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Abstract: Sustainability and, especially, emission reductions are significant challenges for airports cur-
rently being addressed. The Clean Sky 2 project GENESIS addresses the environmental sustainability
of hybrid-electric 50-passenger aircraft systems in a life cycle perspective to support the development
of a technology roadmap for the transition to sustainable and competitive electric aircraft systems.
This article originates from the GENESIS research and describes various options for ground power
supply at a regional airport. Potential solutions for airport infrastructure with a short (2030), medium
(2040) and long (2050) time horizon are proposed. This analysis includes estimating the future energy
demand per day, month and year. In addition, the current flight plan based on conventional aircraft
is adapted to the needs of a 50-PAX regional aircraft. Thus, this article provides an overview of the
energy demand of a regional airport, divided into individual time horizons.

Keywords: on-ground energy supply; hybrid-electric aircraft; airport infrastructure; sustainable aviation

1. Introduction

Sustainability and reducing emissions are significant challenges for airports. Frankfurt
airport will reduce CO2 emissions by around 65% until 2030 and operate in 2045 without any
CO2 emissions. A total of 34% of the vehicles in the airport in Frankfurt are hybrid-electric
or hydrogen-based. With this advantage, it was possible to reduce the CO2 emissions
on this German airport by around 35% since 2010 [1]. Aircraft manufacturers such as
Airbus plan to introduce hydrogen planes by 2035. With the code ZEROe (short for zero
emissions), Airbus plans three types of passenger planes that rely on liquid hydrogen
(LH2) as fuel [2]. Aircraft manufacturers have already initiated a transition to sustainable
aviation, which the airports strive to follow. However, there are enormous challenges, such
as the generation of hydrogen or electricity from renewable energies, to decarbonising
the industry entirely. The electrification of aircraft systems raises the question of whether
airports will be among the largest electricity consumers in our infrastructure in the future.
At the small Corisco International Airport, Source [3] proposes the renewable energy
generation of 307.42 MWh/year with an energy surplus of 41.30% by integrating wind
turbines (WTs), photovoltaics and diesel generators. This integration will reduce annual
greenhouse gas emissions on the island by 98.50% [4]. The Soekarno-Hatta Airport Railink
Project is one of the projects the Indonesian government prioritizes to ensure reliable
mass transport to and from Soekarno-Hatta International Airport [5,6]. In this study, the
electricity demand for the operation of the Soekarno-Hatta airport railway is discussed and
compared with the demand for the existing substation. The results of this study show that
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the substations will require a small amount of additional capacity. However, overall, the
existing substations will remain reliable even though additional capacity will be required in
2030 to maintain the reliability of the electricity supply for two different services. According
to the calculations, the cost of the additional capacity is USD 4.3 million. Electricity costs
are estimated at USD 85,000 to 100,000/month for the first year, with 89 trips per day [6].
These examples show that both small and very large airports are currently investing
heavily in electrification to drive the electrification of the entire aviation industry. The
first simulations of energy supply technologies for a regional airport show that the energy
demand of a regional airport with 13 gates will increase from 6 GWh to 22.53 GWh by
operating 49 hybrid-electric aircraft per day [7]. As part of the Clean Sky 2 ENhanced
electrical energy MAnagement (ENIGMA) project, a centralised smart supervisory control
(CSS) with enhanced electrical energy management (E2-EM) capability was developed
for an Iron Bird electrical power generation and distribution system (EPGDS) [8]. These
projects show that this is a very current and important research topic.

The Rotterdam The Haque Airport (RTHA) is a subcontracting partner of the Clean
Sky 2 GENESIS project (Gauging the ENvironmEntal Sustainability of electrIc and hybrid
aircraft Systems) and seeks to change its infrastructure to adopt hybrid-electric aircraft
(HEA). To accