and accurate within 30 seconds during daylight hours.

EOT = 0.258 · cos(x)− 7.416 · sin(x)− 3.648 · cos(2x)− 9.228 · sin(2x) (4.29)

where x is the angle defined in Equation 4.30 as function of the day number n.

x = 360 · (n− 1)
365.242 (4.30)

The time conversion from LCT to solar time tsolar is realised by Equation 4.31 in 24-hour decimal
format:

tsolar = LCT + EOT
60 − LC− DST (4.31)
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where the LCT is given in 24-hour decimal format, the EOT is expressed in minutes, the daylight saving
time (DST) is either 0 or 1 (when it is in effect) and the longitudinal correction (LC) in hours is defined
as:

LC = local longitude− longitude of timezone
15 (4.32)

To convert from local solar time to LCT, Equation 4.31 can be rephrased as follows:

LCT = tsolar −
EOT

60 + LC + DST (4.33)

The inclination angle of the PV panels β is comparable to the flight path angle of the aircraft. However,
since the change in flight path angle throughout flight is small, β may be safely assumed to be equal
to zero. This allows Equation 4.26 to be simplified into Equation 4.34 [110]:

θ = acos
(

sin(δ)sin(φ) + cos(δ)cos(φ)cos(ω)
)

(4.34)

The incoming solar irradiance can then be expressed as:

Qpv = SF · T · cos(θ) (4.35)

where T is the transmittance of the PV panels. From the manufacturer’s data sheet, it is found that
this value equals 0.91 [97]. Finally, the generated PV power Ppv can be determined with Equation 4.36:

Ppv = ηpv · Qpv · Spv,eff (4.36)

where ηpv is the efficiency of the installed PV panels (see Section 3.8.1) and Spv,eff is the total effective
surface area; the derivation of the latter is thoroughly described in Appendix C.

4.8 Selected EAPPS Configuration

The selected EAPPS setup integrates the conventional turbofan engine with an electric motor in a
parallel HEPS configuration. A fundamental aspect is that the EAPPS and its electrical network can
be retrofitted into the existing A320neo aircraft. The electrical system consists of the electric motor,
power electronics, batteries and cables. Also, fuel cell and PV systems are available as add-ons. An
overview of the EAPPS configuration is depicted in Figure 4.6.

The purpose of this illustration is to indicate how the engine (marked in light blue) and the electrical
system (yellow) interact with each other. The drawing also shows the connections and efficiencies
between the individual system components to form the complete electrical network; the ones being
modelled in MATLAB® are indicated in yellow. Since the aircraft subsystems are only represented by
constant values of electrical power required per flight phase (see Section 3.2.1), these elements are
marked pink. To distinguish between the usage of the electric motor or the generator, two situations
are shown: discharge mode (in orange) and charge mode (in green).
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Figure 4.6: Detailed overview of the selected EAPPS configuration.

4.9 Model Verification and Validation

To make sure that the individual parts are modelled correctly, these models will be verified and validated
against existing data. First of all, the output data from the aircraft flight performance model will be
compared to that from Piano-X® in Section 4.9.1. Then, in Section 4.9.2, the engine model will be
validated with certification sheets from the CFM LEAP-1A engine. Lastly, the solar irradiance model
will be tested by checking the output for three different flight missions in Section 4.9.3.

4.9.1 Validation of Aircraft Flight Performance Model

To validate the flight performance model from Section 4.4, the output data of the simulation is compared
to the performance data from Piano-X®. Piano-X® is a commercial mission analysis tool that computes
fuel consumption, environmental emissions, drag and performance characteristics of any aircraft with
various range and payload combinations, for the majority of the mission; this tool only computes data
for altitudes above 1,500 ft. The selected reference mission is an Airbus A320 flying a distance of
1,000 km; the initial aircraft mass is around 65,000 kg. Figure 4.7 shows the outputs of both models
for various flight parameters. When comparing both simulations, it can be seen that the altitude, thrust,
Mach number and flight path angle are nearly identical. The marginally higher Mach number during
the descent phase can be explained by looking at the calibrated airspeed; the performance model has
some difficulty in keeping this speed setting constant. Since the calibrated airspeed and required thrust
are slightly off in comparison to Piano-X®, the fuel flow has similar inconsistencies in those relevant
mission segments.
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Figure 4.7: Validation of the aircraft performance model with Piano-X® [112].

4.9.2 Validation of Engine Performance Model

To validate the engine performance model of the CFM LEAP-1A, the output data from GSP® is
compared to the key characteristics from certificate data sheets [61]. Table 4.4 summarises the acquired
data from the GSP® model and the data sheets provided by European Aviation Safety Agency (EASA).

The certificate data sheets provide limitations on the EGT Tt45 and bleed extraction of the CFM
LEAP-1A engine; these are indicated in Table 4.5 and Table 4.6.
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Table 4.4: Validation of the GSP® engine model with certificate data sheets [61].

Parameter GSP® Certified data
OPR [-] 40.6 40

N1 (100%) [rpm] 3,856 3,856
N2 (100%) [rpm] 16,645 16,645

Take-off thrust [kN] 120.63 120.64

Table 4.5: Airflow limitations of the CFM LEAP-1A engine [61].

Bleed location LP rotor speed Airflow limit
Bypass duct Above minimum idle 2% of secondary airflow

HPC 4th stage1 Above minimum idle 9.97% of primary airflow2

HPC 7th stage Below 2,314 rpm N1K3 2.9% of primary airflow
HPC 7th stage Above 2,314 rpm N1K3 2.45% of primary airflow
HPC 10th stage1 Above minimum idle 15% of primary airflow

Table 4.6: Exhaust gas temperature limitations of the CFM LEAP-1A engine [61].

Phase EGT limit [◦C]
Take-off 1,060

Maximum continuous 1,025
Ground start 750
In-flight start 875

Temperature & Bleed Flow Limitations

To ensure these engine limits are not exceeded, bleed flows need to be carefully selected; sufficient
bleed air for powering the aircraft subsystems and engine cooling, while staying below the maximum
indicated airflow limits. Since a detailed bleed schedule for the CFM LEAP-1A engine is not available,
it is assumed that all bleed occurs at the 10th stage of the HPC. This imposes an airflow limit of 15%,
according to Table 4.5.

The EGT margin is defined as the difference between the peak EGT during take-off and the certified
redline EGT, which is the absolute maximum without causing damage to the engine. This measure is
introduced to evaluate the engine’s health and account for engine deterioration over its lifetime [113].
All engines will eventually reach its certified redline EGT limit. Typical EGT margins for new, lower
rated engines are between 75◦C and 100◦C [114]; for this study, a conservative EGT margin of 75◦C has
been chosen. In addition, the maximum temperature for the HPT nozzle guide vanes Tt41 is assumed
to be 2,000 K.

Figure 4.8 and Figure 4.9 depict the cooling bleed variation of a conventional and electrical A320
setup, with Tt41 and Tt45 limitations throughout a full mission. The NGV temperature Tt41 is shown
in the two upper graphs; the left one presents the temperatures of the different flight segments and
the right one highlights the limiting segment, the take-off. The Tt45 limitations at the low pressure

1 It is not allowed to extract air from the 4th and 10th stages simultaneously.
2 Absolute maximum; refer to the LEAP-1A Installation Manual for a detailed HPC 4th stage bleed schedule.
3 Temperature corrected fan rotor speed.

65



Master of Science Thesis EAPPS Simulation Model

turbine (LPT) depend on various operating conditions, as formulated in Table 4.6, and correspond to
the lower three graphs: ground, take-off and in-flight. The solid red line indicates the maximum allowed
temperatures for the HPT and LPT, including the EGT margin of 75◦C. The dashed red line is the
Tt45 limit without the margin. Each dot represents the maximum temperature experienced during the
segment with a specified cooling bleed setting; it is marked grey when it surpasses the temperature
limit or when the cooling bleed, including the required bleed for the aircraft subsystems (conventional
A320neo setup only), exceeds the airflow limitations stated in Table 4.5.
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Figure 4.8: Effect of cooling bleed variation on conventional A320neo with NGV temperature (Tt41)
and EGT (Tt45) limitations.

Figure 4.8 reveals that by increasing the bleed air percentage for cooling, the NGV temperature Tt41
goes down. This is expected as the bleed air is used specifically for cooling the NGVs. On the contrary,
the EGT Tt45 goes up, because more ’cold’ air is extracted from the core flow, which leaves less
air available for heat dissipation after combustion. From Figure 4.8 can be concluded that only the
take-off segment exceeds the maximum allowable temperatures for Tt41 and Tt45. The cooling bleed
for take-off can be set between 0% and 5% without surpassing the limits; a setting of 0% is chosen
because operating at a lower Tt45 prolongs the engine’s life. Tt41 poses no limitation during take-off.
For the taxi-out, climb, cruise, descent and taxi-in segments, the settings will be equal to the maximum
allowable bleed. The cooling bleed for landing will be set at 6% to stay below the dashed red line (Tt45
limit without margin); this will push back the point at which the engine will pass the certified redline
EGT limit.

From Figure 4.9, it can be deduced that the temperatures experienced throughout the mission will never
exceed the engine limitations. This implies that no cooling bleed is required to keep the temperatures
below maximum allowable Tt41 and Tt45 (solid red lines). Also, this result is in line with the concept of
bleedless engines: one that does not supply internal airflow towards the pneumatic system. In certain
conditions, a small amount of bleed air may be needed for internal cooling (e.g. during hot take-off)
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Figure 4.9: Effect of cooling bleed variation on electrical A320neo with NGV temperature (Tt41) and
EGT (Tt45) limitations.

or engine stability (e.g. during compressor surge), but in general this is not necessary.
A summary of the selected cooling bleed settings for the conventional and electrical Airbus A320neo
setup throughout the mission can be found in Table 4.7.

Table 4.7: Settings for cooling bleed extraction on conventional and electrical Airbus A320neo.

Taxi-in Take-off Climb Cruise Descent Landing Taxi-out
Conventional 5% 0% 10% 9% 5% 6% 5%
Electrical 0% 0% 0% 0% 0% 0% 0%

Engine Emissions

Finally, the engine emissions can also be validated with output data from Piano-X®. Since the aircraft
type used within Piano-X® is the A320-214, the following engine variants could be used for simulating
the emissions [59]: CFM56-5B4, CFM56-5B4/P, CFM56-5B4/2P or CFM56-5B4/3 engine. A short
comparison study is conducted for the emissions characteristics and the CFM56-5B4/P engine seems
to match the most; the emission characteristics of this variant can be found in Table 4.8.
Figure 4.10 shows the total fuel burn dependent emissions, CO2 and H2O, for the entire flight mission
obtained from Piano-X® and GSP® for the CFM56-5B4/P engine. From Figure 4.10a can be observed
that the values of the absolute emissions differ no more than 4%. Figure 4.10b displays identical
distribution for both simulations.
The engine dependent emissions, CO, UHC and NOx, are presented in Figure 4.11; emissions data is
only available when the aircraft is airborne. As shown in Figure 4.11a and Figure 4.11b, the absolute
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Table 4.8: Emission data from ICAO Aircraft Engine Emissions Databank for the CFM56-5B4/P
engine [102].

Mode ṁfuel [kg/s] Tt3 [K] Pt3 [bar] EIUHC EICO EINOx SN
take-off 1.132 792.9 27.522 0.9 0.25 28.0 5.4
climb out 0.935 769.1 24.651 0.9 0.16 23.2 4.1
approach 0.120 654.5 14.744 2.3 3.24 10.0 0.2

idle 0.104 491.9 4.097 23.4 32.07 4.3 0.5
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Figure 4.10: Comparison of fuel burn dependent emissions for the CFM56-5B4/P engine derived from
Piano-X® and GSP®.

and relative emissions for CO and UHC are slightly different. The trend of underpredicting CO and
overestimating UHC is clearly visible in the aforementioned graphs.
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Figure 4.11: Comparison of engine dependent emissions derived from Piano-X® and GSP®.

These emission charts are used to indicate whether GSP® is accurate enough to predict the engine
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emissions for this study; this seems to be the case, as similar trends are observed for the output data
from Piano-X®. Moreover, the exact variant of the CFM56-5B4 used within Piano-X® cannot be
determined. If this identification problem can be solved, the GSP® results could even match closer to
those of Piano-X®.

4.9.3 Verification of Solar Irradiation Model

To verify that the incoming solar irradiance is modelled correctly, three different flight missions of
approximately 1,000 km across the world have been selected; these are indicated in Table 4.9 and the
corresponding irradiances are presented in Figure 4.12.

Table 4.9: Selected flight missions with a range of approximately 1,000 km.

# Departure Arrival Distance [km]
1 Toulouse, France (TLS) Amsterdam, The Netherlands (AMS) 998
2 Guayaquil, Ecuador (GYE) Bogota, Colombia (BOG) 991
3 Hobart, Tasmania (HBA) Sydney, Australia (SYD) 1,037

Figure 4.12a shows the solar irradiance for a flight mission from Toulouse to Amsterdam. It can be seen
that the solar irradiance reaches a daily high at 12PM (solar noon). Since the flight takes place in the
Northern hemisphere, the summer solstice (blue line) corresponds to the longest day in the summer and
the winter solstice (green line) to the shortest day in the winter. The two equinoxes (orange and red
line) are similar. Figure 4.12b depicts the solar irradiance for a flight mission between Guayaquil and
Bogota. As both locations are close to the equator, the variation in solar irradiance throughout the year
is minimal and thus highly desired for PV installations. Figure 4.12c presents the solar irradiance for a
flight mission from Hobart to Sydney. Considering that this flight occurs in the Southern hemisphere,
the solstices and equinoxes should be the exact opposite of Figure 4.12a; this trend in solar irradiance
is apparent, indicating that the irradiation model works correctly.
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(a) Flight mission from Toulouse to Amsterdam.

Figure 4.12: Variation of solar irradiance for three different flight missions of approximately 1,000 km:
Toulouse - Amsterdam, Guayaquil - Bogota and Hobart - Sydney.
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(b) Flight mission from Guayaquil to Bogota.
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(c) Flight mission from Hobart to Sydney.

Figure 4.12: Variation of solar irradiance for three different flight missions of approximately 1,000 km:
Toulouse - Amsterdam, Guayaquil - Bogota and Hobart - Sydney.
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CHAPTER 5
EMS Simulation Model

To gain a better understanding of the dynamics involved within the electrical system, a more in-depth
system analysis is carried out. This results in a separate simulation and sizing tool of solely the electrical
system: the EMS module. This chapter will, similarly as Chapter 4 for the EAPPS module, describe
the design and implementation of the EMS simulation model.

First of all, a schematic overview on a system-level scale will be shown in Section 5.1. This is followed
by the assumptions and limitations regarding the EMS model in Section 5.2. The electric motor will be
characterised by a contour map, where the efficiency depends on the power output and rotational speed;
this figure can be found in Section 5.3. Next, the battery discharge characteristics will be extracted from
experimental data of the Panasonic NCR20700A lithium-ion battery; the entire procedure is explained
in Section 5.4. Both Section 5.5 and Section 5.6 will describe various methods to fit simulated data
with experimental data obtained from existing literature for photovoltaic (PV) and fuel cell systems,
respectively. Then, the configuration used to model the electrical system within the EMS module
will be illustrated in Section 5.7. Finally, Section 5.8 can be consulted for verification and validation
procedures of the different models.

5.1 Schematic Overview

The EMS module is essentially a more detailed model and used to simulate the dynamics of the electrical
system accurately. This is only carried out after results of the EAPPS module are available; this post-
correction method provides a more realistic value for the battery specific energy, which leads to a new
electrical system mass. This updated mass value can then be fed back into the EAPPS module. The
sequential steps are described in Figure 5.1.

First, the power requirements for the electric motor and the non-propulsive power systems are extracted
from the flight mission data, acquired from the EAPPS simulation model. Then, the solar irradiance
throughout the mission is modelled as a function of location, time and date. This allows the user to
precisely determine the electrical power received from the PV system. Also, the power output from
the PEMFC system can be derived from predetermined user settings. With all these different power
requirements known, the actual electrical power that the battery system needs to provide at each
timestep can be established.
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Figure 5.1: Schematic overview of the EMS module.

Now, by varying the number of cells in series and parallel, all potential battery configurations which
satisfy the power requirements and operating limitations (see Section 5.2) are identified and stored into
a data array. The optimal battery setup is the one which has the lowest amount of batteries within the
entire battery pack. With the mass and volume specifications from the data sheet, one can determine
which battery characteristics can be realised and used as feedback for the EAPPS module.

5.2 Model Assumptions and Limitations

The main assumptions and limitations used within the EMS model are as follows:

• Mission parameters based on optimised EAPPS setup
This model uses the mission parameters from the optimised EAPPS configuration as input. This
means the EMS module can be adopted as a verification tool to see if appropriate parameters have
been used, taking into account a more detailed analysis of the various component efficiencies.

• Steady-state modelling of electrical system
The dynamic behaviour of the electrical system will be simulated as steady-state. This implies
that the characteristics of each component will remain constant over time. The time step size
of the simulation is set to 1 s. For systems with fast response times such as batteries and PV
modules, the dynamics will be modelled accurately. PEMFCs have an average response of 30
seconds, which means that changes within this time period will not be precise. Since the fuel
cell system within this module will only provide constant power, it is assumed that the simulation
begins when the fuel cell power supply is steady. The start-up of the fuel cell system will happen
beforehand, e.g. when the aircraft is parked.

• Operating voltage and current limited to 3,000 V and 4,000 A/6,000 A (2020+/2040+)
To avoid the effects of arcing, the operating voltage limit is set at 3,000 V. This value is also
based on the E-Fan X, a project led by Airbus to incorporate a series-hybrid architecture into a
BAe 146 airliner [115]. In addition, a current limit of 4,000 A is selected to avoid high Ohmic
losses and heavy cabling for the near term projection (2020+). This current limit is raised to
6,000 A for the far future (2040+), to be able to provide the increased electrical power required.
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• Electric motor characterisation
The characteristics of the electric motor is derived from the hFan engine used by Boeing’s SUGAR
Volt [78]; see Section 3.4.1. The electrical losses are based on empirical relations found in existing
literature and are dependent on rotational speed and power output only; see Section 3.4.2. This
also implies that technological development is not taken into account, the same efficiency map
is used for near future (2020+) and far future (2040+).

• Battery discharge characteristics
The discharge characteristics extracted from the data sheet are assumed to be valid for a wide
range of operating conditions. Also, the discharge curves are treated the same for charging
procedures; see Section 3.5.1.

• Minimum battery state of charge is 10%
The state of charge (SOC) of the lithium-ion battery is limited to 10% due to safety reasons;
discharging the battery beyond the cut-off voltage can lead to permanent damage such as reduced
battery lifetime or even explosions. Therefore, the device cannot be discharged below 10% SOC
within this study.

• Constant battery internal resistance
The internal resistance of the battery is assumed to be constant during charge and discharge
cycles. It does not vary with the amplitude of the operating current or the state of charge.

• No temperature and self-discharge effects on battery
The battery characteristics are assumed to be independent of operating temperature. In real
life, the battery heats up during discharge and charge procedures. Also, the available capacity
decreases with lower temperatures. Furthermore, self-discharge effects will be ignored; it can
be modelled by e.g. adding a large parallel resistance. In general, lithium-ion batteries possess
good self-discharge characteristics compared to other types such as lead-acid or nickel-cadmium
batteries [116].

• Identical PV cells
All cells throughout the PV system are assumed to be identical. In reality, this is never the case
as manufacturing defects, imperfections and ageing effects are always present [101].

• Uniform cell temperature and irradiance distribution
Each PV cell is subjected to the same operating conditions. This means that a constant cell
temperature and irradiance can be used for analysing the system performance. Hot spots are
usually present within a string of PV modules or cells, where one or multiple cells experience lower
currents due to partial shading or manufacturing defects. This can have a significant impact on
the overall system performance by limiting its operating current.

• Solar charge controller with maximum power point tracking (MPPT) is present
To manage the power generated by the PV system, it is assumed that a solar charge controller
will be present. This device regulates the voltage and/or current to keep the batteries from
overcharging and make sure the system operates at the maximum power point.

• Near and far future technology level
The applied values for the specific power and energy as well as for the power and energy densities
in the EMS module correspond with the values used in the EAPPS module. The parameters that
configure the electrical system for the EAPPS is based on the technology level projected for the
near future (2020+) and far future (2040+). The assumed power densities and efficiencies are
based on linear regression analyses (Section 3.3) and multiple sources in literature.
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5.3 Electric Motor

Due to the lack of performance specifications of an advanced SRM, the motor cannot be modelled
with a generic SimPowerSystems (SPS) model; not all parameters can be specified. By using empirical
relations from existing literature, various power losses can be estimated based on motor power output.
The procedure and accompanying formulas are thoroughly described in Section 3.4.2. The assumed
parameters are stated in Table 5.1 and the resulting efficiency map is illustrated in Figure 5.2.

Table 5.1: Assumed scaling parameters of electric motor for obtaining efficiency map [47, 78].

Motor scaling parameters Value
Maximum power output Pmax [MW] 6
Maximum rotational speed Nmax [rpm] 5,000
Maximum operating voltage Vmax [V] 3,000
Number of stators ns [-] 6
Number of rotors nr [-] 4
Number of bearings nbear [-] 2
Break speed ratio ωb [-] 0.6
Shape factor for a 6/4 SRM ∆6/4SRM [-] 1.195

Density of laminated steel ρmat,steel [kg/m3] 7,650
Number of phases m [-] 3
Peak value of phase current I0 [A] 2,000
Maximum rotational speed for hFan engine Nmax,hFan [rpm] 3,300
Peak magnetic flux for hFan Bp,0 [T] 1.5

Hysteresis loss coefficient Kh [W/Hz2T2kg] 0.0275

Classical eddy current loss coefficient Kc [W/Hz1.5T1.5kg] 0.0000183

Excess eddy current loss coefficient Ke [W/Hz2T2kg] 0.0000277
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Figure 5.2: Motor efficiency as function of power and rotational speed settings.
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Figure 5.2 shows that the electric motor is most efficient at high power settings and intermediate
rotational speeds. To prove its validity, the characteristic features of this efficiency map will be compared
to that of the hFan engine used in the SUGAR Volt aircraft; this validation procedure can be found in
Section 5.8.1.

5.4 Lithium-Ion Battery System

The lithium-ion battery characteristics are based on experimental discharge data of the Panasonic
NCR20700A lithium-ion battery with a typical capacity of 3,300 mAh and high discharge currents up
to 30 A [117]; the discharge curves at different rates are shown in Figure 5.3. Note that the discharge
curves are obtained by following a constant current strategy.
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Figure 5.3: Discharge characteristics of the Panasonic NCR20700A battery [117].

First, data points are extracted from Figure 5.3 using ScanIt by AmsterChem. This software allows
the user to define the plot axes, trace the discharge curves and collect the data points for each curve.
Since Equation 3.35 needs to be fitted for four discharge curves, the discharge current Ib changes for
each curve. This makes it a multiple regression analysis, where the formula changes slightly for each
data set. This regression fit can be performed in MATLAB® by using the fminsearch function. This
algorithm uses the simplex search method from Ref. [118], which can be applied with varying currents
Ib and an initial guess vector B0. The main disadvantage of using this algorithm is that it does not
always converge to a local minimum.

To do the multiple regression analysis, three arrays need to be set up first: an independent variable
matrix x, a dependent variable vector y and a coefficient vector B.

Each data point corresponds to three values, as shown in Equation 5.1. The x represents the independent
variable matrix, where x(:,1) is the discharge current per curve and x(:,2) is the time it has discharged,
and the y-vector is the dependent variable vector, where y(:,1) is the corresponding voltage.

The last vector required is called the coefficient vector B and it contains all the curve fitting parameters,
displayed in Equation 5.2.
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x =



Ib,1C t1C1
...

...
Ib,1C t1Ck
Ib,10A t10A1
...

...
Ib,10A t10Ak
Ib,20A t20A1
...

...
Ib,20A t20Ak
Ib,30A t30A1
...

...
Ib,30A t30Ak



y =



V1C(t1C1)
...

V1C(t1Ck)
V10A(t10A1)

...
V10A(t10Ak)
V20A(t20A1)

...
V20A(t20Ak)
V30A(t30A1)

...
V30A(t30Ak)



(5.1)

B =
[
V0 K pc A p3 p2 p1 p0 R

]
(5.2)

In MATLAB®, a vector norm is applied to the objective function; this is also known as the L2-norm or
magnitude of a vector. The objective function to be minimised is shown in Equation 5.3.

J = |ȳ − ȳdata| =
√∑

(y(i)− ydata(i))2 (5.3)

The calculated norm of this least-squares method is 0.488776 after 3,251 iterations and 4,653 function
evaluations; the total data set consists of 480 data points. The optimisation settings are presented in
Table 5.2. The fminsearch algorithm stops when both TolFun and TolX tolerances are satisfied. This
means that if the solver attempts to take a step that is smaller than TolX and TolFun, the iteration
procedure ends.

Table 5.2: Optimisation settings for the non-linear multiple regression fit of the Panasonic NCR20700A
battery.

Option Value Description
MaxIter 10,000 Bound on number of solver iterations
MaxFunEvals 10,000 Bound on number of function evaluations
TolX 1E-7 Lower bound on step size for subsequent iterations
TolFun 1E-7 Lower bound on function evaluation changes for subsequent iterations

The resulting fit is highly sensitive to the initial values provided for vector B0. The values have been
changed until a decent fit was achieved. The initial B0 and final Bv values for the curve fitting
parameters are given in Table 5.3.

Table 5.3: Curve fitting parameters for the Panasonic NCR20700A battery.

Vector V0 [V] K [V] pc [-] A [V] p3 [Ah2] p2 [Ah] p1 [A] p0 [Ah−1] R [Ω]
B0 3.2 0.055 1.0 2.4 0.03 -0.01 0.04 1.5 0.015
Bv 3.3439 0.0424 1.0069 0.8586 0.0011 -0.0179 0.0663 0.4311 0.0162

The result of this fit of multiple datasets can be found in Figure 5.4. The graph shows a good correlation
between experimental and simulation data, even at higher discharge rates. This gives the impression
that the non-linear regression method is done correctly with fminsearch in MATLAB®.
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Figure 5.4: Curve fit of four discharge curves for the Panasonic NCR20700A battery [117].

5.5 Photovoltaic System

The solar skin covering the wings, fuselage and horizontal stabiliser will be implemented as a PV array
built of strings of PV modules in parallel. The PV cells used are the monocrystalline Maxeon Gen III
cells from SunPower; the main parameters are summarised in Table 5.4.

Table 5.4: Main characteristics of the SunPower Maxeon Gen III cell at STC (1,000 W/m2, AM 1.5
and cell temperature of 25°C) [119].

Parameter Value
Power at maximum power point Pmpp [W] 3.63
Cell efficiency η [%] 23.7
Open-circuit voltage Voc [V] 0.73
Short-circuit current Isc [A] 6.15
Voltage at maximum power point Vmpp [V] 0.632
Current at maximum power point Impp [A] 5.9
Temperature coefficient of Voc αVoc [mV/°C] -1.74
Temperature coefficient of Isc αIsc [mA/°C] 0.52
Temperature coefficient of P αP [%/°C] 0.30
Width and height of a single cell wcell,hcell [m] 0.125

To make use of the complex equivalent circuit model and Equation 3.74 described in Section 3.8.1, the
following parameters need to be determined: the photoelectric current Iph, the diode reverse saturation
current I0, the diode ideality factor n, the series resistance Rs and the parallel resistance Rp.

These unknown parameters can be obtained by using the values from Table 5.4 and implement them
in the generic PV array model from Simulink®. This model uses an optimisation algorithm to find
the unknown values that best fit the input parameters; the resulting I-V and P-V curves are shown in
Figure 5.5 along with the fitting errors. The obtained fitting parameters for a single cell are shown in
Table 5.5.
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Figure 5.5: Characterisation of the SunPower Maxeon Gen III cell within Simulink® [120].

Table 5.5: Optimal fitting parameters for the SunPower Maxeon Gen III cell [120].

Parameter Value
Photoelectric current Iph [A] 6.159

Diode reverse saturation current I0 [A] 1.18·10−12

Diode ideality factor n [-] 0.97046
Series resistance Rs [Ω] 0.0028854
Parallel resistance Rp [Ω] 23.075

The saturation current I0 can also be acquired using Equation 3.77. For a cell temperature of 25°C,
the value for I0 becomes 1.173·10−12 A; this is only an error percentage of 0.6%. The advantage of
using Equation 3.77 over the optimisation algorithm is that the operating temperature can be varied
over a range of temperatures.

To determine the maximum amount of Maxeon Gen III cells that can be installed on the A320neo, the
total area of a single cell Scell,total needs to be calculated; note that this is not the same as the effective
cell area Scell,eff , which depicts just the cell. Assuming a gap of 5 mm between each cell, as presented
in Figure 5.6, the total cell area becomes 0.13 · 0.13 = 0.0169 m2.

125 mm 5 mm

130 mm

Figure 5.6: Spacing of the SunPower Maxeon Gen III cell; adapted from [119].

78



5.5 Photovoltaic System Master of Science Thesis

Now the maximum number of cells Npv follows from Equation 5.4:

Npv = Spv,eff
Scell,total

= 209.91
0.0169 ≈ 12420 cells (5.4)

With the total number of cells known, the PV system can be sized accordingly with the following
considerations: low operating current for reduced power losses and decent voltage range for different
solar irradiance and temperatures. Taking these factors into account, the following PV configuration has
been chosen: npv,total = 540 and mpv,total = 23. The key system characteristics are given in Table 5.6.

Table 5.6: Main characteristics of the complete PV system.

Parameter Value
Number of cells in series npv,total [-] 540
Number of cells in parallel mpv,total [-] 23
Power at maximum power point Pmpp [kW] 46.31
Open-circuit voltage Voc [V] 394.20
Short-circuit current Isc [A] 141.45
Voltage at maximum power point Vmpp [V] 341.28
Current at maximum power point Impp [A] 135.7

Effective area of a single cell Scell,eff [m2] 0.015625

To show the operating current and voltage ranges for this selected system, the flight mission from
Toulouse to Amsterdam has been selected. During this mission, the solar irradiance will vary between
570 W/m2 and 730 W/m2. To mimick various weather conditions, the temperature will fluctuate
from -15°C to 45°C. Figure 5.7 and Figure 5.8 show the corresponding I-V and P-V curves for these
temperature and irradiance limits.
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Figure 5.7: I-V curves of selected PV system for varying temperatures and solar irradiance.
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From Figure 5.7 can be derived that the variation in solar irradiance manipulates the operational current
range between 80 A and 103 A, while the temperature change commands the voltage range between
370 V and 430 V. Such insights are important for selecting devices with specific current and voltage
ratings like power electronics.
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Figure 5.8: P-V curves of selected PV system for varying temperatures and solar irradiance.

Figure 5.8 presents the maximum power points for these different operating conditions. From this
graph, the exact operating voltage and current can be determined. The maximum power point actually
shifts continuously as function of incoming irradiance and cell temperature; it is assumed that a charge
controller will be present to ensure that the system always operates at its maximum power point. Also,
the efficiency of the entire PV system can be calculated with Equation 5.5, allowing the user to analyse
the fluctuations in efficiency throughout flight.

ηpv = Impp,pv · Vmpp,pv
Gop · Npv · Scell,eff

= Impp,pv · Vmpp,pv
Gop · 12420 · 0.015625 (5.5)

5.6 Fuel Cell System

The fuel cell system characteristics are based on the experimental data of the PowerCell MS-20 PEMFC
with a nominal output of 20 kW [121]. This system is designed for mobile applications such as battery-
operated vehicles and features the PowerCell S2 fuel cell stack, which is scalable between 5-35 kW
[122]. The voltage and power curves against stack current are displayed in Figure 5.9. Note that the
net power is slightly lower than the stack power; this is because the built-in humidifier, cooler and air
compressor also require power to operate.

Again, ScanIt is used to extract the data from the polarisation curves in Figure 5.9. The governing
formula for the stack voltage is rather identical to that of a single cell (Equation 3.58), with the
addition of the term nstack. However, this formula will not be applied, as numerous studies on fuel cells
have demonstrated that a different equation is more suited for curve fitting [88, 89, 91]; this empirical
formula is described by Equation 5.6:
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Figure 5.9: System and stack characteristics of the PowerCell MS-20 fuel cell [121].

Vstack = V0 − B · ln(Istack)− Istack · Rstack −m · exp(n · Istack) (5.6)

Here, V0 is the open-circuit potential, B is the activation loss coefficient, Istack is the operating cur-
rent, Rstack is the internal resistance, m is the concentration loss coefficient and n is the exponential
concentration loss coefficient. It is also possible to use the current density istack instead of the current
Istack; subsequently, the internal resistance R needs to be interchanged with the area specific resistance
r.
For this optimisation problem, three vectors need to be arranged. The xdata and ydata vectors, shown
in Equation 5.7, contain the corresponding stack currents and voltages from the polarisation curve.
The final vector is the coefficient vector c with the five unknown fitting parameters and presented in
Equation 5.8.

xdata =


Istack,1
Istack,2

...
Istack,k

 ydata =


Vstack,1
Vstack,2

...
Vstack,k

 (5.7)

c =
[
V0 B R m n

]
(5.8)

To solve this non-linear problem, a least-squares regression fit is done using the lsqcurvefit function
within MATLAB®. This operation uses the same algorithm as lsqnonlin, but provides a more user-
friendly interface for data-fitting problems; requirements are that an user-defined formula and initial
guess c0 need to be included. The following form is used, where the sum of squares is minimised:

min
x
||F(x, xdata)− ydata||22 = min

x

∑
i

(F(x, xdatai)− ydatai)2 (5.9)
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The data set contains 299 reference points and the tolerances for TolFun and TolX are set at 1E-7.
In addition, lower and upper bound constraints have been defined to ensure realistic values; these are
stated in Table 5.7.

Table 5.7: Lower and upper bounds for the curve fit optimisation of the PowerCell MS-20 fuel cell.

Option V0 [V] B [V/ln(A)] R [Ω] m [V] n [1/A]
Lower bound 220 -inf 0 -inf -inf
Upper bound inf inf inf inf inf

After running the optimisation tool, the problem was solved after 43 iterations and 264 function
evaluations. Again, the goodness of the fit is greatly dependent on the initial vector c0; these values
have been varied repeatedly until an acceptable fit was obtained. Table 5.8 shows the initial guess and
final values for the curve fitting parameters.

Table 5.8: Curve fitting parameters for the PowerCell MS-20 fuel cell.

Vector V0 [V] B [V/ln(A)] R [Ω] m [V] n [1/A]
c0 250 2 0.5 -0.00002 0.085
c 250.508 14.278 0.19 0.00259 0.042

The resulting fit is presented in Figure 5.10; due to the nature of the experimental polarisation curve,
a greater fit cannot be obtained using Equation 5.6. Nevertheless, it still proves that the empirical
formula is practical for curve fitting.
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Figure 5.10: Curve fit of the polarisation curve for the PowerCell MS-20 fuel cell [121].

To see how this discrepancy affects the power curve, a comparison between the experimental and
simulated stack power will be made. In addition, the fuel cell power ratio Φfc between the net and
stack power will be determined by employing Equation 5.10, which varies as a function of stack current.
This term signifies how much stack power is available for use and how much is consumed by auxiliary
components such as humidifiers, compressors and coolers within the fuel cell system.

Φfc(Istack) = Pnet
Pstack

(5.10)
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To derive the net power curve, the power ratio Φfc will be multiplied by the simulated stack power. The
experimental and simulated results for both the stack and net power values are displayed in Figure 5.11.
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Figure 5.11: Curve fit of the stack and net power curves for the PowerCell MS-20 fuel cell [121].

This graph reveals that the variations in the V-I polarisation curve does not affect the stack power in
any manner; the correlation between experimental and simulated data is nearly identical. Furthermore,
the net power curves are also in agreement, indicating that the power ratio Φfc is applied correctly.

The hydrogen consumption rate ṁH2 of the PowerCell MS-20 can be determined by applying Equa-
tion 3.71. The number of cells stacked in series is estimated using Equation 3.67, where the single cell
voltage Vcell is assumed to be 0.7 V [123]. For a net power of 20 kW, a stack voltage Vstack of 147 V
is needed, as derived from Figure 5.9; this corresponds to 210 cells in series. The stoichiometric value
for hydrogen λH2 is chosen to be 1.2, which is a typical value for PEMFCs [92]. Now, the variation in
hydrogen consumption rate can be plotted as a function of net power; see Figure 5.12.
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Figure 5.12: Hydrogen consumption rate for the PowerCell MS-20 fuel cell, as a function of net power.
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For a constant net power supply of 20 kW, the value for ṁH2 becomes 4.092 · 10−4 kg/s. This corre-
sponds to 3.657 · 10−3 kg/s for the H2O emissions, using the mole ratio in Equation 3.66.

The efficiency of the fuel cell ηfc varies with hydrogen consumption rate and generated power, as
expressed in Equation 3.59. Assuming a fuel utilisation coefficient μf of 100%, the efficiency is plotted
as a function of net power in Figure 5.13.
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Figure 5.13: Efficiency curve of the PowerCell MS-20 fuel cell, as a function of net power.

However, it should be noted that the presented efficiency curve of the PowerCell MS-20 fuel cell is
for indicative purposes only. In order to determine the efficiency of this fuel cell accurately, its true
operating conditions need to be specified. The actual performance is influenced by many factors:
voltage level per cell Vcell, utilisation of hydrogen (hydrogen stoichimetry λH2) and operating pressure
level [123].

5.7 Selected EMS Configuration

The selected EMS setup focuses on the dynamics of several components within the electrical system:
the electric motor, the PV, the PEMFC and the battery systems. Similar to the EAPPS module, the
fuel cell and PV systems are available as add-on options, even though these two components are always
included in the optimised setup. An overview of the EMS configuration is illustrated in Figure 5.14.

The purpose of this overview is to show to what extent each component is modelled within the
MATLAB® environment. The most complex devices are the aircraft subsystems and the power elec-
tronics (marked in pink); these are merely modelled as static values in the form of electrical power
requirements (see Section 3.2.1) and fixed efficiencies (see Section 3.6.1), respectively. The electric
motor is simulated semi-dynamically (marked in yellow), meaning that its efficiency will be determined
as a function of the power output and the rotational speed. Last but not least, the most essential
components that make the EAPPS (PV, fuel cell and battery systems) are marked in light blue. The
system dynamics are modelled accurately after available devices on the current market; SunPower Max-
eon Gen III for the PV system, PowerCell MS-20 for the PEMFC system and Panasonic NCR20700A
for the battery system. Specific operating conditions and limitations are defined for each system, which
may affect the performance significantly.
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Figure 5.14: Detailed overview of the selected EAPPS configuration.

5.8 Model Verification and Validation

Again, to make sure that the different models are simulated correctly, each one will be verified and
validated against existing data. First of all, the electric motor model will be checked by comparing
the efficiency map to that of the hFan engine in Section 5.8.1. Then, the curve fitting method for
the lithium-ion battery will be assessed by reproducing results from reference data in Section 5.8.2. In
Section 5.8.3, a sensitivity study will be performed on the I-V curve of the PV system model. Finally,
the curve fitting approach used for fuel cells will be tested against experimental data in Section 5.8.4.

5.8.1 Validation of Electric Motor Model

To approve the electric motor model, the trends of the efficiency map will be compared to that of the
hFan engine from a NASA report covering Boeing’s SUGAR Volt aircraft [78]. The performance map
of this particular engine is given in Figure 5.15.
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Figure 5.15: Performance map of the hFan motor efficiency as function of electrical power output and
rotational speed; adapted from [78].
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When comparing the two maps from Figure 5.2 and Figure 5.15, it is evident that the trends at high
RPMs are well in agreement. On the contrary, the efficiency at low RPM settings, below 25%, seems
to be modelled too optimistically, while the hFan shows a linearly decreasing efficiency with increasing
power setting. This means the electric motor will not be modelled accurately enough at RPM settings
below 25% in combination with high power outputs. Fortunately, the lowest operating RPMs are during
taxiing (around 20%) at low power settings, implying that any discrepancies can be avoided.

5.8.2 Validation of Lithium-Ion Battery Model (Curve Fitting Method)

To validate the battery model from Section 5.4, the curve fitting method will be tested on reference
data to see if the same results can be achieved. This non-linear least-squares regression method
will be based on Equation 3.35 and Equation 3.38 to Equation 3.40, as described in Ref. [84]. The
discharge characteristics come from a 6-cell 1,300 mAh high-C Li-Po battery with a nominal voltage
V0 of 22.2 V (or 3.7 V per cell). Figure 5.16 shows the original graph next to the reproduced plots,
with the accompanying curve fitting parameters summarised in Table 5.9. The solid line shows the
actual experimental data and the dashed line represents the simulated curve fit. Both graphs are nearly
indistinguishable, which means that the curve fitting method is applied correctly. An important battery
characteristic presented in the graphs is that the battery capacity is dependent on the discharge rate;
higher discharge rates tend to lower the battery energy content, which means that lower discharge rates
are favoured.

(a) Results from reference data; adopted from [84].

0 0.2 0.4 0.6 0.8 1
Depth of discharge [-]

18

19

20

21

22

23

24

25

26

Vo
lta

ge
 [V

]

1C
5C
10C
15C

(b) Replicated results with same curve fitting
method.

Figure 5.16: Curve fitting results for the 6-cell 1,300 mAh high-C Li-Po battery; experimental data
(solid) and simulated fit (dashed).

Table 5.9: Curve fitting parameters for the 6-cell 1,300 mAh high-C Li-Po battery [84].

Data type K [V] pc [-] A [V] p3 [Ah2] p2 [Ah] p1 [A] p0 [Ah−1] R [Ω]
Reference 0.05832 1.019 2.7020 0.05308 -0.8332 3.5110 -0.7699 0.04865
Replicate 0.12380 1.019 2.5979 0.06220 -0.9781 4.1073 -1.6769 0.04180
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5.8.3 Verification of Photovoltaic System Model

To verify the five parameter model, a parametric sensitivity study is done for the series resistance Rs, the
parallel resistance Rp, the cell temperature T and the solar irradiance G. The effects of each parameter
on the I-V and P-V curves are shown in Figure 5.17 to Figure 5.19.
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(a) Effect of series resistance on I-V curve.
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(b) Effect of parallel resistance on I-V curve.

Figure 5.17: Sensitivity study on the series resistance Rs and the parallel resistance Rp.

Figure 5.17a presents the effect of different values for the series resistance Rs on the I-V curve. Both the
maximum power and fill factor decreases with higher resistances. The series resistance affects the I-V
curve such that the constant current area becomes smaller or larger; at higher resistances, the voltage
becomes lower for the same current. This also means that the voltage at which the current starts to
drop is lower for increasing resistances, resulting in lower currents at the maximum power point. From
this graph can be said that the ideal series resistance should be as low as possible.

Figure 5.17b demonstrates the effect of different values for the parallel resistance Rp on the I-V curve.
The parallel resistance works similar as the series resistance, only for the voltage instead of the current.
This time, the maximum power and fill factor decreases with lower resistances. Hence, the ideal parallel
resistance should be as high as possible.

Figure 5.18a and Figure 5.18b show the effect of different values for the cell temperature Tcell on the
I-V and P-V curves. With increasing temperatures, the short-circuit current Isc increases while the
open-circuit voltage Voc lowers. This is in line with Equation 3.75 and Equation 3.76. The largest
impact of temperature is on the maximum power output: the power output decreases significantly with
increasing cell temperature, as shown in Figure 5.18b. The temperature coefficient for the power is
equal to -0.115 W/°C or 0.3%/°C, which is identical to the value stated in the specification sheet [119].

Figure 5.19a and Figure 5.19b illustrate the effect of different values for the solar irradiance G on
the I-V and P-V curves. The photoelectric current Iph is directly related to the solar irradiance by
Equation 3.78, which explains the huge current drop with decreasing irradiance. This in turn affects
the maximum power output of the PV cell depicted in Figure 5.19b.

With that being said, the presented graphs seem to agree with perceivable trends in PV literature as
well as the data sheet for the Maxeon Gen III cell, suggesting that the five parameter model works
correctly.
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(a) Effect of cell temperature on I-V curve.
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Figure 5.18: Sensitivity study on the cell temperature T.
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(a) Effect of solar irradiance on I-V curve.
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Figure 5.19: Sensitivity study on the solar irradiance G.

5.8.4 Validation of Fuel Cell System Model (Curve Fitting Method)

To validate the fuel cell system model, the same approach for polarisation curve fitting will be applied
on reference data, provided by Ref. [91]. For this, the characteristic formula described by Equation 5.6
will be used. The polarisation curve data stems from the AeroStack 200W PEMFC manufactured by
Horizon Energy Systems. The curve fitting parameters are given in Table 5.10.

Table 5.10: Curve fitting parameters for the 200W AeroStack fuel cell [91].

Data type V0 [V] B [Vln(A)−1] R [Ω] m [V] n [A−1]
Reference 30.480 0.4947 0.5002 1.972 · 10−4 0.6826
Replicate 30.497 0.4850 0.5070 1.458 · 10−4 0.7010

In Figure 5.20, the original reference data with the applied curve fit is displayed on the left and the
reproduced graph on the right. The circles represent the reference data from AeroStack and the solid
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line is the curve fit obtained using Equation 5.6.
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(a) Results from reference data; adapted from [91].
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Figure 5.20: Curve fitting results for the 200W AeroStack fuel cell; experimental data (circle) and
simulated fit (solid line).

It is clear that both graphs agree well to each other, implying correct use of the curve fitting method
described in Section 5.6.
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CHAPTER 6
Results and Discussion

After constructing both the EAPPS and EMS modules, a series of trade studies with different EAPPS
setups can be performed. This chapter will contain the most important findings from both simulation
models regarding the EAPPS setup and overall aircraft flight performance. The focus is primarily on
the potential fuel, energy and emission savings.
Firstly, Section 6.1 will present the results of a conventional A320neo with hybrid electric propulsion
system (HEPS) only, similar to a former study by Ref. [1, 2]. Then, in Section 6.2, a set of gradual
system changes will be introduced to the conventional A320neo using the EAPPS module. These
modifications include the electrification of the traditional non-propulsive power systems, the inclusion of
fuel cell systems, the installation of PV panels on the outer skin of the A320neo aircraft and downscaling
the CFM LEAP-1A engine. This is followed by a projection study of the EAPPS configuration with far
future technology (2040+) in Section 6.3. The results from the previous sections are two optimised
EAPPS setups in 2020+ and 2040+, respectively. Then, using the EMS module, the dynamic behaviour
of the electrical system for both setups will be studied in Section 6.4; this leads to corrective measures
for the battery specific energy, which can be fed back into the EAPPS module. After the final corrected
results for both time frames are obtained, the overall performance can then be compared to that of the
conventional A320neo aircraft in Section 6.5; the absolute and relative savings in terms of fuel, energy
and emissions will be discussed in more detail.

6.1 Conventional A320neo with HEPS (2020+)

This section describes the analysis of a conventional A320neo only equipped with HEPS, based on near
term technology (2020+); these parameters can be found in Chapter 3.
First of all, the effect of power management strategy on the fuel and energy consumption will be
discussed in Section 6.1.1. This is an extension of a former study described in Ref. [1, 2]. This
is followed by a Pareto efficiency plot in Section 6.1.2, which suggests that both fuel and energy
consumption cannot be optimised at the same time. Furthermore, a closer look is taken at three
different battery charging strategies. The chosen approach determines the total electrical system mass
to be carried throughout the mission and thus affects the overall aircraft performance. Section 6.1.3
and Section 6.1.4 will cover its effect on mass as well as fuel and energy consumption, respectively.
Lastly, some insights regarding power management and battery charging strategies will be shared in
Section 6.1.5.
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6.1.1 Effect of Power Management Strategy on Fuel and Energy Consumption

Using the EAPPS module, the take-off and climb power split ratios have been varied independently
between 0% and 40%. Larger values of power splits are not feasible as in those cases the total aircraft
mass, caused by the increased electrical system mass, will exceed the maximum take-off mass (MTOM).

Figure 6.1 shows the relative fuel consumption as a function of the take-off split φtakeoff and climb
power split φclimb, with respect to the conventional A320neo without HEPS.
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Figure 6.1: Effect of power management strategy on relative difference in fuel consumption.

This graph indicates that by lowering the take-off power split φtakeoff and increasing the climb power
split φclimb, the fuel consumption can be reduced. The downward trend of fuel consumption as function
of φclimb is explained by the amount of fuel saved during the climb phase, which offsets the additional
fuel burnt for carrying along the electrical system mass. This is generally not the case for the take-off
power split, as the fuel saved during the short period of time at take-off is less than the additional fuel
consumed for the inclusion of the electrical system mass. This mass is mainly determined by the peak
power sizing requirements; increasing φtakeoff and thus the peak power leads to a heavier system. At
φtakeoff = 0 and φclimb = 0, the reduction in relative fuel consumption is around 3%; this is because
fully electric taxiing is applied in each case, which saves fuel by avoiding inefficient use of the turbofan
engine during taxiing. This percentage is similar to the estimations made by Safran and Airbus [103].

To justify the use of HEPS, the total energy consumption should also be considered within this research;
this is illustrated in Figure 6.2. The total energy consumed comprises the chemical energy stored as
fuel and the electrical energy in the form of batteries. The relative energy consumption is the difference
with respect to the energy consumption of the conventional A320neo without HEPS.

The implementation of HEPS results in reduced fuel consumption for power splits up to 35%, however,
this is not always the case for energy consumption. This is observed better in Figure 6.3, a contour
plot of Figure 6.2. The graph shows a distinct orange border where the relative energy consumption
breaks even. This boundary, which extends to different combinations of power split ratios, should be
kept in mind when selecting an optimised HEPS configuration.
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Figure 6.2: Effect of power management strategy on relative difference in energy consumption.

-1

-1

-0
.5

-0.5

-0.5

0.5

0.5

0.5

1

1
1

1.5

1.5

2
2.5

3

5 10 15 20 25 30
Φclimb in [%]

5

10

15

20

25

30

Φ
ta

ke
off

 in
 [%

]

-1

0

1

2

3

4

Re
la

tiv
e 

di
ffe

re
nc

e 
in

 e
ne

rg
y 

co
ns

um
pt

io
n 

in
 [%

]

Figure 6.3: Effect of power management strategy on relative difference in energy consumption in a
contour plot; break-even border is marked orange.

The trends shown in Figure 6.1 and Figure 6.2 as a function of power management strategy agree well
with the results from Ref. [1]. Since the assumed time frame and electrical system characteristics from
the previous study are significantly different than those from this study, further quantitative comparison
is not provided here.

6.1.2 Pareto Representation of Conventional A320neo with HEPS (2020+)

Since fuel and energy consumption cannot be optimised simultaneously without compromising each
other, the Pareto efficiency is plotted in Figure 6.4, following a multi-objective approach as in Ref.
[1]. This graph illustrates different power management strategies as individual points corresponding
to various fuel and energy consumption. If the total aircraft mass for a combination of take-off and
climb power splits exceeds the MTOM, that specific point is marked grey. The reference point of the
conventional A320neo without any modifications is marked dark blue.
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Figure 6.4: Pareto efficiency of conventional A320neo with HEPS (2020+).

6.1.3 Effect of Battery Charging Strategy on Electrical System Mass

The mass of the electrical system depends on the power splits during take-off and climb, φtakeoff and
φclimb, respectively; in essence, the power management strategy. In addition to that, the choice of
charging strategy affects the total amount of batteries to be carried and thus contributes to the change
in electrical system mass. Keep in mind that the state of charge (SOC) is limited to a minimum of
10% to maintain safe operation. Another alternative is to keep the SOC between 25% and 85% to
prolong battery life [124]. Since this study mainly focuses on the feasibility and potential of HEPS, this
approach will not be investigated; it can be considered as a topic for future research.

The following charging strategies are available during the descent phase:

• No charging
If batteries are not charged in-flight during descent, more capacity needs to be carried along
to perform the landing and taxi-in segments electrically. The batteries will be sized for the full
mission without additional fuel and energy consumption. The SOC will be a minimum of 10% at
the end of the mission.

• Partially charging
Another option is to charge the batteries to a certain capacity such that the landing and taxi-in
sequences can be completed electrically. This way the battery is sized only for the taxi-out, take-
off and climb phases; however, additional fuel will be used by the engine to charge the batteries.
The SOC is limited to 10% at the end of the mission.

• Fully charging
The last alternative is to fully charge the batteries during descent; it is the least fuel efficient
choice, but results in a near-full battery (SOC > 75%) at the end of the mission. This can be
crucial for quick turnaround times at the airport. Again, the battery can be sized for the first
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three segments (taxi-out, take-off and climb) only, at the cost of consuming extra fuel during
descent.

Since average turnaround times for the A320 are at least 30 to 35 minutes, sufficient time is available
to recharge the batteries to full capacity on-ground [125]. This eliminates the latter strategy of fully
charging. The remaining two options will be analysed for the same range of power split ratios as applied
previously.

Figure 6.5 and Figure 6.6 depict the masses of the electrical system at various power management
strategies for the two different charging approaches, respectively. The red solid line indicates the
electrical system mass limitation of 6,700 kg (mission mass of 10,700 kg minus fuel mass of 4,000 kg).
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Figure 6.5: Effect of power management strategy on electrical system mass, assuming no charging;
mass limitation of 6,700 kg is marked red.
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Figure 6.6: Effect of power management strategy on electrical system mass, assuming partially charg-
ing; mass limitation of 6,700 kg is marked red.

From Figure 6.5 and Figure 6.6 can be deduced that the electrical system mass is more affected by
the power split of the climb phase than the power split from take-off. The mass of the batteries is
determined by its energy, which is the produced power multiplied by its duration of supply. The masses
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of the electric motor and the inverter are only based on the maximum power supplied. Even though
the power required during climb is significantly lower, resulting in a smaller motor and inverter, the
overall electrical system mass is dictated by the batteries. The duration of the climb phase is notably
longer than the take-off phase, which causes the batteries to be sized much larger to provide sufficient
energy. This explains the steeper slope in the direction of the climb power split φclimb, which hints that
the system mass is primarily governed by the mass of the batteries. Furthermore, at φtakeoff = 0 and
φclimb = 0, the electrical system masses for no charging and partially charging are equal to 3,500.7 kg
and 2,984 kg, respectively; this is required for performing the taxiing phase electrically.

Since the mass trends of the two charging strategies are nearly indistinguishable, the relative difference
in mass between the two is plotted in Figure 6.7, as a contour plot.
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Figure 6.7: Effect of power management strategy on relative difference in electrical system mass
between no charging and partially charging; mass limitation of 6,700 kg is marked red.

It can be observed that if the battery is partially charged during descent, the electrical system will be
sized slightly smaller; approximately 520 kg of mass is saved for any given power management strategy.
To see how this mass change affects the overall mission performance, both charging strategies will be
investigated further on its fuel and energy consumption in Section 6.1.4.

6.1.4 Effect of Battery Charging Strategy on Fuel and Energy Consumption

Charging the battery during flight will inevitably lead to additional fuel and energy consumption. Taking
into account the differences in electrical system mass, Figure 6.8 and Figure 6.9 illustrate the relative
differences between no charging and partially charging of fuel and energy consumption, respectively. A
positive value suggests that the fuel and energy consumption are higher for partially charging than no
charging, and vice versa when it is negative.

Figure 6.8 presents the relative fuel consumption between the two charging strategies. The effect of
the take-off power split φtakeoff on the relative fuel consumption is rather insignificant compared to the
effect of the climb power split φclimb. This can be led back to the fact that the climb segment lasts
much longer than the take-off segment. As the battery size grows with higher climb power splits, the
energy required for the taxi-in phase will increase as well, due to the added electrical system mass. This
leads to a higher amount of capacity that needs to be recharged, which in turn contributes to more
fuel consumed during the descent phase.
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Figure 6.8: Effect of power management strategy on difference in relative fuel consumption between
no charging and partially charging; mass limitation of 6,700 kg is marked red.
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Figure 6.9: Effect of power management strategy on relative difference in energy consumption between
no charging and partially charging; mass limitation of 6,700 kg is marked red.

A similar relationship between the charging strategies is shown for the energy consumption in Figure 6.9.
Again, the influence of the climb power split φclimb dictates over that of the take-off power split φtakeoff .

From Figure 6.8 and Figure 6.9 can be concluded that the strategy of partially charging is not beneficial
in terms of fuel and energy consumption for any power management strategy. The fuel and energy
required to charge the batteries during descent does not offset the lower fuel and energy consumption
due to the smaller and lighter electrical system.

This is better illustrated in Figure 6.10, where the absolute amounts of fuel and energy consumed during
the mission are plotted for a power management strategy of φtakeoff = 16.7% and φclimb = 8.7%. Also,
as shown by the plateaus in the beginning and the end of the mission, the taxi-out and taxi-in phases
are performed fully electric. The descent phase and thus the charging procedure starts about 4,000
seconds into the mission. After a short amount of time, the consumption by the partial charging
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approach overtakes that of the approach without charging; for this particular setup, the differences in
fuel and energy consumed are 63.1 kg and 0.75 MWh, respectively.
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Figure 6.10: Effect of battery charging strategy on absolute fuel and energy consumption.

6.1.5 Discussion

The first investigation of the conventional A320neo aircraft with HEPS (see Section 6.1.1) demonstrates
that one should aim for higher power split values, within the aircraft MTOM limitations, to reduce fuel
consumption. However, when taking the total energy consumption into account, a constraint appears
illustrating a break-even point where the increased electrical power does not outperform the increase in
electrical system weight anymore. The priority of propulsive electrification lies in optimising the climb
power split φclimb, as benefits grow with longer operating times. Furthermore, fully electric taxiing
already reduces the fuel and energy consumption by 3% and 1%, respectively. Lastly, the batteries
used for HEPS should be recharged on-ground, as in-flight charging only results in less fuel and energy
savings.

6.2 A320neo with EAPPS Modifications (2020+)

After the first analyses with the baseline aircraft described in Section 6.1, the aircraft will be modified
incrementally to investigate potential optimisations of the EAPPS. These changes include the conversion
of the traditional non-propulsive power systems into an electrical subsystem architecture (MEA), the
implementation of a fuel cell system (including hydrogen storage), the installation of PV on the outer
skin and the downscaling of the turbofan engine. The projected technology level of the components
used in the electrical system will be from the near future (2020+).

First, the baseline aircraft is converted into a MEA by introducing an electrical subsystem architecture;
the effect of this modification on its fuel and energy consumption can be found in Section 6.2.1.
Afterwards, three different EAPPS configurations are applied to the MEA with varying fuel cell output
power. The results will be compared in Section 6.2.2. Additionally, PV panels are installed on the outer
skin of the aircraft to see whether this EAPPS setup can be beneficial or not. The outcome of this
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analysis is described in Section 6.2.3. A Pareto graph, similar to Figure 6.4 in Section 6.1.2, is then
constructed in Section 6.2.4 to find the optimal power split values to be investigated. Furthermore,
the effect of engine scaling will be analysed in Section 6.2.5. An additional PV study is performed in
Section 6.2.6 to see how the flight mission impacts the overall performance of the EAPPS configuration.
Lastly, the findings and the optimised EAPPS setup for this specific time frame (2020+) will be
expressed in Section 6.2.7.

6.2.1 Effect of Electrical Subsystem Architecture on Fuel and Energy Consumption

The first alteration is the electrification of traditional aircraft subsystems; here, the pneumatic and
hydraulic systems have been replaced by electrical counterparts, as mentioned earlier in Section 2.3.2.
This means that bleed air off-takes are no longer required from the engine, allowing a more efficient
operation of the engine. Figure 6.11 and Figure 6.12 show the impact of this modification on the
relative fuel and energy consumption, respectively. Note that the electrical system mass limitation is
now increased to 7,499 kg due to the resultant mass change of MEA conversion (Table 4.3).
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Figure 6.11: Effect of power management strategy on relative difference in fuel consumption, assuming
electrical subsystem architecture; mass limitation of 7,499 kg is marked red.

The relative change in fuel consumption with respect to the reference case from Section 6.1.1 is
illustrated in Figure 6.11. This architecture conversion is beneficial regardless of any take-off power
split φtakeoff and climb power split φclimb combination. This means that the HEPS always compensates
for its additional electrical system mass. It also helps that an A320neo with an electrical subsystem
architecture carries 799 kg less in aircraft equipment than for the conventional configuration, as depicted
in Table 4.3.

The same trend is seen for the relative energy consumption, as shown in Figure 6.12. Here, the MEA
can save up to 9.4% of energy consumed compared to the baseline aircraft. In relative terms, the
optimal power management strategy should operate at take-off power splits above 25% and climb
power splits between approximately 18% and 25%. Unfortunately, the aircraft mass limitation only
allows a maximum reduction of 9.2% for a take-off power split ratio of around 12% and a climb power
split ratio between 2% and 18%. Keep in mind that this optimum may not hold true in absolute
senses; the absolute gains with respect to the conventional A320neo aircraft will be presented later in
Section 6.2.4.
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Figure 6.12: Effect of power management strategy on relative difference in energy consumption,
assuming electrical subsystem architecture; mass limitation of 7,499 kg is marked red.

6.2.2 Effect of Fuel Cells on Fuel and Energy Consumption

The next adjustment is the addition of a fuel cell system to alleviate the required load from the batteries.
The principal idea behind this is that the hydrogen used has a higher specific energy than batteries,
so fuel cells will perform far better in endurance. However, the sizing of the fuel cell and its auxiliary
devices (e.g. compressor, humidifier, fuel storage and supply, etc.) is defined by the maximum power
the system has to provide.
For the same power output, the initial system mass of batteries is lower than that of fuel cells; however,
as the operating time increases, more batteries need to be added to supply sufficient energy, while fuel
cells only require additional hydrogen. With the far superior specific energy of hydrogen, this means
that at some point the fuel cell system mass becomes lower than the battery system mass. Hence, a
careful trade-off between maximum fuel cell power and operating time needs to be made to allow a
reduction in total electrical system mass.
To investigate this matter, three configurations with varying maximum fuel cell power will be examined;
these are described below.

• Configuration 1: Constant power supply of 200 kW
The first configuration is a 200 kW fuel cell system which provides continuous power throughout
the whole mission. The value of 200 kW is based on the minimum electrical power required by
the various non-propulsive aircraft subsystems of the MEA. The fuel cell size is defined by the
maximum power of 200 kW.

• Configuration 2: Constant power of 200 kW and 5% of the electrically provided propulsive power
during take-off/climb
The second configuration extends the first configuration and also provides 5% hybridisation power
towards the electric motor during take-off and climb phases. This means that the fuel cell system
will be sized for the highest power value between 5% of electric take-off power and 5% of electric
climb power, depending on the chosen power management strategy.

• Configuration 3: Constant power of 200 kW and 10% of the electrically provided propulsive power
during take-off/climb
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The last configuration is similar to the second one, only now sized for 10% hybridisation power
during take-off and climb. The fuel cell system size is dictated by the highest power value between
10% of electric take-off power and 10% of electric climb power, depending on the chosen power
management strategy.

The changes in fuel consumption as a function of the power management strategy for the three con-
figurations are shown in Figure 6.13a to Figure 6.13c.
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(a) Configuration 1: Constant supply of 200 kW and no additional power provided
during take-off/climb.
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(b) Configuration 2: Constant supply of 200 kW and 5% of required power provided
by fuel cells during take-off/climb.

Figure 6.13: Effect of power management strategy on relative difference in fuel consumption, assuming
varying fuel cell power; mass limitation of 7,499 kg is marked red.

Analysing these graphs, it can be said that the only configuration worth pursuing is the first one:
a fuel cell system that provides a constant power supply of 200 kW. Figure 6.13a shows that the
inclusion of fuel cells could still lead to an improvement in fuel burn, albeit much less than what
the first modification achieved. Compared to the modified A320neo with only an electrical subsystem
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(c) Configuration 3: Constant supply of 200 kW and 10% of required power pro-
vided by fuel cells during take-off/climb.

Figure 6.13: Effect of power management strategy on relative difference in fuel consumption, assuming
varying fuel cell power; mass limitation of 7,499 kg is marked red.

architecture in Section 6.2.1, the overall gain is slightly more than 0.06% of fuel saved for any chosen
power management strategy. As said before, this improvement is possible due to the higher specific
energy of the hydrogen fuel; the overall mass of the electrical system becomes less when part of the
batteries is replaced by a fuel cell system. Both Figure 6.13b and Figure 6.13c show an increase in fuel
consumption. This indicates that sizing the fuel cell system for 5% or 10% of the required hybridisation
power is inefficient and eliminates all benefits of installing such a system.

Figure 6.14 presents the change in energy consumption for configuration 1, relative to the MEA de-
scribed in Section 6.2.1. Now the total energy consumed consists of the chemical energy stored in
kerosene and hydrogen as well as the electrical energy in the form of batteries.
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Figure 6.14: Effect of power management strategy on relative difference in energy consumption,
assuming configuration 1; mass limitation of 7,499 kg is marked red.

Contrary to the fuel consumption, the overall energy consumption does lower by a higher amount
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of around 0.5% for any arbitrary chosen power management strategy. This implies that the process
of generating electrical power throughout the mission using fuel cell systems is more efficient than
extracting it directly from lithium-ion batteries for this mission length of 1,000 km. Do keep in mind
that, from an economical point of view, this approach might not be effective yet, as today’s kerosene
prices are still lower than the current energy equivalent price of hydrogen [126].

6.2.3 Effect of Photovoltaics on Fuel and Energy Consumption

To demonstrate the impact of photovoltaics, a specific flight mission has been selected: the aircraft
departs from Toulouse at solar noon on 21st of March 2017 towards Amsterdam, covering a total
distance of 998 km. The changes in fuel and energy consumed for this mission, relative to the modified
aircraft in Section 6.2.2, are presented in Figure 6.15 and Figure 6.16, correspondingly. In this case,
the total energy consumption is equal to the chemical energy stored in kerosene and hydrogen as well
as the electrical energy provided by the batteries, minus the electricity generated by the PV system.
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Figure 6.15: Effect of power management strategy on relative difference in fuel consumption; mass
limitation of 7,499 kg is marked red.

Figure 6.15 reveals that photovoltaics is of limited use on this chosen flight, for any chosen power
management strategy. A maximum of 0.04% of fuel can be saved compared to the previous configu-
ration; this corresponds to 1.4 kg of kerosene. It can be argued whether this amount of fuel saved is
meaningful enough to design and install a complete PV system on the A320neo.

As shown in Figure 6.16, installing PV panels on the A320neo saves energy irrespective of power man-
agement strategy; the energy consumed can be reduced by about 0.25%. It should also be mentioned
that the energy generated by photovoltaics is sustainable: it is ’free’ and does not produce any emissions
during operation.

Nonetheless, the resulting fuel and energy savings can be quite deceiving, as the mission received
the highest solar irradiance at that particular day during solar noon. In reality, the position of the
Sun changes throughout the day, so flying at different times might not even lead to savings. The
effectiveness of photovoltaics is greatly dependent on location, time and date; therefore, another PV
analysis will be done for multiple flight missions at different times of the day (morning, afternoon and
evening), once the most effective EAPPS configuration in terms of fuel and energy savings has been
determined. This analysis can be found in Section 6.2.6.
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Figure 6.16: Effect of power management strategy on relative difference in energy consumption,
assuming photovoltaics for flight from Toulouse to Amsterdam; mass limitation of 7,499 kg is marked
red.

6.2.4 Pareto Representation of A320neo with EAPPS Modifications (2020+)

The absolute fuel and energy consumption for the baseline aircraft with all three modifications (electrical
subsystems, fuel cells and photovoltaics), with respect to the conventional A320neo are presented in
Figure 6.17 and Figure 6.18, respectively.
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Figure 6.17: Effect of power management strategy on absolute difference in fuel consumption, assum-
ing the baseline aircraft with all three modifications (electrical subsystems, fuel cells and photovoltaics);
mass limitation of 7,499 kg is marked red.

The Pareto efficiency for this aircraft is shown in Figure 6.19. From all the simulated take-off and climb
power split combinations, the best results which consume the least amount of fuel and energy, without
exceeding the mass limit, are marked purple in the graph and arranged in Table 6.1.

As downsizing the engine has not been considered yet, this will be the subject of focus in Section 6.2.5.
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Figure 6.18: Effect of power management strategy on absolute difference in energy consumption,
assuming the baseline aircraft with all three modifications (electrical subsystems, fuel cells and photo-
voltaics); mass limitation of 7,499 kg is marked red.
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Figure 6.19: Pareto efficiency of modified A320neo with EAPPS (2020+).

Table 6.1: Optimal Pareto points for modified A320neo with EAPPS (2020+).

Pareto point φtakeoff in [%] φclimb in [%]
1 0.2 9.3
2 8.5 9.3
3 16.6 9.3
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6.2.5 Effect of Engine Scaling on EAPPS Performance

When a power management strategy is selected for the baseline aircraft with all three modifications,
the required thrust will be partially covered by the electric motor during take-off and climb. This
means that the sizing of the engine is not governed by the required take-off thrust anymore, yielding a
smaller and lighter powerplant. The optimal power split combinations considered for this analysis were
mentioned earlier in Table 6.1.
Figure 6.20 illustrates the fuel and energy consumption at the three different Pareto points for five
engine sizes between 80% and 100% of the standard CFM LEAP-1A26 engine. The various operating
points are indicated by shapes (circle, triangle and square), while the engine scaling is marked in different
colours (yellow, orange, green, light blue and purple).
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Figure 6.20: Pareto efficiency of modified A320neo with EAPPS (2020+) as function of power man-
agement strategy and engine scaling.

The effect of engine scaling on the consumption is clearly displayed: less fuel and energy is spent as
the engine gets smaller and lighter. Of the three Pareto points, the power management strategy with
the largest take-off power split φtakeoff of 16.6% (Pareto point 3) is the most efficient strategy in terms
of saving fuel and energy. By increasing the take-off power split and thus lowering the thrust required
from the turbofan engine during take-off, the design point (take-off) will essentially shift towards the
off-design point (cruise). This means that the engine will operate at a higher overall system efficiency
throughout the mission, resulting in lower fuel and energy consumption.
Since applying EAPPS and downscaling affect the engine operating conditions, the limitations on the
maximum shaft speeds and temperatures will be re-examined in the following paragraphs.
Figure 6.21 presents the maximum LP and HP shaft speeds (N1 and N2) for each configuration individ-
ually. The dark blue starred marker is the reference A320neo configuration without EAPPS. The graph
reveals that by increasing the take-off power split (from point 1 to point 3), the maximum rotational
speed on the HP spool N2 decreases significantly; in some cases, lower HP shaft speeds than for the
reference case can be attained. Essentially, with the assistance of the electric motor on the LP shaft
during take-off, a part of the work required by the HP shaft is alleviated. However, when employing
smaller powerplants, both shaft speeds will be greatly increased; this will affect the lifespan of the disc
blades due to larger centrifugal stresses.
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Figure 6.21: Effect of power management strategy and engine scaling on maximum shaft speeds,
assuming modified A320neo with EAPPS (2020+).

Figure 6.22 displays the effect of scaling on the engine mass. The reference case, marked in light blue,
shows the mass of the engine for scaling from 80% to 100%, as function of its thrust output (applying
Equation 3.1). The remaining lines represent the engine mass at the three Pareto points. As smaller-
sized engines face higher rotational speeds, all turbine and compressor blades will be strengthened to
withstand the increased disc loads; this happens in accordance with Equation 3.6. The difference in
mass between the Pareto points and the reference mark at each engine size is the extra mass required
for disc reinforcements.
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Figure 6.22: Effect of power management strategy and engine scaling on engine mass, assuming
modified A320neo with EAPPS (2020+).

The maximum temperatures for the HPT nozzle guide vanes (NGVs) Tt41 and exhaust gas temperature
(EGT) Tt45 for the various Pareto points and engine sizes are shown in Figure 6.23 and Figure 6.24,
respectively. The solid red line indicates the maximum allowable temperature (including a margin of
75°C for EGT). The dashed red line in Figure 6.24 is the Tt45 limit without margin. The markers will
be indicated as grey when these exceed the corresponding temperature limits.

107



Master of Science Thesis Results and Discussion

80 85 90 95 100
Relative design ṁLEAP-1A in [%]

1700

1800

1900

2000

2100

2200

2300

2400

M
ax

im
um

 T
t4

1 
in

 [K
]

Full mission
Pareto point 1
Pareto point 2
Pareto point 3
CFM LEAP-1A

Figure 6.23: Effect of power management strategy and engine scaling on NGV temperature (Tt41),
assuming modified A320neo with EAPPS (2020+).

According to Figure 6.23, the overall limit of 2,000 K for Tt41 will be exceeded for engines scaled smaller
than 90%. Even for the engine scaled down to 90% and 95%, only specific Pareto points will be able
to operate below this Tt41 limit. On a side note, the maximum Tt41 temperature in the case of only
assistance during climb (Pareto point 1) is slightly higher than for the reference case; this difference is
due to the additional electrical system mass that must be carried along. Once a take-off power split
φtakeoff is applied (Pareto points 2 & 3), the maximum Tt41 temperature drops below the reference
temperature line. The most economical option below the Tt41 limit is the engine scaled down to 90%
with a power management of φtakeoff = 16.6% and φclimb = 9.3% (Pareto point 3).

Figure 6.24 shows the maximum EGT values in different scenarios: ground, take-off and in-flight. The
EGT limits used are stated in Table 4.6. The importance of the take-off power split φtakeoff is once
more highlighted in this graph. For the unscaled engine at take-off, it is shown that both Pareto points
1 & 2 will surpass the soft limit; the engine will only perform below this limit if Pareto point 3 is
selected. In terms of engine life, this means that the same device can operate longer with a higher
take-off power split; the engine deteriorates slower when it is exposed to lower EGT values. In the case
of EGT temperature (Tt45) limitations, the absolute limit (with EGT margin) is reached at take-off and
in-flight phases. The best choice that stays below the Tt45 limit at all three scenarios is a downscaled
engine of 95% operating at Pareto point 3.

To present the options more clearly, the Pareto efficiency map (Figure 6.20) is altered to include the
NGV and EGT limitations; if a point surpasses the respective temperature limit of Tt41 or Tt45, this
point will be marked grey. The resulting Pareto efficiencies with the NGV and EGT temperatures are
displayed in Figure 6.25 and Figure 6.26, respectively.

As mentioned before in Section 4.2, the limits set on EGT (Tt45) are only indicative and mainly used
for aircraft engine maintenance; it is by no means necessary to set it as a design requirement. Without
this EGT limit, the most optimal configuration without exceeding the NGV temperature limitation of
2,000 K becomes the CFM LEAP-1A engine downscaled to 90% with a take-off power split φtakeoff of
16.6% and a climb power split φclimb of 9.3% (Pareto point 3). This setup will be considered as the
optimal power split combination and will be further analysed in the following section.
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Figure 6.24: Effect of power management strategy and engine scaling on EGT (Tt45), assuming
modified A320neo with EAPPS (2020+).
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Figure 6.25: Pareto efficiency of modified A320neo with EAPPS (2020+) as function of power man-
agement strategy and engine scaling, taking the NGV temperature (Tt41) limitations into account.

6.2.6 Effect of Flight Mission on EAPPS Performance

Photovoltaics is largely dependent on location, time and date; to showcase the true potential of photo-
voltaics, three flight missions (stated earlier in Table 4.9) will be analysed at different times of the day
(morning, afternoon and evening). To represent the PV performance throughout the year and account
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Figure 6.26: Pareto efficiency of modified A320neo with EAPPS (2020+) as function of power man-
agement strategy and engine scaling, taking the EGT (Tt45) limitations into account.

for the fluctations in sunlight, an annual average solar irradiance will be used; these values are expressed
in W/m2 and found in Table 6.2.

Table 6.2: Annual solar irradiance (in W/m2) as function of location and time.

Time of the day TLS-AMS1 GYE-BOG2 HBA-SYD3

Morning (8AM-11AM) 350.3 514.8 421.4
Afternoon (12PM-3PM) 604.9 910.8 735.7
Evening (4PM-7PM) 282.5 391.3 332.7

The fuel and energy consumption will be compared to the same A320neo configuration without pho-
tovoltaics. The results are summarised in Table 6.3 and Table 6.4. The average values for fuel and
energy throughout the day are indicated as well, in kg and kWh, correspondingly.

Table 6.3: Effect of flight mission on relative reduction in fuel consumption (in %) as function of
location, time and date.

Time of the day TLS-AMS1 GYE-BOG2 HBA-SYD3

Morning (8AM-11AM) 0.029 -0.007 0.014
Afternoon (12PM-3PM) -0.027 -0.094 -0.056
Evening (4PM-7PM) 0.044 0.020 0.033

Daily average (8AM-7PM) 0.015 -0.027 -0.003
Average amount of fuel burnt [kg] 0.508 -0.879 -0.100

The viability of photovoltaics for a selected flight mission is represented by the daily average in Table 6.3.
A negative value implies that the amount of fuel saved due to the power generated by photovoltaics

1 Flight mission 1: Toulouse (France) to Amsterdam (The Netherlands).
2 Flight mission 2: Guayaquil (Ecuador) to Bogota (Colombia).
3 Flight mission 3: Hobart (Tasmania) to Sydney (Australia).
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Table 6.4: Effect of flight mission on relative reduction in energy consumption (in %) as function of
location, time and date.

Time of the day TLS-AMS1 GYE-BOG2 HBA-SYD3

Morning (8AM-11AM) -0.092 -0.183 -0.132
Afternoon (12PM-3PM) -0.233 -0.402 -0.306
Evening (4PM-7PM) -0.055 -0.115 -0.083

Daily average (8AM-7PM) -0.127 -0.233 -0.173
Average amount of energy consumed [kWh] -52.35 -96.24 -71.50

compensates for the additional mass of the panels; more fuel is saved than burnt throughout the day.
Results indicate that installing photovoltaics has more effect on flight missions 2 and 3 than on flight
mission 1, although in absolute senses the fuel savings are rather small and can only be achieved during
the afternoon.

Table 6.4 shows that relative energy consumption is always negative; from an energy perspective, any
power generated through the photovoltaic effect comes without charge. One could argue that for flight
mission 1 the amount of ’sustainable’ energy generated is worth burning extra fuel for; in this case, an
additional 0.508 kg of fuel per flight for 52.35 kWh of generated energy.

The ideal flight mission for the EAPPS configuration would be from Guayaquil to Bogota during the
afternoon (12PM-3PM). Relative to the modified A320neo without photovoltaics, a fuel reduction of
0.094% and energy savings of 0.402% can be achieved. If the same mission is flown throughout the
day from 8AM till 7PM, 0.879 kg of fuel and 96.24 kWh of energy can be saved on average per flight.
A thorough analysis on the Return on Investment (ROI) performance of the PV system is described
in Section D.2. Moreover, in Section 6.2.7, the optimised EAPPS setup projected with near future
technology (2020+) will be discussed in more detail.

6.2.7 Discussion

Extending the basic HEPS setup with EAPPS modifications has proven to be beneficial in terms of
fuel and energy consumption. The optimal EAPPS configuration features an electrical subsystem
architecture (MEA), a fuel cell system that delivers a constant supply of 200 kW, 209.91 m2 of PV
panels on the outer skin of the aircraft and a CFM LEAP-1A engine scaled down to 90%. The optimal
power management strategy includes fully electric taxiing, a take-off power split φtakeoff of 16.6% and
a climb power split φclimb of 9.3%. The electrical system is sized with near future technology (2020+)
such that sufficient power and energy are available throughout the whole mission. In terms of solar
irradiance, the ideal flight mission departs from Guayaquil towards Bogota such that solar noon occurs
midway of the flight. However, in real life, one should look at seasonal or annual averages for a better
indication of the PV performance.

Changing the A320neo into a MEA by replacing current subsystems with electrical counterparts seems
to be the most effective approach by 2020+. Both the addition of the fuel cell and PV systems
leads to minimal fuel and energy savings, but increases the complexity of the EAPPS configuration.
In this case, the benefits may not outweigh the penalties; both technologies are still relatively new
and may bring additional uncertainties in terms of safety and costs. Nonetheless, both emerging

1 Flight mission 1: Toulouse (France) to Amsterdam (The Netherlands).
2 Flight mission 2: Guayaquil (Ecuador) to Bogota (Colombia).
3 Flight mission 3: Hobart (Tasmania) to Sydney (Australia).
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technologies are still included in the optimal EAPPS setup for 2020+. The fuel and energy consumption
achieved with this optimised setup become 3276.78 kg and 41.1 MWh, correspondingly. Relative to
the conventional A320neo aircraft, this setup lowers the fuel and energy consumption by 16.92% and
12.82%, respectively. The corrected results of this setup will be covered in Section 6.5.1.

6.3 Future A320neo with EAPPS Modifications (2040+)

After identifying the optimised EAPPS configuration, another analysis will be done to investigate the
effect of technological advancement. A similar EAPPS setup will be projected with far future technology
(2040+), as described in Chapter 3. An overview of the values changed due to projected technological
advancement is given in Table 6.5.

Table 6.5: Summary of efficiency and mass-related parameters for near future technology (2020+)
and far future technology (2040+) [20, 33, 71, 72, 80, 82, 99].

Efficiency Mass-related parameter
Component 2020+ 2040+ 2020+ 2040+ Unit
Electric motor/generator 95% 98% 7,500 15,000 W/kg
Battery 92.5% 95% 500 1,000 Wh/kg
Power electronics 95% 98% 7,500 15,000 W/kg
Cables 99% 99.6% 15 10 %mass,system

Fuel cell system 60% 75% 500 1,000 W/kg

Photovoltaic cells 23.6% 35% 0.4368 0.35 kg/m2

First, the unscaled engine EAPPS setup with all three modifications (electrical subsystems, fuel cells
and photovoltaics), from Section 6.2.4, will be projected with far future technology (2040+) to see how
this affects the electrical system mass as well as total fuel and energy consumption. This projection
analysis is described in Section 6.3.1 and Section 6.3.2. Based on an updated Pareto plot found in
Section 6.3.3, new optimal points will be evaluated by applying engine scaling in Section 6.3.4. Also,
an additional PV analysis will be performed in Section 6.3.5. The outcome is an optimised and scaled
setup with far future technology (2040+), which will described in Section 6.3.6.

6.3.1 Effect of Technological Development on Electrical System Mass

To show how important the maturity level of electric components is, the total masses of the electrical
system, projected in the near and far future, will be compared to each other. Figure 6.27 indicates
the differences in electrical system mass for a range of power management strategies, relative to the
unscaled fully-equipped configuration described in Section 6.2.4.

The graph clearly shows that huge advancements in electric technology can open up the gateway to
hybrid electric aviation. Mass reductions of 3,000 kg to 8,000 kg can be achieved depending on the
power management strategy allowed. Despite a limit of 6,700 kg (or 7,499 kg after MEA conversion)
on the total EAPPS mass due to MTOM constraints (see Section 3.1), these mass improvements
predicted for 2040+ still allow for an increase in hybridisation power. The next section will outline how
this translates to fuel and energy consumption.
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Figure 6.27: Effect of power management strategy on relative difference in electrical system mass,
assuming technological development.

6.3.2 Effect of Technological Development on Fuel and Energy Consumption

Figure 6.28 and Figure 6.29 describe the relative fuel and energy savings, respectively, between 2020+
and 2040+ maturity levels for the EAPPS aircraft setup with all three modifications, but with unscaled
engines. Note that the shown power split combinations up to 35% do not exceed the electrical system
mass limitation at all; power split ratios above 35% are possible.
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Figure 6.28: Effect of power management strategy on relative difference in fuel consumption, assuming
technological development.

As illustrated in Figure 6.28, a reduction in electrical system mass allows for lower total fuel con-
sumption. This happens almost proportionally: for every 900 kg of mass reduced, a fuel reduction of
approximately 1% can be accomplished. The reduced total mass of the electrical system allows an
increase in electrification, which in turn will bring additional savings in fuel reduction. This snowball
effect will also be observed when scaling the engine in Section 6.3.4.
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Figure 6.29: Effect of power management strategy on relative difference in energy consumption,
assuming technological development.

Figure 6.29 shows a similar relationship as for the fuel consumption, where the system mass reduction
and the amount of energy saved are related proportionally. For every 1,000 kg of lowered electrical
system mass, an equivalent of around 1% of energy can be saved. Nonetheless, these reductions are
limited by the MTOM on the aircraft mass as well as temperature and speed limitations on the CFM
LEAP-1A engine. These aspects will be covered in Section 6.3.3 and Section 6.3.4, correspondingly.

6.3.3 Pareto Representation of Future A320neo with EAPPS Modifications (2040+)

The Pareto efficiency for the A320neo with all three modifications (electrical subsystems, fuel cells and
photovoltaics) and future technology (2040+) is shown in Figure 6.30. In contrast to Figure 6.19, the
number of viable power management strategies without exceeding the mass limit have increased im-
mensely; this is mainly caused by significant mass reduction of the electrical system. Also, a true Pareto
optimality is reached, as one has to compromise between either achieving the lowest fuel consumption
or the lowest energy consumption throughout a full mission.

In general, increasing the climb power split φclimb lowers the overall fuel consumption. In the case of
the take-off power split ratio φtakeoff , the overall trend is more difficult to describe. By increasing the
take-off power split from 0% up to around 20%, both the fuel and energy consumption become slightly
lower. At higher ratios (beyond 20%), this strategy will no longer be beneficial and consumption starts
to increase again. The only exception is near the mass limitation area (φclimb > 40%), where a take-off
power split of 25.6% is still favourable.

The selected Pareto points to be further investigated by applying engine scaling are marked purple in
Figure 6.30. To give a better and clearer view of the Pareto optimality, a zoomed-in shot is displayed
in Figure 6.31. Furthermore, the exact power management strategies of these points are described in
Table 6.6.
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Figure 6.30: Pareto efficiency of future A320neo with EAPPS (2040+).
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Figure 6.31: Zoomed-in view of the Pareto efficiency of future A320neo with EAPPS (2040+).

Table 6.6: Optimal Pareto points for future A320neo with EAPPS (2040+).

Pareto point φtakeoff in [%] φclimb in [%]
1 9.0 35.1
2 17.6 35.1
3 8.9 42.7
4 17.3 42.6
5 25.6 42.6
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6.3.4 Effect of Engine Scaling on Future EAPPS Performance

Following a similar procedure as in Section 6.2.5, five varying levels of engine scaling will be applied
onto the selected Pareto points in Table 6.6. Figure 6.32 shows the various operating points as shapes
(circle, triangle, square, diamond and hexagram), while each colour represents a different level of scaling
(yellow, orange, green, light blue and purple).
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Figure 6.32: Pareto efficiency of future A320neo with EAPPS (2040+) as function of power manage-
ment strategy and engine scaling, assuming future A320neo with EAPPS (2040+).

Again, downscaling the engine results in lower fuel and energy consumption; as the operating point
of the turbine shifts more towards the cruise phase, it will be able to perform more efficiently with
lower fuel flow rates. The graph also reveals that the trend of reducing fuel consumption by increasing
the climb power split ratio, as shown in Figure 6.31, holds for any magnitude of scaling. The power
management strategies with higher climb power split ratios (Pareto points 3, 4 and 5) consume less
fuel than those with lower climb power splits (Pareto point 1 and 2) at any engine scale. Essentially,
the whole group of Pareto points with the same engine scale moves left and downwards, towards lower
fuel and energy consumption, as the engine becomes smaller and lighter. The benefits of scaling is
most apparent from 100% to 95% and becomes less effective at smaller scales, eventually reaching a
point of saturation.

The effect of power management strategy and engine scaling on the maximum LP and HP shaft speeds
(N1 and N2) is shown in Figure 6.33. The trends are similar as described in Section 6.2.5: increasing
the take-off power split (from point 1 to point 2 and from point 3 to point 5 via point 4) gradually
lowers the HP rotational speed N2. In addition, Figure 6.33 reveals that raising the climb power split
(from point 1 to point 3 and from point 2 to point 4) leads to a slight increase in LP speed N1.

The effect on the engine mass can be found in Figure 6.34. This graph confirms that the technological
development on the electrical system does not affect the engine mass nor its performance at all,
compared to Figure 6.22; within this study, the engine characteristics and performance are assumed to
stay the same throughout the years as mentioned earlier in Section 4.2.

Still, the most important indicator which limits the engine performance is the maximum NGV tempera-
ture (Tt41) experienced during flight. This temperature is plotted for various Pareto points and engine
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Figure 6.33: Effect of power management strategy and engine scaling on maximum shaft speeds,
assuming future A320neo with EAPPS (2040+).
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Figure 6.34: Effect of power management strategy and engine scaling on engine mass, assuming future
A320neo with EAPPS (2040+).

sizes in Figure 6.35. Again, the solid red line marks the maximum allowable temperature of 2,000 K
and the markers will be greyed out when these exceed this temperature boundary. Note that the EGT
(Tt45) is left out, because it can be treated as a non-critical design constraint; this was also addressed
in Section 4.2.

Compared to the previous NGV plot with three Pareto points (Figure 6.23), Figure 6.35 presents many
more options below the Tt41 limit (red solid line). This is mainly possible by the higher take-off power
split of 25.6% for Pareto point 5 (purple), which even allows engine downscaling of 85%. All points
stay below the reference line of the CFM LEAP-1A engine, as each Pareto point exercises some form
of electrical assistance during the take-off procedure (φtakeoff > 0). The variations in climb power
split ratio φclimb do not affect the maximum operating NGV temperature in any way, as higher NGV
temperatures are experienced during the take-off phase than the climb phase.
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Figure 6.35: Effect of power management strategy and engine scaling on NGV temperature (Tt41),
assuming future A320neo with EAPPS (2040+).

Once more, the Pareto efficiency map (Figure 6.32) is adjusted by including the NGV limitations in
Figure 6.36; a Pareto point will be indicated as grey if that particular setup exceeds the temperature
limit of 2,000 K for Tt41.
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Figure 6.36: Pareto efficiency of future A320neo with EAPPS (2040+) as function of power manage-
ment strategy and engine scaling, taking the NGV temperature (Tt41) limitations into account.

The Pareto efficiency plot in Figure 6.36 shows that the most economical option without exceeding the
absolute Tt41 limitation is an engine downscaled to 85% operating with a power management strategy
of φtakeoff = 25.6% and φclimb = 42.6% (Pareto point 5); this is the best possible setup projected with
far future technology (2040+).

To investigate the effect of technological development on the PV performance, another PV study is
carried out for the future EAPPS setup in Section 6.3.5.
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6.3.5 Effect of Technological Development on Future PV Performance

In Section 6.2.6, the viability of installing PV on the A320neo in the near future (2020+) was inves-
tigated; the results were not convincing at all and the perceived benefits were minimal. To see how
technological development may increase the potential of PV performance, another PV analysis will be
carried out for the EAPPS setup with far future technology (2040+); the same three flight missions
(Toulouse - Amsterdam, Guayaquil - Bogota and Hobart - Sydney) and times of the day (morning,
afternoon and evening) in Section 6.2.6 will be used.

The changes in fuel and energy consumption relative to the same A320neo configuration without
photovoltaics are presented in the same format and shown in Table 6.7 and Table 6.8, respectively.
Once again, the average values for fuel and energy will be indicated in kg and kWh, correspondingly.

Table 6.7: Effect of flight mission on relative fuel consumption (in %) as function of location, time
and date.

Time of the day TLS-AMS1 GYE-BOG2 HBA-SYD3

Morning (8AM-11AM) 0.040 0.007 0.026
Afternoon (12PM-3PM) -0.011 -0.071 -0.036
Evening (4PM-7PM) 0.053 0.031 0.043

Daily average (8AM-7PM) 0.027 -0.011 0.011
Average amount of fuel burnt [kg] 0.766 -0.301 0.303

Table 6.7 reveals that, in terms of fuel consumption, only flight mission 2 is beneficial. Compared
to the previous PV study, the relative amount of fuel savings has decreased; even the daily total for
flight mission 3 is no longer favourable (negative value). This setback is caused by the relatively poor
improvement in PV system mass, compared to other system components. The area mass density in the
far future (2040+) is assumed to improve by only 20% (from 0.4368 kg/m2to 0.35 kg/m2), averaging
1% per year. Since fuel savings are highly sensitive to mass changes and the reduction in PV mass is
comparatively low, the overall PV system performance is cut back when measured against Section 6.2.6.

Table 6.8: Effect of flight mission on relative energy consumption (in %) as function of location, time
and date.

Time of the day TLS-AMS1 GYE-BOG2 HBA-SYD3

Morning (8AM-11AM) -0.162 -0.283 -0.214
Afternoon (12PM-3PM) -0.350 -0.574 -0.446
Evening (4PM-7PM) -0.113 -0.192 -0.150

Daily average (8AM-7PM) -0.208 -0.350 -0.270
Average amount of energy consumed [kWh] -80.75 -135.57 -104.59

Despite its lacking performance in fuel savings, the reduction in energy consumption has increased
considerably. In the worst case (flight mission 1), an extra 0.766 kg of fuel is burnt per flight for
80.75 kWh worth of energy. In the best case scenario (flight mission 2), 0.301 kg of fuel is saved per
flight while generating 135.57 kWh of sustainable energy.

1 Flight mission 1: Toulouse (France) to Amsterdam (The Netherlands).
2 Flight mission 2: Guayaquil (Ecuador) to Bogota (Colombia).
3 Flight mission 3: Hobart (Tasmania) to Sydney (Australia).
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The ideal flight mission for the future EAPPS setup is still from Guayaquil to Bogota during the
afternoon (12PM-3PM). Compared to a PV-less A320neo, a fuel reduction of 0.071% and energy
savings of 0.574% can be accomplished. For a full day of flying from 8AM till 7PM, 0.301 kg of fuel
and 135.57 kWh of energy can be saved per flight. Details of the optimised EAPPS setup will be
provided in Section 6.3.6 and investigated further in Section 6.5.2.

6.3.6 Discussion

The research done on the future A320neo with EAPPS modifications highlights the impact of techno-
logical development on aircraft flight performance. The optimal EAPPS setup in 2040+ includes the
same three modifications (electrical subsystem architecture, fuel cell system of 200 kW and 209.91 m2

worth of PV panels) as in Section 6.2.7, but with a different power management strategy and engine
size. The same flight mission is flown from Guayaquil towards Bogota. The technological advancements
on the individual components significantly decrease the total mass of the electrical system, enabling
greater power split ratios: 25.6% for the take-off power split ratio φtakeoff and 42.6% for the climb
power split φclimb are now considered optimal. The power management strategy still features fully
electric taxiing. Also, the engine can be downscaled to 85%, which is slightly smaller than the en-
gine in 2020+. Compared to the setup in 2020+, the fuel consumption reduces with 13.82% from
3,276.78 kg to 2,823.97 kg and the energy consumed with 6.16% from 41.10 MWh to 38.57 MWh.
While adopting EAPPS in 2020+ can already improve the performance of the A320neo greatly, the
projected technological enhancements within 20 years time will elevate this performance even further.

6.4 Energy Management System Optimisation of EAPPS

This section covers the findings from the energy management system optimisation tool, also known as
the EMS module, described in Chapter 5. This optimisation procedure is carried out for both optimised
EAPPS setups defined in Section 6.2.7 and Section 6.3.6. Some individual components (electric motor,
PV, PEMFC and battery) of the electrical system will be modelled in more detail and the aim is to
identify the optimal battery setup which can meet the power requirements throughout the whole flight
mission. From this, a corrected value for the battery specific energy is obtained, which can then be fed
back into the EAPPS simulation model. This procedure and the final corrected results can be found in
Section 6.5.

First, the simulation will be run for the A320neo configuration with near future technology (2020+),
from Section 6.2.7; the details are specified in Section 6.4.1. Then, the same procedure is repeated
for the A320neo arrangement with far future technology (2040+) from Section 6.3.6; the results
are described in Section 6.4.2. This concludes with insights regarding the effect of technological
development on the energy management system optimisation in Section 6.4.3.

6.4.1 Detailed Analysis of A320neo with EAPPS Modifications (2020+)

The first aspect to be discussed is the variable efficiency of the electric motor. In the EAPPS module, a
fixed efficiency is assumed; now it depends on the power output and the rotational speed. Figure 6.37
depicts the change in motor efficiency over the whole mission from taxi-out to taxi-in. It shows that the
motor efficiency (yellow solid) is highest during both taxi segments averaging 97% and has transitions
to around 88% from the take-off to the climb phase. Keep in mind that the electric motor is not used
at all during cruise and descent, which is why the efficiency drops to 0%. The average motor efficiency
throughout the flight mission, averaged over the time intervals it is being used, equals 91.1% (orange
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dashed), which is quite lower than the assumed efficiency of 95% (light blue solid) used within the
EAPPS model.

0 1000 2000 3000 4000 5000
Time in [s]

85

87.5

90

92.5

95

97.5

100

Simulated
Simulated average
AssumedEl

ec
tr

ic 
m

ot
or

 e
ffi

cie
nc

y 
in

 [%
]

Figure 6.37: Electric motor efficiency throughout the flight mission in the near future (2020+); average
motor efficiency (orange dashed line) is 91.1%.

The next component to be analysed is the PV system. This setup consists of Maxeon Gen III cells
covering the outer skin of the A320neo aircraft (see Figure C.5), of which 540 cells are arranged in
series and 23 in parallel, making a total of 12,420 cells. The solar irradiance plays a crucial role in the
performance of this system, therefore the obtained irradiance in the EMS simulation model is plotted
in Figure 6.38.
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Figure 6.38: Solar irradiance throughout the flight mission in the near future (2020+); average solar
irradiance (orange dashed line) is 997.2 W/m2.

The graph shows that the average solar irradiance throughout the mission (orange dashed line) is equal
to 997.2 W/m2, which is remarkably high; this number almost matches the value of 1,000 W/m2 used
for Standard Test Conditions (STC). The irradiance fluctuates from 983.4 W/m2 towards its peak value
of 1,004 W/m2 at solar noon, halfway of the flight mission.
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Figure 6.39 and Figure 6.40 present the acquired efficiency and power output of the PV system, as a
result of this varying solar irradiance.
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Figure 6.39: PV system efficiency throughout the flight mission in the near future (2020+); average
PV system efficiency (orange dashed line) is 24.4%.
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Figure 6.40: PV system power output throughout the flight mission in the near future (2020+);
average PV system power output (orange dashed line) is 47.59 kW.

In this particular mission from Guayaquil to Bogota, the PV cells are performing slightly better than
the assumed average of 23.7% (light blue solid) due to the selected flight location and its favourable
weather conditions. The resulting power output of the PV system is then illustrated in Figure 6.40,
which shows that the PV system provides an average power of 47.59 kW during the flight mission.
The hydrogen consumption rate of the fuel cell system is dependent on the operating current, as
indicated by Equation 3.71. For better readability, the resulting fuel flow rate in kg/s is presented as a
function of net system power output in Figure 6.41. Since the net power supply is kept at 200 kW, this
corresponds to 4.092 · 10−3 kg/s. For a mission of 5,473 seconds, this leads to 22.397 kg of hydrogen
consumed throughout flight. In turn, this produces 200.33 kg of H2O emissions, which should be taken
into account as emissions in Section 6.5.1.
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Figure 6.41: Hydrogen consumption rate as a function of net power output by the fuel cell system;
for a net power output of 200 kW, the hydrogen consumption rate equals 4.092 · 10−3 kg/s.

Figure 6.42 displays the state of charge (SOC) of the battery system throughout the entire flight. It
is clear that the majority of the battery capacity, around 60%, is discharged during the climb phase to
supply sufficient power to the electric motor for hybrid propulsion. The small decrease in SOC during
cruise and descent is caused by the aircraft non-propulsive power systems; besides the 200 kW from the
PEMFC system, the battery system provides supplementary power to generate sufficient non-propulsive
power. The energy required for fully electric taxiing amounts to about 20% of the total battery capacity,
which indicates that a significant portion is actually reserved for the taxiing procedure. Also, the graph
demonstrates that the battery system never operates below the defined SOC limit of 10% (red dashed);
this shows that the limit defined within the battery optimisation tool is implemented correctly.
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Figure 6.42: Battery state of charge throughout the flight mission in the near future (2020+); the
SOC limit of 10% is indicated by the red dashed line.

The discharge current and voltage of the battery system can be found in Figure 6.43 and Figure 6.44,
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respectively. Note that the discharge current is plotted against time and the battery system voltage
against depth of discharge (DOD).

1000 2000 3000 4000 5000
Time [s]

0

1000

2000

3000

4000
D

isc
ha

rg
e 

cu
rre

nt
 [A

]
Discharge current
Current limit

Figure 6.43: Operating discharge current of the battery throughout the flight mission in the near
future (2020+).

The user-defined current limit of 4,000 A (see Section 5.2) marked as a red dashed line is only challenged
during the take-off phase, where the discharge current peaks at roughly 3,850 A for a short time period.
For the remainder of this mission, the discharge current will never operate above 1,250 A. Nevertheless,
the electrical cables are still designed for the peak current of 3,850 A during take-off (with a certain
safety margin), which results in thicker and heaver cables. This indicates that the operating conditions
have a significant effect on the overall system mass, although this aspect has not been taken into
account in this study.
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Figure 6.44: Operating voltage of the battery system throughout the flight mission in the near future
(2020+), as a function of depth of discharge.
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The course of the battery voltage is summarised in Figure 6.44; the curves at various discharge rates
are also indicated as dashed lines in different colours. A value of 1C means that the selected discharge
current will discharge the entire battery within 1 hour. The plot shows the distinct voltage jumps
between the discharge curves, when it transfers from one flight phase to another.

From taxi-out to take-off, the discharge current climbs rapidly from roughly 900 A to 3,850 A; this
forces the battery to operate at a higher discharge curve, which explains the voltage drop from 1.5C
(green) to 6C (purple). The opposite happens when the aircraft switches from take-off to climb; the
discharge current falls from its peak value of 3,850 A to 1,100 A. This allows the battery to switch from
6C (purple) back to 1.5C (green), operating at its previous discharge curve. Another rise in voltage
is seen when the aircraft shifts from the climb phase to the cruise phase, corresponding to the curve
of 1.5C (green) to the curve of 0.5C (yellow). This allows the battery to operate at a lower and more
efficient discharge curve during cruise. Similar to Figure 6.42, the long uninterrupted line from 17% to
75% DOD implies that most of the installed battery capacity is utilised during the climb segment.

Figure 6.45 gives an overview of the power distribution of the electrical system. Each power system is
marked in a different colour: light blue for the battery system, yellow for the PV system and green for
the fuel cell system. In addition, the total electrical power required for the motor and the non-propulsive
power systems is marked in red.
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Figure 6.45: Power distribution of the electrical system throughout the flight mission in the near
future (2020+); individual systems include battery (light blue), PV system (yellow) and fuel cell system
(green).

From this figure can be deduced that the EAPPS is highly dependent on the battery system, as it
provides most of the power and energy necessary to enable hybrid electric flight. The presence of the
PV and fuel cell systems within EAPPS is mainly to provide electrical power to the aircraft subsystems
throughout the mission.

The optimal battery setup for the EAPPS projected in the near future (2020+) has a total of 130,782
cells. In this battery pack, 614 cells are configured in series and 213 cells in parallel, also characterised
as 614S213P; this setup can provide a total of 1.437 MWh of energy. The maximum operating voltage
Vop,max and discharge current Iop,max are equal to 2,546.39 V and 3,840.85 A, respectively.
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By integrating the battery power (light blue) over the mission time using Figure 6.45, the actual amount
of energy extracted from the battery can be calculated. With a given mass of 60 g per cell for the
Panasonic NCR20700A Li-ion battery [117] and a correction factor to realise the expected reduction
in mass, the specific energy can be derived more accurately. In this particular setup, the corrected
specific energy becomes 477 Wh/kg, which is slightly lower than the assumed value of 500 Wh/kg in
the EAPPS module. This value can be used to recalculate the mass of the electrical system and fed
back into the EAPPS simulation model. For comparison, the specific energy of the PV system can also
be derived with a similar method; this leads to a value of 737.89 Wh/kg by incorporating the total
masses of the panels and the converter. The higher specific energy of the PV system implies that it is
still superior to batteries.

The final performance results of the Airbus A320neo with the updated electrical system mass, projected
for the near future (2020+), will be summarised in Section 6.5.1. Furthermore, the fundamental
differences with respect to the conventional A320neo aircraft, which flies around in the present moment,
will be analysed.

6.4.2 Detailed Analysis of Future A320neo with EAPPS Modifications (2040+)

In similar fashion as Section 6.4.1, the electrical system of the future A320neo aircraft with EAPPS
has also been modelled in more detail. Again, the variable efficiency of the electric motor is displayed
in Figure 6.46. It can be noticed that the average motor efficiency (orange dashed) is now increased
to 96.3%; this is considerably higher than the average value of 91.1% in Section 6.4.1. The increased
power split ratios of 25.6% for take-off and 42.6% for climb in 2040+ allow the electric motor to
operate more consistently and efficiently throughout the entire mission. This is, however, still slightly
below the assumed value of 97.5% (light blue solid).
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Figure 6.46: Electric motor efficiency throughout the flight mission in the far future (2040+); average
motor efficiency (dashed orange line) is 96.3%.

The solar irradiance during this flight mission remain the same as for 2020+; the average irradiance
is still 997.2 W/m2 and its variation throughout flight can be found in Figure 6.38. The effect of
technological development on the PV system is witnessed in the system efficiency and its power output;
these are shown in Figure 6.47 and Figure 6.48, respectively.
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Figure 6.47: PV system efficiency throughout the flight mission in the far future (2040+); average
PV system efficiency (dashed orange line) is 36.1%.
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Figure 6.48: PV system power output throughout the flight mission in the far future (2040+); average
PV system power output (dashed orange line) is 70.27 kW.

In Figure 6.47 can be seen that, once more, the simulated average PV system efficiency of 36.1% (red
dashed line) is higher than the assumed average of 35% in the EAPPS model, due to the desirable PV
conditions experienced in flight from Guayaquil to Bogota. This translates to an average system power
output of 70.27 kW, as illustrated in Figure 6.48 by the orange dashed line. Compared to the previous
PV setup of the near future (2020+), the solar performance has improved by 47.7%, from 47.59 kW
to 70.27 kW.

Since the same fuel cell system setup is used, the hydrogen consumption and H2O emissions remain
the same as for 2020+, 22.397 kg of hydrogen and 200.33 kg of water, respectively.

The SOC of the battery system is presented in Figure 6.49. An apparent difference between the two
setups from 2020+ and 2040+ is the amount of battery capacity used for hybrid electric propulsion
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during take-off and climb phases. For the power management strategy in 2020+, a total battery
capacity of 63.86% is used (see Figure 6.42). This number increases to 82.02% for the applied power
management strategy in 2040+; this is caused by the increased total battery capacity due to the larger
take-off and climb power split values, whereas the total electrical energy needed for taxiing remains
more or less the same.
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Figure 6.49: Battery state of charge throughout the flight mission in the far future (2040+); the SOC
limit of 10% is indicated by the dashed red line.

The discharge current and voltage of the battery system are displayed in Figure 6.50 and Figure 6.51,
correspondingly. Note that, again, the discharge current is plotted as a function of time, while the
operating voltage is displayed as a function of DOD.
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Figure 6.50: Operating discharge current of the battery throughout the flight mission in the far future
(2040+).

Compared to Figure 6.43, a higher and better current distribution is achieved for the future battery
setup, as shown in Figure 6.50. The discharge current reaches a local peak of 5,208 A during take-off,
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followed by a quick drop and a steady climb towards the peak discharge current of 5,312 A at the end
of the climb phase. This graph shows that higher peak currents are needed to provide the required
electrical power in the far future, with the assumptions described in Section 5.2. This suggests that
the cable mass will increase compared to the setup in 2020+, due to the higher operating current;
nonetheless, the current-dependence aspects of the cable mass have not been considered in this study.
In the future, the option of superconductive systems should be explored in order to minimise the mass
and electrical losses of the cables.

0 0.2 0.4 0.6 0.8 1
Depth of discharge [-]

2000

2100

2200

2300

2400

2500

2600

2700

Vo
lta

ge
 [V

]

0.25C Simulation
0.5C Simulation
1C Simulation
2C Simulation
3C Simulation

Figure 6.51: Operating voltage of the battery system throughout the flight mission in the far future
(2040+), as a function of depth of discharge.

The voltage distribution of the battery system is shown in Figure 6.51; again, several discharge curves
are plotted for reference, marked as dashed lines in different colours. The graph reveals that much
lower discharge rates are applied for this setup: a maximum C-rate of 2C compared to that of 6C in
Figure 6.44. Again, the voltage drop coincides with the switch from taxi-out to take-off: from 0.5C
(orange) to 2C (blue). The voltage will significantly rise again, from 2C (blue) to 0.25C (yellow),
when the climb phase shifts into the cruise phase. Also, by discharging a battery at lower C-rates,
more capacity will be available for use; the energy inside the battery is simply being extracted more
effectively. The majority of the battery capacity is extracted during the climb phase from 6% to 85%
DOD.

The last graph to be presented is the power distribution of the electrical system in Figure 6.52. The
same colour codes are used as for Figure 6.45 in Section 6.4.1: blue for the battery system, yellow for
the PV system, green for the fuel cell system and red for the total electrical power required.

The first noticable difference compared to Figure 6.45 is that the power output of the electric motor is
increased from 9 MW to 13 MW. This is necessary to supply the increased electrical loads for the power
management strategy of φtakeoff = 25.6% and φclimb = 42.6%. Furthermore, the power contribution of
the battery system has grown immensely; the technological improvement of the battery technology has
unlocked the true potential of HEPS. On the contrary, the significant impact of the PV and fuel cell
systems within EAPPS have diminished, albeit still beneficial in terms of fuel and energy consumption.

The optimal battery setup for the EAPPS projected in the far future (2040+) becomes a battery pack
of 414,007 cells; 617 cells are arranged in series and 671 cells in parallel, characterised as 617S671P.
This electrical system can supply a total of 4.551 MWh of energy, which is a growth of 216.7%, relative
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Figure 6.52: Power distribution of the electrical system throughout the flight mission in the far future
(2040+); individual systems include battery (light blue), PV system (yellow) and fuel cell system
(green).

to the setup described in Section 6.4.1. The maximum operating voltage Vop,max and discharge current
Iop,max are realised at 2,580.54 V and 5,311.55 A, respectively.

Again, the total amount of energy extracted from the battery can be computed by integrating the battery
power (light blue) over the mission time using Figure 6.52. For the future EAPPS configuration, the
corrected specific energy becomes 954.2 Wh/kg. This result is fed back into the EAPPS module to
correct for the low-fidelity simulation of the electrical system. This time the specific energy of the PV
system becomes 1,366.77 Wh/kg, which still justifies the use of PV over batteries.

The updated and final results of the overall performance for the future Airbus A320neo aircraft, pro-
jected for the far future (2040+), will be discussed in Section 6.5.2. Also, its performance will be
compared to the conventional A320neo aircraft, to see how much can be benefitted from EAPPS.

6.4.3 Discussion

The detailed analysis performed on the electrical system of the Airbus A320neo with EAPPS shows the
future outlook of PEMFC and PV systems within a HEPS environment. This energy management study
reveals that the use of these systems is quite limited due to the maximum power it can provide. Both
Figure 6.45 and Figure 6.52 display that the total electrical power received from the PV and PEMFC
systems is merely a small fraction of the power required by the electric motor and the non-propulsive
power systems.

In the ideal flight mission for 2040+, the PV system may only generate a total of 70.27 kW of electrical
power; even with more optimistic values for area mass density and efficiency, the system power will
still not improve beyond 100 kW. Nevertheless, this study demonstrates the technical feasibility of PV;
limited fuel and energy savings are achievable. Also, the equivalent specific energy of PV is higher than
that of batteries, which justifies the use of it in this particular mission. The commercial viability of PV
with detailed cost analysis is investigated in Section D.2.
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A similar result is found for the PEMFC system; as the maximum power is capped at the minimum
electrical power required throughout the whole flight, the benefits of adding fuel cell technology are,
similar to PV, minimal. However, the fuel cell system shows more potential in an aircraft environment
due to its multifunctional use: first of all, excess heat from the fuel cell may be used to pre-heat the air
going into the gas turbine. Secondly, the in-flight production of water allows less water to be carried
on-board and can be utilised in galleys as well as lavatories. Last but not least, the fuel cell system may
be used as an APU for battery charging and/or redundancy. If the former is the case, the maximum
fuel cell power may be increased and less batteries may be carried along. Unfortunately, these potential
use cases have not been investigated during this study due to the lack of time.

The main verdict of this thorough energy management system study is that the potential of HEPS or
EAPPS is governed by future battery development. The specific energy of the battery is a valuable
indicator whether hybrid electric propulsion may or may not be realised; in this case, a battery specific
energy of 477 Wh/kg is sufficient for hybrid electric aviation. Also, inherent sizing characteristics of
batteries allow numerous battery configurations to be viable.

Additionally, the volume aspects of these EAPPS setups are analysed and described in Appendix B.

6.5 Final Corrected Results

This section provides the final performance results from the EAPPS module for both the near and far
future A320neo setups, after a corrective feedback on the electrical system mass has been applied.
This correction is derived from the outcome of the EMS module, where the electrical system has been
simulated in more detail. Once again, the optimal flight mission is from Guayaquil (Ecuador) to Bogota
(Colombia). The optimised A320neo EAPPS arrangements with downscaled engines for near future
technology (2020+) and far future technology (2040+) are described in Section 6.5.1 and Section 6.5.2,
correspondingly. The findings will be measured against the reference A320neo setup without EAPPS,
as was performed with the baseline aircraft in Section 6.1, to discover the full benefits in terms of fuel,
energy and emission savings. This is concluded with a brief discussion on the results in Section 6.5.3.

6.5.1 Optimised and Scaled A320neo with EAPPS Modifications (2020+)

The near future EAPPS configuration in 2020+ features a power management strategy with a take-off
power split φtakeoff of 16.6%, a climb power split φclimb of 9.3% and a downscaled engine of 90%.
The electrical system weighs a total of 6,279.92 kg, after adjusting the assumed specific energy of
500 Wh/kg to 477 Wh/kg. This particular setup can save a total of 661.06 kg of kerosene and
5.97 MWh of energy, relative to the conventional A320neo aircraft without EAPPS.

Figure 6.53 compares the results from the optimised configuration with the reference A320neo, from an
overall mission perspective. As shown in Figure 6.53a and Figure 6.53b, the fuel and energy consumption
are reduced by 16.8% and 12.7%, respectively. This is a direct consequence of using an efficient electric
motor during taxiing, take-off and climb phases, which results in a higher overall system efficiency, as
indicated in Figure 6.53c. In order to carry the additional electrical system mass, the required thrust is
marginally increased throughout flight, as illustrated in Figure 6.53d.

The difference in total fuel burn dependent emissions, CO2 and H2O, is shown in Figure 6.54. A
reduction of 15.3% can be achieved in terms of CO2 and H2O emissions, which translates to 2,042.3 kg
and 610.1 kg, respectively. A part of the H2O emissions is a by-product of the PEMFC system, namely
200.33 kg.
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(c) Effect on overall system efficiency.
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(d) Effect on thrust requirement.

Figure 6.53: Effect of optimised EAPPS (2020+) and downscaled engine on overall mission perfor-
mance; relative to reference A320neo configuration without EAPPS.

Figure 6.55 presents the engine dependent emissions, CO, UHC, NOx and soot. In absolute terms, the
optimised A320neo setup for 2020+ emits 10.46 kg less pollutants than the reference A320neo; this
corresponds to a substantial reduction of 24.7% in engine dependent emissions.

By observing the emission trends in Figure 3.4, it is expected that CO and UHC values will decrease
greatly while NOx and soot values will drop slightly; the use of EAPPS allows the turbofan engine
to only operate at higher thrust settings, as the electric motor can provide the required thrust during
taxiing. Indeed, both CO and UHC pollutants are heavily reduced by 69.8% and 50.6%, respectively.
Also, the NOx emissions are lowered by 3.8%. Only the amount of soot produced is slightly more than
for the reference case, an increase of 0.4 g or 2.1%. This divergence can be explained by the emission
data used from Table 4.2. The trends coincide with the numbers used for CO, UHC and NOx, but not
for SN. The smoke numbers should be highest at take-off and lowest at idle; in this case, the smoke
numbers chosen remain more or less at 1.3, with the exception of 1.17 during climb. These numerical
values assumed for SN are most likely the source of the discrepancies related to soot.

132



6.5 Final Corrected Results Master of Science Thesis

Total CO2 H2O
 0

 5

 10

 15

 20

Ab
so

lu
te

 e
m

iss
io

ns
 in

 [k
g]

x 103

17
36

2

12
43

0

49
32

14
71

0

10
38

7

 4
32

2

Reference A320neo
A320neo with EAPPS

(a) Total emission masses.

Total CO2 H2O
0

20

40

60

80

100

Re
la

tiv
e 

em
iss

io
ns

 in
 [%

] 10
0

71
.6

28
.4

84
.7

59
.8

24
.9

Reference A320neo
A320neo with EAPPS

(b) Distribution of emissions.

Figure 6.54: Effect of optimised EAPPS (2020+) and downscaled engine on fuel burn dependent
emissions; relative to reference A320neo configuration without EAPPS.
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Figure 6.55: Effect of optimised EAPPS (2020+) and downscaled engine on engine dependent emis-
sions; relative to reference A320neo configuration without EAPPS.

6.5.2 Optimised and Scaled Future A320neo with EAPPS Modifications (2040+)

The optimised EAPPS configuration with far future technology (2040+) includes a take-off power split
φtakeoff of 25.6%, a climb power split φclimb of 42.6% and a CFM LEAP-1A engine downscaled to 85%
of the original size, while keeping the three modifications (electrical subsystem architecture, fuel cell
system of 200 kW and PV installation of 209.91 m2) intact. Using the corrected specific energy of
954.2 Wh/kg from the EMS module, the final electrical system mass will amount to 7,348.57 kg. This
setup brings a total savings of 1,109.8 kg of jet fuel and 8.45 MWh of energy.

The overall mission performance is outlined in Figure 6.56 for the optimised A320neo with EAPPS
and the reference A320neo. Figure 6.56a and Figure 6.56b display the differences between the overall
fuel and energy consumption; the amounts of fuel and energy used are lowered by 28.1% and 17.9%,
respectively. The biggest offsets with respect to the reference aircraft are accomplished during the take-
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off and climb phases, where the overall system efficiency reaches above 40%, as shown in Figure 6.56c.
The thrust is slightly higher with EAPPS, as the additional mass of the electrical system needs to be
carried along the flight. This is depicted in Figure 6.56d.
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Figure 6.56: Effect of optimised EAPPS (2040+) and downscaled engine on overall mission perfor-
mance; relative to reference A320neo configuration without EAPPS.

The fuel burn dependent emissions, CO2 and H2O, are illustrated in Figure 6.57; the absolute as well
as the relative emissions are provided.
The CO2 and H2O emissions are lowered by 25.6%: in absolute terms, 3,322.7 kg of CO2 and 1,118.2 kg
of H2O can be saved. Again, 200.33 kg of the total H2O emissions comes from the fuel cell system as
a by-product. The engine dependent emissions (CO, UHC, NOx and soot) are shown in Figure 6.58;
the total reduction in engine dependent emissions equals 34.7% or the equivalent of 14.68 kg.
Surprisingly, the future EAPPS setup with a power management strategy of 25.6% during take-off
and 42.6% during climb manages to cut back on all four pollutants relative to the reference A320neo
aircraft. Perhaps the increased use of electrification during take-off allows the soot production to go
down. The largest reductions are seen for the CO and UHC pollutants, which are reduced by 73.8%
and 57.3%, respectively. The NOx emissions are lowered by 16.5% or 4.77 kg, while the amount of
soot produced is 6.9% lower or 1.32 g less than for the reference aircraft.
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Figure 6.57: Effect of optimised EAPPS (2040+) and downscaled engine on fuel burn dependent
emissions; relative to reference A320neo configuration without EAPPS.
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Figure 6.58: Effect of optimised EAPPS (2040+) and downscaled engine on engine dependent emis-
sions; relative to reference A320neo configuration without EAPPS.

6.5.3 Discussion

The final and corrected results from the EAPPS simulation model in terms of fuel, energy and emission
savings are summarised in Table 6.9.

By observing Table 6.9 more closely, one can see that significant reductions in fuel, energy and emissions
are possible with the proposed EAPPS configurations. Of course, between the two scenarios, the
potential savings in the far future are noticeably greater than in the near future. A noteworthy difference
is that the soot emission trend is reversed in the far future, using the same emission data from Table 4.2;
instead of an increase in soot production, less substance is actually emitted. This is most likely caused
by increasing the take-off power split ratio from 16.6% to 25.6%. Normally, soot production is maximal
at high fuel-air ratios (e.g. during take-off) [70], as depicted in Figure 3.4. Since the smoke numbers
used are inconsistent with this trend, the exact reasoning for this observation cannot be disclosed.
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Table 6.9: Summary of fuel, energy and emission savings for near future technology (2020+) and far
future technology (2040+).

Near future technology (2020+) Far future technology (2040+)
φtakeoff=16.6%, φclimb=9.3% φtakeoff=25.6%, φclimb=42.6%

Battery specific energy: 477.0 Wh/kg Battery specific energy: 954.2 Wh/kg
Electrical system mass: 6,279.92 kg Electrical system mass: 7,348.57 kg

Type Absolute savings Relative savings Absolute savings Relative savings
Fuel -661.06 kg -16.76% -1,109.80 kg -28.14%
Energy -5.97 MWh -12.65% -8.45 MWh -17.92%
CO2 -2,042.28 kg -16.43% -3,322.66 kg -26.73%
H2O -610.10 kg -12.37% -1,118.18 kg -22.67%
CO -9.27 kg -69.79% -9.80 kg -73.76%
UHC -0.11 kg -50.64% -0.12 kg -57.27%
NOx -1.08 kg -3.75% -4.77 kg -16.52%
Soot +0.40 g +2.11% -1.32 g -6.94%

Another interesting point to mention is the huge development in propulsive electrification from 2020+
to 2040+; the take-off power split ratio φtakeoff increases from 16.6% to 25.6% and the climb power split
ratio φclimb from 9.3% to 42.6%. While the battery specific energy improves by a factor 2, the take-off
and climb power split ratios increase by a factor 1.5 and 4.6, respectively. This can be explained by the
following reasons: first of all, the electrical system mass in 2020+ is lower than that of 2040+, indicating
that the comparison is unfair; there is room for additional batteries and hybridisation up to the MTOM
limit of 7,499 kg. The incremental steps of 10% used in the power management optimisation procedure
do not allow for higher power splits; steps of 5% would probably have resulted in a higher climb power
split ratio of around 15% in 2020+. Also, the take-off power split ratio φtakeoff has not doubled, which
implies that less battery mass is dedicated towards the take-off phase. Another explanation is that the
other system components have also become more efficient and lighter, leaving more mass available for
batteries. Taking all these aspects into account, it is likely that the improvement factor for the climb
power split ratio φclimb would lower to 2.5-3 instead of 4.6.

The aforementioned time frames of 2020+ and 2040+ should be treated as indicative values; a better
indicator is to look at the realised battery specific energy, which prominently influences the flight
performance of the A320neo and thus the benefits of EAPPS. As mentioned earlier in Section 6.4.3,
the feasibility of EAPPS is mainly affected by how fast battery technology can progress and reach its
desired specific energy values; surely enough, this cannot be predicted exactly.
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CHAPTER 7
Conclusions and Recommendations

Finally, this chapter will conclude the thesis report; first by summarising the key points and discoveries
of this study in Section 7.1 and then by providing a few recommendations for further research regarding
electrically assisted propulsion & power systems (EAPPS) in Section 7.2.

7.1 Conclusions

With a vastly growing demand for global connectivity, air traffic is expected to double over the next
twenty years. Consequently, the consumption of kerosene as fuel and its harmful effect on the natural
environment will increase as well. To reduce the environmental impact of aviation and promote sustain-
able awareness, new innovative solutions need to be developed. An EAPPS integrates a conventional
turbofan engine with a network of electrical components, providing assistance to the aircraft propulsion
and non-propulsive power systems.

The main objective of this study was to evaluate how gradual EAPPS modifications could affect the
overall performance of an Airbus A320neo aircraft in a short-range mission of 1,000 km. In order
to analyse these effects, two separate simulation models were developed: the EAPPS module and
the energy management system (EMS) module. The former contains a detailed mission analysis tool
which, in combination with an in-depth engine model, can compute the flight performance of a hybrid
electric aircraft. Within this module, the electrical system and its corresponding mass are simulated in
a low-fidelity model, by applying fixed specific energy and power values as well as constant efficiencies
throughout the flight mission. The latter is an in-depth model for simulating the internal dynamics of
the electrical system more accurately. It features validated models of four different components: the
electric motor, the photovoltaic (PV) system, the polymer electrolyte membrane fuel cell (PEMFC)
system and the battery system. Both modules can accommodate a variety of EAPPS configurations;
to examine the benefits of these setups, a series of trade studies was performed. Since technological
development plays a huge role in the realisation of hybrid electric aviation, two different timecframes
were considered: near future (2020+) and far future (2040+). For instance, a battery specific energy
of 500 Wh/kg is applied in the 2020+ scenario, while in the 2040+ scenario this value is increased to
1,000 Wh/kg.

First, the power management of the HEPS configuration was investigated, similar to a former study
[1]. Higher power split ratios (amount of electrical power relative to total power) are desired, within
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the aircraft maximum take-off mass (MTOM) limitations, for reduced fuel consumption. During the
taxi phase, fully electric propulsion significantly increases the overall system efficiency from 2% to 10%;
this results in a fuel reduction of 3%, which is comparable to values obtained from Safran and Airbus
[104]. Between increasing the take-off power split φtakeoff and the climb power split φclimb, the latter
should be prioritised to maximise the benefits of hybrid electric propulsion in terms of fuel consumption.
Unlike the climb phase, the duration of the take-off phase is too short to take advantage of HEPS;
the fuel saved in this period of time is less than the additional fuel consumed for the inclusion of the
electrical system mass e.g. due to power-based sizing of the electric motor. Another aspect of the power
management strategy is the option of charging the batteries during phases with low power requirements
e.g. descent. It turned out that in-flight charging is not advantageous; the fuel and energy required
to charge the batteries during descent does not offset the lower fuel and energy consumption due to
the smaller and lighter electrical system. This implies that the batteries should be recharged while the
aircraft is parked at the airport.

In addition, a number of A320neo modifications with various EAPPS arrangements were applied, as-
sessing the effect on the overall performance (i.e. total fuel and energy consumption) in the near future
(2020+) and the far future (2040+). The first modification was the conversion to an electrical archi-
tecture for the non-propulsive power systems (MEA). This proved to be the most effective approach
in terms of fuel and energy reduction, mainly due to the removal of the engine bleed air and shaft
power off takes. Also, the use of lighter electrical components allowed a mass reduction of 799 kg.
The next modification was the implementation of a fuel cell system; its sizing appeared to be crucial
for potential benefits. Due to the low utilisation rate throughout flight, an oversized fuel cell system
cannot compensate for its additional mass, leading to higher fuel and energy consumption. A fuel cell
system capable of generating 200 kW of power was considered to be optimal between the test cases;
it could save a small amount of fuel and energy due to its greater specific energy than batteries. The
third modification was the installation of PV panels on the outer skin of the A320neo. This system
change also showed some savings in fuel and energy, albeit negligible, due to the greater specific energy
of photovoltaic than batteries. Finally, the EAPPS setup was further optimised by scaling the CFM
LEAP-1A engine down within the NGV temperature limitation of 2,000 K. Each modification proved to
be advantageous in terms of fuel and energy savings, although the addition of PV and fuel cell systems
only brings minor improvements; their added value in commercial hybrid electric aviation has yet to be
identified.

Both optimal EAPPS setups for 2020+ and 2040+ feature an electrical subsystem architecture (MEA),
a fuel cell system that delivers a constant supply of 200 kW, 210 m2 of PV panels on the outer skin
of the aircraft and a downscaled engine. The optimal power management strategy in 2020+ includes
fully electric taxiing, a take-off power split φtakeoff of 16.6% and a climb power split φclimb of 9.3%.
By 2040+, the take-off power split φtakeoff increases to 25.6% and the climb power split φclimb to
42.6%; the technological advancements on the individual components significantly decrease the total
electrical system mass enabling this increase in electrification of the propulsion system. Also, higher
take-off power split ratios lower the rotational speed on the HP spool N2 and the maximum temperature
experienced at the nozzle guide vanes Tt41. This allows the CFM LEAP-1A engine to be scaled down
to 90% in 2020+ and 85% in 2040+. In terms of solar irradiance, the ideal flight mission departs from
Guayaquil towards Bogota (991 km) such that solar noon occurs midway of the flight. However, seasonal
or annual averages of the solar irradiance should be considered for real-life performance estimations.
Furthermore, the energy storage capacity of the A320neo aircraft has been evaluated; there is sufficient
space to accommodate the additional batteries and fuel cell system, along with its hydrogen storage.

Moreover, the comprehensive energy management study was performed to demonstrate the dynamic
behaviour of four electrical system components: the electric motor, the PV system, the PEMFC system
and the battery system. It showed in more detail that emerging technologies such as PEMFC and
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PV systems can be beneficial in an aircraft environment. Despite the fact that only a limited amount
of power can be generated, the use of these systems still reduces overall aircraft consumption and
emissions; in addition, sustainable development in aviation is encouraged. Also, the battery optimisation
study showed that the energy stored in the battery system cannot be fully extracted due to discharge
inefficiency. This implies that the rated capacity is overestimated and corrective measures should be
taken, i.e. lowering the value assumed for the battery specific energy (for 2020+, the assumed value
of 500 Wh/kg is corrected into 477 Wh/kg). The corrected and optimised results are compared to
the conventional A320neo and show that the optimal EAPPS setup in 2020+ can reduce the fuel and
energy consumption by 16.8% and 12.7%, correspondingly. Also, the engine emissions are lowered
significantly: CO2 by 16.4%, CO by 69.8%, UHC by 50.6% and NOx by 3.8%. The optimal EAPPS
setup in 2040+ can save significantly more due to the increased use of electrically assisted propulsion;
the total relative savings of fuel and energy are 28.1% and 17.9%, respectively. In terms of pollutants,
the following reductions are possible: CO2 by 26.7%, CO by 73.8%, UHC by 57.3% and NOx by 16.5%.

In conclusion, several trade studies were performed and verified using two different simulation models
developed to expand the knowledge on HEPS in commercial aircraft. The results revealed how the
benefits from each modification can be maximised in terms of fuel and energy consumption, leading
to an optimal configuration for the near future (2020+) and the far future (2040+). Also, the energy
management analysis provided additional insights into the individual performance of the electric motor,
the PEMFC system, the PV system and the battery system. Given the projected timeline of techno-
logical development, the technical feasibility of EAPPS has already been discussed in this study; the
potential use of EAPPS highly depends on future advancements in battery technology. The commercial
viability of EAPPS is as equally important as the technical feasibility and financial incentives need to
be realised to bring EAPPS into existence. Ultimately, only time will tell how the sustainable nature of
future commercial aviation develops.

7.2 Recommendations for Future Research

The two simulation models were developed to analyse the mission performance of an Airbus A320neo
aircraft equipped with EAPPS; this EAPPS configuration can be altered to include or exclude certain
electrical systems. Nonetheless, further improvements to the simulation models can be made.

In order to advance the knowledge on HEPS in commercial aviation, the following aspects should be
considered:

• Expansion to other electric propulsion architectures
Current simulation models only consider the parallel HEPS configuration, where both the turbofan
engine and the electric motor are separated from each other. Other variations such as the series
HEPS, full and partial turbo-electric can be included to compare the overall mission performance
of each architecture. In particular, the partial turbo-electric setup sounds promising; the required
electrical power comes directly from the engine via a generator, so the heavy battery systems are
not required.

• Hybrid SOFC-GT setup
With the inclusion of fuel cells in EAPPS, a hybrid SOFC-GT setup should be investigated. This
arrangement allows an increase in SOFC and engine performance; an exchange of pressurised air
and heat benefits both systems. Also, the number of SOFC components can be reduced, as the
gas turbine can provide the same functions.

139



Master of Science Thesis Conclusions and Recommendations

• Detailed modelling of CFM LEAP-1A engine emissions
The GSP® engine model or the emission data used for modelling the emissions of the CFM LEAP-
1A26 engine may not be sufficiently accurate and need further validation. A more careful analysis
of the actual combustion products throughout the mission is recommended. The validity of these
results is essential for a technological breakthrough in future aviation, as engine emissions will
remain one of its core problems.

• Detailed bleed schedule of CFM LEAP-1A engine
The current bleed schedules for cooling and off-takes are based on a set of assumptions. To
accurately represent this aspect, the actual bleed schedules for the CFM LEAP-1A engine should
be implemented in the GSP® model. This includes multi-stage bleed air extractions at different
phases of the flight mission.

• Thermal management of EAPPS
The aspect of thermal management has not been taken into account in this study. As electrically
assisted propulsion may reach power values above 1-10 MW, cooling equipment need to be
installed for electric motors, power electronics and battery systems. Another alternative option
is to investigate the potential of advanced superconducting components using cryogenics.

• Detailed modelling of converter and electric motor interaction
Due to the lack of electrical engineering knowledge, detailed models of the converter and the
electric motor have been left out in this study. Both components should be defined and modelled
accurately, e.g. with simulation software such as Simulink®, to show the dynamic interaction
between the two. This step is crucial to understand how a complete EAPPS can be built and
realised in the future.

• Aerodynamic analysis of solar skin and HEPS-integrated engine
While the functionality of the solar skin has been demonstrated by Solar Impulse 2, the aerody-
namic disturbances of installing this skin on a commercial aircraft have not been investigated yet.
A detailed aerodynamic analysis of the aircraft should be done to identify the drag penalty of the
applied solar skin. Also, the addition of an electric motor on the LP shaft of the CFM LEAP-1A
engine will undoubtedly change the original nacelles and pylons; the effect of this on the aircraft
aerodynamics should be investigated as well.

• Life-cycle cost analysis of the A320neo aircraft
To prove the commercial viability of EAPPS, a complete life-cycle cost analysis should be per-
formed. This means that all research & development costs, manufacturing costs, acquisition
costs, operating costs and disposal costs should be taken into account. If the results are posi-
tive, the aircraft manufacturer Airbus and commercial airline companies can adapt to this and
dedicatedly work towards a more sustainable future of aviation.
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APPENDIX A
Electrical Power Requirements of

A320neo

A.1 Conventional Architecture of A320neo

The electrical power requirements for the conventional architecture of the A320neo are derived from the
electrical architecture described in Section A.3 along with a dataset from Ref. [36]. Unwanted electric
loads are removed (e.g. for ECS and IPS) and new ones are introduced (e.g. controls for hydraulics).
A general assumption here is that the power factor is equal to 1; the total apparent power for AC loads
in kVA are equivalent to the real power in kW, allowing the AC and DC power requirements to be added
up to obtain a total amount. The results are summarised in Table A.1. An in-depth breakdown of the
power requirements can be found in Table A.2.

Table A.1: Electrical power requirements for conventional architecture of Airbus A320neo; adapted
from [33, 36].

Subsystem Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Actuation &
landing gear 9.80 17.10 13.10 12.50 15.10 23.50 9.80

Avionics 31.59 34.13 41.23 41.23 41.23 34.62 31.59
Cabin equipment 7.50 6.50 6.50 49.40 6.50 6.50 7.50
Total AC [kVA] 19.80 12.50 18.80 61.70 18.80 12.50 19.80
Total DC [kVA] 29.09 45.23 42.03 41.43 44.03 52.12 29.09
Total [kW] 48.89 57.73 60.83 103.13 62.83 64.62 48.89
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Table A.2: Detailed electrical power requirements for conventional architecture of Airbus A320neo in [kW]; adapted from [33, 36].

Subsystem Equipment AC/DC Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Actuation &
landing gear Hydraulic systems DC 9.8 17.1 13.1 12.5 15.1 23.5 9.8

Avionics Actuator control electronics DC 1 1 1 1 1 1 1
Avionics Air data inertial reference system AC 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Avionics Anti-collision beacons & ice inspection lights DC 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Avionics Cabinet & switch DC 3.05 3.05 3.05 3.05 3.05 3.05 3.05
Avionics Communication (HF/VHF) & satellite system DC 4.3 4.3 4.3 4.3 4.3 4.3 4.3
Avionics Display units (heater on/off & head-up) DC 0.49 0.49 0.49 0.49 0.49 0.49 0.49
Avionics Distance measuring equipment DC 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Avionics Electric load management center & PPDU DC 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Avionics Electronic equipment cooling AC 6 6 6 6 6 6 6
Avionics Emergency lights DC 0.2 0 0 0 0 0 0.2
Avionics Enhanced ground proximity warning system DC 0 0.5 0.5 0.5 0.5 0.5 0
Avionics Flight data record unit DC 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Avionics Fire protection system DC 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Avionics GCU1/GCU2/AGCU/EPMU/EGCU DC 1 1 1 1 1 1 1
Avionics GPS/ILS/ADF/VOR/marker receivers AC 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Avionics Nacelle anti-icing valves & switches DC 0 0.08 0.08 0.08 0.08 0 0
Avionics Navigation & landing/taxiing lights DC 1.05 0.2 0.2 0.2 0.2 1.05 1.05
Avionics Pump, valves DC 3 12 12 12 12 12 3
Avionics Recirculation fan AC 6.3 0 6.3 6.3 6.3 0 6.3
Avionics Traffic collision avoidance system DC 0 0.3 0.3 0.3 0.3 0.3 0
Avionics Weather radar DC 0 0 0.8 0.8 0.8 0 0
Avionics Window heat computer & ice detectors AC 0.31 0.31 0.31 0.31 0.31 0.03 0.31
Avionics Windshield wiper DC 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Avionics Wing de-icing computer & temperature sensors DC 0.09 0.09 0.09 0.09 0.09 0.09 0.09

Cabin equipment Coffee kettle/chiller/oven (galleys) AC 0 0 0 25.4 0 0 0
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Subsystem Equipment AC/DC Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Cabin equipment Evacuation equipment DC 1 0 0 0 0 0 1
Cabin equipment Heat (lavatory) AC 0 0 0 5 0 0 0
Cabin equipment Light DC 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Cabin equipment Passenger entertainment system AC 5 5 5 5 5 5 5
Cabin equipment Waste water master heater AC 0 0 0 12.5 0 0 0

Total AC [kVA] 19.80 12.50 18.80 61.70 18.80 12.50 19.80
Total DC [kVA] 29.09 45.23 42.03 41.43 44.03 52.12 29.09

Total [kW] 48.89 57.73 60.83 103.13 62.83 64.62 48.89
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A.2 Validation of Shaft Power Off-Takes

To validate the acquired values, the shaft power off-takes of the conventional setup are compared
to actual flight data from Hamburg to Toulouse with an Airbus A320. The results are summarised
in Table A.3; only the data for the climb, cruise and descent phases swill be compared due to its
availability.

Table A.3: Data validation of shaft power off-takes; comparison between estimated and actual power
requirements [62].

Description Climb Cruise Descent Average
Estimated values [kW] 60.83 103.13 62.83 75.60

Actual flight data [kW] [62] 83.50 79.00 68.60 77.03
Relative difference -27.15% 30.55% -8.41% -1.86%

Description Climb Cruise Descent Total
Segment duration [s] 1,286 2,366 1,143 4,795
Energy used [MJ] 78.23 244.01 71.82 394.05

Weighted average [kW] 82.18
Relative weighted difference 6.68%

As can be seen from Table A.3, the relative difference of the individual segments is quite large, ranging
between -27.15% and 30.55%. If the relative difference of the average power is taken, the offset reduces
to an acceptable value of -1.86%. Unfortunately, this is not an accurate representation since the mission
segments have varying time durations. A weighted average is calculated by multiplying the power with
the segment duration and dividing the total energy by the total duration of the three segments. The
resulting difference becomes 6.68%, which is sufficiently accurate for this study. This allows the power
requirements stated in Table 3.3 and Table 3.4 to be used.
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A.3 Electrical Architecture of A320neo

The electrical power requirements for the electrical architecture of the A320neo are mainly deduced
from Ref. [33]. This report describes the load breakdown of a similar-sized aircraft, ’The Flying Crane’.
This aircraft is a 150-seater more electric aircraft for short- and medium-range flights throughout Asia
and features near-identical aircraft characteristics. This allows the electrical power requirements to
be extracted for the Airbus A320neo. Again, a power factor of 1 is assumed. The electrical power
requirements for the various subsystems throughout flight are summarised in Table A.4. A detailed
overview of the available aircraft equipment is presented in Table A.5.

Table A.4: Electrical power requirements for electrical architecture of Airbus A320neo; adapted from
[33, 36].

Subsystem Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Actuation 12.89 43.48 35.48 34.28 35.48 16.74 12.89
Avionics 41.59 34.13 41.23 41.23 51.23 47.92 41.59

Cabin equipment 7.50 6.50 6.50 49.40 6.50 6.50 7.50
ECS 135.00 5.00 125.00 130.40 125.00 5.00 135.00
IPS 4.33 8.23 26.29 26.29 26.29 0.00 4.33

Landing gear 5.10 3.80 0.00 0.00 0.00 31.20 5.10
Total AC [kVA] 22.44 28.04 44.40 87.30 44.40 24.84 22.44
Total DC [kVA] 183.97 73.10 190.10 194.30 200.10 82.52 183.97
Total [kW] 206.41 101.14 234.50 281.60 244.50 107.36 206.41
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Table A.5: Detailed electrical power requirements for electrical architecture of Airbus A320neo in [kW]; adapted from [33, 36].

Subsystem Equipment AC/DC Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Actuation Aileron actuators DC 0 3.52 3.52 3.52 3.52 3.52 0
Actuation Cargo door actuator DC 2 0 0 0 0 0 2
Actuation Elevator actuators DC 2.51 6.8 6.8 6.8 6.8 6.8 2.51
Actuation High lift actuators DC 6.76 19.2 19.2 0 19.2 19.2 6.76
Actuation Horizontal stabiliser DC 0 1.56 1.56 1.56 1.56 1.56 0
Actuation Landing gear actuator AC 0 8 0 0 0 8 0
Actuation Rudder actuators DC 1.62 4.4 4.4 4.4 4.4 4.4 1.62
Actuation Spoilers actuators DC 0 0 0 18 0 0 0
Avionics Actuator control electronics DC 1 1 1 1 1 1 1
Avionics Air data inertial reference system AC 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Avionics Anti-collision beacons & ice inspection lights DC 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Avionics APU starter DC 10 0 0 0 10 0 10
Avionics Cabinet & switch DC 3.05 3.05 3.05 3.05 3.05 3.05 3.05
Avionics Communication (HF/VHF) & satellite system DC 4.3 4.3 4.3 4.3 4.3 4.3 4.3
Avionics Display units (heater on/off & head-up) DC 0.49 0.49 0.49 0.49 0.49 0.49 0.49
Avionics Distance measuring equipment DC 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Avionics Electric load management center & PPDU DC 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Avionics Electronic equipment cooling AC 6 6 6 6 6 6 6
Avionics Emergency lights DC 0.2 0 0 0 0 0 0.2
Avionics Enhanced ground proximity warning system DC 0 0.5 0.5 0.5 0.5 0.5 0
Avionics Flight data record unit DC 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Avionics Fire protection system DC 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Avionics GCU1/GCU2/AGCU/EPMU/EGCU DC 1 1 1 1 1 1 1
Avionics GPS/ILS/ADF/VOR/marker receivers AC 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Avionics Nacelle anti-icing valves & switches DC 0 0.08 0.08 0.08 0.08 0 0
Avionics Navigation & landing/taxiing lights DC 1.05 0.2 0.2 0.2 0.2 1.05 1.05
Avionics Pump, valves DC 3 12 12 12 12 12 3
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Subsystem Equipment AC/DC Taxi-out Take-off Climb Cruise Descent Landing Taxi-in
Avionics Recirculation fan AC 6.3 0 6.3 6.3 6.3 0 6.3
Avionics Thrust reverser AC 0 0 0 0 0 13.3 0
Avionics Traffic collision avoidance system DC 0 0.3 0.3 0.3 0.3 0.3 0
Avionics Weather radar DC 0 0 0.8 0.8 0.8 0 0
Avionics Window heat computer & ice detectors AC 0.31 0.31 0.31 0.31 0.31 0.03 0.31
Avionics Windshield wiper DC 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Avionics Wing de-icing computer & temperature sensors DC 0.09 0.09 0.09 0.09 0.09 0.09 0.09
ECS Motor (compressor) & miscellaneous DC 115 5 115 120.4 115 5 115
ECS Ram air fan DC 20 0 10 10 10 10 20

Cabin equipment Coffee kettle/chiller/oven (galleys) AC 0 0 0 25.4 0 0 0
Cabin equipment Evacuation equipment DC 1 0 0 0 0 0 1
Cabin equipment Heat (lavatory) AC 0 0 0 5 0 0 0
Cabin equipment Light DC 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Cabin equipment Passenger entertainment system AC 5 5 5 5 5 5 5
Cabin equipment Waste water master heater AC 0 0 0 12.5 0 0 0

IPS Fixed window heat elements AC 1.86 1.86 1.86 1.86 1.86 1.86 1.86
IPS Sliding window heat elements AC 1.17 1.17 1.17 1.17 1.17 1.17 1.17
IPS Windshield heat elements AC 1.3 5.2 5.2 5.2 5.2 5.2 1.3
IPS Wing de-icing heat elements AC 0 0 18.07 18.07 18.07 18.07 0

Landing gear Braking system DC 5 0 0 0 0 0 5
Landing gear Nose wheel steering system DC 3.8 0 0 0 0 0 0
Landing gear Parking brake DC 0.1 0 0 0 0 0 0.1

Total AC [kVA] 22.44 28.04 44.40 87.30 44.40 24.84 22.44
Total DC [kVA] 183.97 73.10 190.10 194.30 200.10 82.52 183.97

Total [kW] 206.41 101.14 234.50 281.60 244.50 107.36 206.41
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APPENDIX B
Energy Storage Capacity of A320neo

B.1 Energy Storage Options

The main energy carrier on the Airbus A320neo is kerosene, e.g. Jet A-1, stored in the fuel tanks
located in the body and wings of the aircraft. The fuel tank capacities of the A320neo are presented
in Table B.1.

Table B.1: Fuel tank distribution of the Airbus A320neo [59].

Tank Usable fuel [L] Unusable fuel [L]
Wing 15,476.7 58.9
Center 8,248 23.2
Total 23,724.7 82.1

Aside from jet fuel, there are two 28V 23 Ah DC batteries present in the electronics and engineering
(E & E) bay underneath the cockpit area; this compartment contains sensitive electrical systems such
as avionics. These batteries are used as back-up power sources to supply vital loads during emergency
situations [33, 127]. On the occasion that fuel cells, hydrogen tanks and supplementary batteries
are installed for the electrically assisted propulsion & power system (EAPPS), these devices can be
established in the E & E bay.

B.2 Excess Volume in E & E Bay

To ensure that there is enough space for the new EAPPS equipment, the available space of this E
& E bay will be approximated. Figure B.1 shows the dimensions of the compartment; the values are
estimated using an image tracer [128].

Since this section is curved, the mean values of the front and back sheets are used. Assuming the
section curvature is elliptical, the mean major and minor radii, amean and bmean, can be calculated
using Equation B.1 and Equation B.2, accordingly.
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Figure B.1: Location of the E & E bay, including estimated dimensions; adapted from [4].

amean = afront + aback
2 (B.1)

bmean = bfront + bback
2 (B.2)

Inserting afront = 0.725 m, aback = 1.625 m, bfront = 1.20 m and bback = 1.60 m into Equation B.1
and Equation B.2, the semi major and minor axes become 1.175 m and 1.40 m, respectively. Now, the
volume of the E & E compartment can be determined using Equation B.3:

VEEbay = π2 · amean · bmean · LEEbay (B.3)

where the compartment length LEEbay equals 6.00 m; the resulting volume is 15.5 m3 or 15,500 L.
Assuming a fill factor of 30% due to existing hardware and reserved space for walking, the excess
volume becomes 10.85 m3 or 10,850 L.

B.3 Total Energy Storage Required

Before estimating the total capacity needed, the volumetric density of hydrogen need to be known. The
two most favourable architectures currently are based on pressurised and cryogenic tanks for hydrogen
supply [129]; the volumetric densities of compressed hydrogen at 350 bar, at 700 bar and liquefied
hydrogen are 25 g/L, 40 g/L and 70 g/L, respectively [130]. These values include the volume of the
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tanks to store the hydrogen fuel. The important parameters of the EAPPS configurations for near
future (2020+) and far future (2040+) scenarios are summarised in Table B.2; these are extracted
from Section 6.4.1 and Section 6.4.2.

Table B.2: Overview of essential parameters for energy storage estimations.

Parameter Near future (2020+) Far future (2040+)
Number of batteries [-] 130,782 414,007
Installed battery energy [kWh] 1,437.29 4,550.88
Fuel cell system power [kW] 200 200
Hydrogen consumed [kg] 22.397 22.397

Using the dimensions of the Panasonic NCR20700A battery mentioned in the manufacturer’s data sheet
[117], the energy density can be calculated. This results in a value of 480.7 Wh/L or 22.865 · 10−3 L
per cell for 2020+. Assuming that by 2040+ the battery will improve in terms of mass but also in
size, a battery volume reduction of 10% is taken into account. Since Panasonic NCR20700A battery
cells are circular in shape, assembling the packs will leave gaps in between the cells such as shown in
Figure B.2.

Square Hexagonal

Figure B.2: Two types of battery packing arrangements: square (left) and hexagonal (right).

Square and hexagonal packing are the two most common ways to arrange identical circles in a two-
dimensional plane. The latter results in the smallest battery pack and will be preferred over square
packing. The packing density of the hexagonal lattice ηh is equal to 1

6π
√

3 or approximately 0.9069.
Assuming the power densities of the fuel cell system as listed in Table 3.15, the total capacity required
for each storage option and time frame is outlined in Table B.3.

Table B.3: Total capacity required for each case in 2020+ and 2040+.

Volume [L] Near future (2020+) Far future (2040+)
Battery pack 3297.3 9394.3
Fuel cell system 585 409.5
Hydrogen storage option 25 g/L 40 g/L 70 g/L 25 g/L 40 g/L 70 g/L
Hydrogen tank 895.9 559.9 320.0 895.9 559.9 320.0
Total capacity [L] 4,778.2 4,442.3 4,202.3 10,699.7 10,363.7 10,123.8

From the results in Table B.3 can be concluded that no particular case exceeds the available volume
of 10,850 L; there is sufficient space on the Airbus A320neo to accommodate the batteries and fuel
cell system, along with its hydrogen storage. In case the aircraft centre of gravity significantly shifts
forwards, the balance can be restored by moving the bulk of the batteries towards the cargo bay and
aircraft wings.
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APPENDIX C
Effective PV Surface Area of A320neo

C.1 Estimation Procedure

One of the main parameters for installing PV panels on an aircraft is the total surface area that can
be utilised. Based on a top view image of the Airbus A320neo, as shown in Figure C.1, the surface
areas of the wings, fuselage, tailplane and various control surfaces are approximated using an area
calculator [128]. Assuming that the panels will not be installed on any movable control surfaces, the
corresponding values are substracted from the wing and tailplane surface areas. Lastly, the effective
areas for the wings, tailplane and fuselage are summed to obtain the total effective surface area.

11.14 m
(36.55 ft)

CFM LEAP−1A/
PW 1100G

5.75 m
(18.86 ft)

37.57 m
(123.27 ft)

6.07 m
(19.91 ft)

3.95 m
(12.96 ft)

1.24 m
(4.07 ft)

3.31 m
(10.86 ft)

4.87 m
(15.98 ft)

11.91 m
(39.07 ft)

16.29 m
(53.44 ft)

1.61 m
(5.28 ft)

3.22 m
(10.56 ft)

1.64 m
(5.38 ft)

23.45 m
(76.94 ft)

8.30 m
(27.23 ft)

Figure C.1: Top view of the Airbus A320neo, including general dimensions [4].
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C.1.1 Aircraft Anatomy

Figure C.2 shows the main parts of the aircraft, with the primary and secondary flight control surfaces.
The flight control surfaces include the ailerons, elevators, rudder, flaps, slats and spoilers.

Slats

Aileron

Spoilers Elevator

Flaps

Trimmable tailplane

Wing

Fuselage

Rudder

Fin

Figure C.2: Aircraft anatomy of Airbus A320neo; adapted from [4].

C.1.2 Wings

The estimated surface areas of the wings and control surfaces are summarised in Table C.1. The total
effective wing area Swing,eff equals 69.14 m2.

Table C.1: Estimated surface areas of wings and control surfaces.

Surface Area [m2]
Single wing 52.47
Aileron 1.71
Flaps 4.46
Slats 5.95

Spoilers 5.78
Effective single wing 34.57
Total effective wings 69.14

C.1.3 Tailplane

The estimated surface areas of the tailplane and elevators are summarised in Table C.2. The total
effective tailplane area Stail,eff equals 16.76 m2.
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Table C.2: Estimated surface areas of tailplane and elevators.

Surface Area [m2]
Single tailplane 12.21

Elevator 3.83
Effective single tailplane 8.38
Total effective tailplane 16.76

C.1.4 Fuselage

The effective fuselage area can be calculated by multiplying the effective fuselage length by the length
of the curvature. This equation becomes:

Sfuse,eff = Lfuse,eff · Lcurve (C.1)

The effective fuselage length Lfuse,eff is defined as the distance between the first and last cabin door,
as shown in Figure C.3.

24.00 m

Figure C.3: Side view of the fuselage; adapted from [4].

The length of the curvature Lcurve is defined as the upper half of the fuselage cross-section. It is
assumed that the area below the passenger windows will not be used; it complicates the installment of
PV and will not generate significant power as the tilt angle is nearly parallel towards the Sun. Figure C.4
indicates the (dashed) arc length that needs to be determined.

b

0.65 m

1.975
 
m

a

2.07 m

0.12 m

Figure C.4: Cross-sectional view of the fuselage; adapted from [4].
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Assuming that the curvature is half elliptical, the following equations may be used:

h = (a− b)2

(a + b)2 (C.2)

Lcurve ≈
π

2 (a + b)
(

1 + 3h
10 +

√
4− 3h

)
(C.3)

Substituting a = 1.855 m and b = 1.42 m into Equation C.2 and Equation C.3, the curvature length
Lcurve becomes 5.1671 m. Inserting Lcurve = 5.1671 and Lfuse,eff = 24 into Equation C.1, the effective
fuselage area Sfuse,eff becomes 124.01 m2.

C.1.5 Total Effective Surface Area of A320neo

The total effective surface area can be expressed as follows:

Spv,eff = Swing,eff + Stail,eff + Sfuse,eff (C.4)

Substituting the values from previous sections, the effective surface area available for PV installation on
the A320neo equals 209.91 m2. An impression of the Airbus A320neo in the specified PV arrangement
is depicted in Figure C.5.

Figure C.5: Airbus A320neo covered in PV panels; adapted from [4].
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APPENDIX D
Environmental Impact Assessment

This chapter gives additional insights into the commercial viability of electrically assisted propulsion
& power systems (EAPPS) and serves as a project deliverable, as part of pursuing the graduation
annotation ’Technology in Sustainable Development (TiSD)’. To avoid any currency conversion, all
costs will be expressed in U.S. dollars (US$) for the sake of convenience.

D.1 Operational Energy Cost Analysis of a Single A320neo Flight

In order to evaluate the commercial viability of EAPPS, the operating energy costs will be investigated
for the reference and optimised EAPPS setups, in the near future (2020+) as well as in the far future
(2040+). These costs will be estimated for a single flight. The total operating costs (TOC) are all the
costs incurred while operating an airplane and consists of direct operating costs (DOC) and indirect
operating costs (IOC); the to-be-estimated costs will only cover a part of the DOC, which also include
the cost of maintenance, depreciation and wages of the flight crew [131].

The three distinguishable energy carriers in this study are kerosene (e.g. Jet A-1), hydrogen and elec-
tricity. The fuel economies as well as the electricity market are affected by the laws of supply and
demand; fluctuations in fuel and electricity prices are commonly seen.

The kerosene prices will be based on short term forecasts by Airbus [132] and the hydrogen prices on
near term projections by National Renewable Energy Laboratory (NREL) using the ARB Vision model,
which is a scenario planning tool developed by California Air Resources Board. These fuel prices are
projected for a period from 2015 to 2025, as shown in Table D.1, and can be extended to the far future
(2040+) using linear regression analysis.

Table D.1: Kerosene and hydrogen price predictions by Airbus and NREL [132, 133].

Parameter 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Kerosene [$/gal] 1.52 1.25 1.63 1.63 1.86 2.27 2.41 2.53 2.59 2.71 2.76
Hydrogen [$/kg] 14.00 13.71 13.42 13.13 12.85 12.56 12.27 11.98 11.69 11.40 11.11

Figure D.1a shows the linear price trend for jet fuel from 2015 to 2045 in US$. Although the progression
in data points suggests that a price ceiling might be expected, former kerosene prices (prior to 2015)
have reached as high as $3.89 per gallon; this implies that the price for kerosene is unpredictable. For
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Figure D.1: Fuel price trends based on short term projection data: for kerosene (left) and for hydrogen
(right).

simplicity reasons, a linear trend is assumed within this study; the price of kerosene is expected to
increase, as the availability of fossil fuels will decline. On the other hand, the price for the alternative
fuel hydrogen is predicted to drop significantly, as illustrated in Figure D.1b; new and more efficient
ways to produce hydrogen will become available, which in turn drive down the costs and ultimately
allow hydrogen to compete with traditional transportation fuels. In 2020, the kerosene and hydrogen
prices are $2.27 per gallon and $12.56 per kg, respectively. By 2040, the kerosene price increases to
$5.25 per gallon, while the cost for hydrogen decreases to $6.84 per kg.

The projected electricity prices are derived from an annual energy outlook report by the U.S. Energy
Information Administration (EIA) [134] and summarised in Table D.2. The prices are categorised in
generation, transmission and distribution costs. The total price will remain relatively flat, ranging
between 10.55 and 11.23 dollar cents per kilowatt hour. The generation costs remain the largest share
of the price and will decrease by 10% due to continued low natural gas prices and increased generation
from renewables. The transmission and distribution costs will increase by around 25%, indicating
the need to replace ageing infrastructure and improve the grid to accommodate changing reliability
standards [134].

Table D.2: Future electricity price predictions by EIA [134].

Electricity price 2017 2020 2030 2040 2050
Generation [$/kWh] 0.0625 0.0632 0.0596 0.0574 0.0562
Transmission [$/kWh] 0.0132 0.0144 0.0157 0.0165 0.0164
Distribution [$/kWh] 0.0298 0.0316 0.0370 0.0380 0.0373
Total [$/kWh] 0.1055 0.1092 0.1123 0.1119 0.1099

Table D.3 shows the three different cases to be analysed: the reference Airbus A320neo without HEPS
and the two A320neo configurations with optimised EAPPS (including all three modifications and scaled
engine) for near future (2020+) and far future (2040+).

By applying the aforementioned price predictions (for 2020 and 2040) to the consumption values in
Table D.3, the average energy costs per flight can be determined. The total operating costs for the
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Table D.3: Overview of three cases with varying energy consumption (kerosene, hydrogen and elec-
tricity).

Configuration Kerosene [kg] H2 [kg] Electricity [kWh]
Reference A320neo without HEPS 3944.29 0 0
A320neo with EAPPS (Section 6.5.1) 3283.23 22.397 1437.294
Future A320neo with EAPPS (Section 6.5.2) 2834.49 22.397 4550.882

reference and the EAPPS-integrated A320neo, in terms of energy consumed, are illustrated in Figure D.2
for both time frames.
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Figure D.2: Total operating costs per flight determined by energy consumption, for two different time
frames: 2020 (left) and 2040 (right).

Figure D.2a and Figure D.2b present the total operating energy costs for near term (2020) and far
term (2040), respectively. A noticeable difference is the amount of dollars saved per flight: $57.55 in
2020 versus $1261.04 in 2040. This contrast is largely due to the huge rise in kerosene price; a price
increase of 131.3% is expected, as depicted in Figure D.1 earlier. Also, the electricity costs has tripled
from $156.67 to $509.70 due to the increased use of HEPS. While the hydrogen consumption remains
the same, the costs will be cut nearly in half from $281.31 to $153.24 due to expected technological
advancements in hydrogen production.

A more common definition regarding costs is the fuel costs per available seat mile (ASM). It reflects
the fuel costs incurred by an airline to fly a single seat one mile. This number is displayed in Figure D.3
for the two different setups in 2020 and 2040.

As a measure for comparison, the average fuel costs of single-aisle airliners across the U.S. fleet were
$0.021/ASM in 2016 [135]. The reference fuel costs per ASM in 2020 become $0.015/ASM, adjusted
to the fuel price in 2016. This significant difference in costs can be explained by the large range of
mission duration and seating arrangements. Although this study is defined by a flight mission of 1,000
km and 190 available seats, this can vary greatly among different airlines. Operators which mainly fly
popular long-distance routes and low-cost carriers which maximise the number of seats will bring the
average fuel costs per ASM down, while regional operators which fly shorter distances with empty seats
may push that average back up. The actual fuel costs for a similar flight as performed in this study
are not known.

159



Master of Science Thesis Environmental Impact Assessment

Reference With EAPPS
0

0.01

0.02

0.03

Fu
el 

co
st

s 
pe

r A
SM

 in
 [U

S$
]

$0.0250

$0.0000
$0.0000

$0.0208

$0.0024
$0.0013
$0.0005

Kerosene
Hydrogen

Electricity
Savings

(a) Near future (2020).
Reference With EAPPS

0

0.02

0.04

0.06

0.08

Fu
el 

co
st

s 
pe

r A
SM

 in
 [U

S$
]

$0.0579

$0.0000
$0.0000

$0.0416

$0.0013
$0.0043
$0.0107

Kerosene
Hydrogen

Electricity
Savings

(b) Far future (2040).

Figure D.3: Fuel costs per available seat mile (ASM) for two different time frames: 2020 (left) and
2040 (right).

Another interesting perspective is to look at the relative fractions regarding energy provided and pre-
dicted costs for the two different EAPPS setups in 2020 and 2040. The results are presented in
Figure D.4.
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Figure D.4: Relative fractions in terms of energy provided and predicted costs for the two optimised
EAPPS setups in different time frames: 2020 (left) and 2040 (right).

Observing Figure D.4a more closely, it is noticeable that making use of batteries and hydrogen to
provide energy is simply not as cost-effective as using kerosene. This is because the prices for electricity
and especially for hydrogen are relatively high compared to the kerosene price. In 2040, the energy-
costs proportions are much more balanced, as indicated in Figure D.4b. By then, with exclusion of
photovoltaics (PV), the batteries have become the most cost-effective method to provide energy.

Nevertheless, from an operational energy point of view, cost savings can be realised in both time frames
by applying EAPPS; albeit more balanced and efficient in the far future (2040) than in the near future
(2020) due to the huge differences in fuel prices. Keep in mind that, next to lower energy costs, these
setups also emit substantially less pollutants than their reference counterparts, as indicated in Table 6.9.
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D.2 ROI Performance of PV Systems in Commercial Aircraft

To prove the viability of photovoltaics on commercial aircraft, the total costs to install, operate and
maintain the solar skin will be investigated in more detail. This cost analysis assumes that HEPS is
already integrated into the aircraft, thus additional batteries for the PV system are not required.

The total costs consist of the initial investment costs for the system itself, the installation costs and
the recurring operations and maintenance (O&M) costs. The initial investment costs include the
monocrystalline Maxeon Gen III cells (12,420 units) and a set of solar inverters to take care of power
conversion and maximum power point tracking (MPPT); the prices are described in Table D.4. Keep in
mind that the expected lifetime of PV cells is at least 20 years, so system components such as inverters
are often offered with warranties of up to 20 years; additional PV hardware investments are seldom
necessary.

Table D.4: Prices for individual PV components [136–138].

Parameter Price [$]
Maxeon Gen III Ultra Premium Performance (high quality) $5.10/unit
Enphase Energy IQ6-60 micro-inverter 240W $120/unit
Four Star Solar MC4 10 AWG PV wire $3.28/m

The whole PV system is made of 23 PV strings in parallel, where one string is formed by connecting 9
PV modules in series. Each PV module contains 60 Maxeon Gen III cells in series and is rated at 224W.
To ensure independent use between modules, a micro-inverter is required for each module. Also, based
on an estimation using Figure C.1, approximately 160 metres of MC4 cables is needed to connect the
micro-inverters. According to Ref. [139], the installation costs account for 9% of the initial costs for a
commercial PV system up to 200 kW; in this case, the installation costs become $8,773.20. The total
investment costs are summarised in Table D.5.

Table D.5: Initial investment costs for installing a complete PV system on the A320neo aircraft.

Parameter Costs [$]
Single PV module (60 Maxeon Gen III cells) $306
Single PV string (9 modules) $2,754
Complete PV array (23 strings) $63,342
Set of micro-inverters (9 x 23 = 207 units) $24,840
PV wiring (160 metres) $524.80
Total PV hardware $88,706.80
Installation labor (9% of initial costs) $8,773.20
Total investment $97,480

The recurring costs are based on average utility-scale O&M costs of a solar PV plant; for monocrys-
talline, the average is $20.50 per kilowatt-peak per year [140]. With a single Maxeon Gen III cell
generating 3.63 Wp [119], the total PV system of 12,420 cells will amount to 45.09 kWp; this suggests
that the recurring costs are $924.23 annually.

By using the data for fuel and energy saved from Table 6.3 and Table 6.4 (for 2020+), the savings per
flight can be calculated with the price data in Table D.1 and Table D.2. For example, in 2020, the fuel
and energy savings become 0.879/(0.8*3.785)*2.27 = $0.66/flight and 96.24*0.1092 = $10.51/flight,
respectively, totalling $11.17 saved per flight; this procedure can be repeated for each year with the
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predicted prices. Assuming that the average daily number of flights performed per aircraft is 61, an
aircraft will complete a total of 2,190 flights per year. A cost breakdown chart of a PV system on a
commercial aircraft throughout a period of 20 years is shown in Figure D.5 for a flight mission from
Guayaquil to Bogota.
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Figure D.5: Cost breakdown of a PV-integrated aircraft designed for a flight mission from Guayaquil
to Bogota throughout a period of 20 years.

Then, the ROI performance of the PV system can be determined by mapping out the cumulative costs
and savings over a time span of 20 years; this is plotted in Figure D.6 and Figure D.7 for the three
selected flight missions, projected from 2020 to 2040 and 2040 to 2060, respectively.
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Figure D.6: ROI performance of PV systems for three different flight missions from 2020 to 2040:
Toulouse - Amsterdam (yellow), Guayaquil - Bogota (light blue) and Hobart - Sydney (purple).

1 The daily utilisation rate or the average daily hours flown of a single-aisle airliner like the A320neo aircraft across
major airlines in the United States is 9.78 hours in 2016 [135]. Assuming 6 flights of around 1.5 hours per day, the
daily utilisation rate within this study equals 9 hours; in comparison to the average of 9.78 hours, the chosen number
is conservative.
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Figure D.7: ROI performance of PV systems for three different flight missions from 2040 to 2060:
Toulouse - Amsterdam (yellow), Guayaquil - Bogota (light blue) and Hobart - Sydney (purple).

Figure D.6 and Figure D.7 demonstrate that the investment costs of installing a PV system will eventu-
ally be earned back for all three missions. The payback period (PP) and resulting net profits, however,
vary for each mission and time period; these values are tabulated in Table D.6.

Table D.6: ROI PV performance results for three different flight missions in the near future (2020+)
and the far future (2040+): Toulouse - Amsterdam, Guayaquil - Bogota and Hobart - Sydney.

Near future (2020+) Far future (2040+)
Flight mission PP [yr] Net profit [$] PP [yr] Net profit [$]
FM1: Toulouse - Amsterdam 8.1 $122,791 9.2 $95,089
FM2: Guayaquil - Bogota 3.1 $425,389 2.8 $460,577
FM3: Hobart - Sydney 4.9 $254,978 4.8 $254,851

D.3 Estimated Annual Savings of EAPPS

Based on an average of six flights per day, the annual savings of a A320neo aircraft using EAPPS can
be estimated using data from Table 6.9. The estimated results are shown in Table D.7. In addition to
that, the savings can also be expressed in equivalent flights, based on the fuel, energy and emissions
values of the reference A320neo setup.
This table shows that the adoption of EAPPS can have a positive impact on the natural environment.
In the near future (2020+), 4,472.6 tonnes of CO2 can be saved on a yearly basis, which amounts
to roughly 360 equivalent flights. This means that six A320neo aircraft equipped with EAPPS can
annually save an equivalent amount of CO2 emissions produced by a single conventional A320neo
aircraft. In the far future (2040+), this number will increase to 585 equivalent flights or 7,276.7
tonnes of CO2; only four EAPPS-integrated A320neo aircraft are needed to offset the amount of CO2
emissions produced by one conventional A320neo aircraft. Keep in mind that these values hold for a
single A320neo aircraft flying a specific mission from Guayaquil to Bogota, imagine the total savings
of a fleet of EAPPS-integrated A320neo aircraft operating throughout the world.

163



Master of Science Thesis Environmental Impact Assessment

Table D.7: Estimated annual savings and equivalent flights for a single A320neo using EAPPS in the
near future (2020+) and the far future (2040+).

Annual savings Equivalent flights
Type 2020+ 2040+ 2020+ 2040+
Fuel 1,447.7 t 2,430.5 t 367.0 616.2
Energy 13.1 GWh 18.5 GWh 277.3 392.5
CO2 4,472.6 t 7,276.6 t 359.8 585.4
H2O 1,336.1 t 2,448.8 t 270.9 496.5
CO 20.3 t 21.5 t 1,528.5 1,615.9
UHC 240.9 kg 262.8 kg 1,148.2 1,252.6
NOx 2.4 t 10.5 t 82.0 362.1
Soot -0.88 kg 2.89 kg -45.9 151.5

D.4 Discussion

Next to considering the technical feasibility aspects of EAPPS in Chapter 6, an attempt is made to
examine the commercial viability of EAPPS and find a stimulus for commercial airlines to adopt hybrid
electric propulsion and PV systems.

According to the results in Section D.1, the operating energy costs of EAPPS are significantly lower than
for the reference A320neo aircraft, taking price fluctuations into account. This can be a major driver
for commercial airlines to integrate EAPPS into their fleet, once the desired technological advancement
of batteries and other components is reached.

Also, the ROI performance of PV systems has been investigated in Section D.2. Considering the initial
investment and recurring O&M costs of installing photovoltaics, the yearly fuel and energy savings will
still result in net profits over the expected lifetime of PV modules (20 years) for all three flight missions.
This adds another incentive for commercial airlines to install PV and promote environmental awareness.

Lastly, the annual savings in terms of fuel, energy and emissions were evaluated in Section D.3. On a
yearly basis, the savings of a single A320neo flight become much more significant and could make a
notable impact on the natural environment.

All in all, these analyses have shown that EAPPS can be considered as one of the solutions to improve
the environmental impact of future aviation and create incentives for commercial airlines to adopt this
technology. In a hopeful sense, it could bring us one step closer towards a sustainable future.
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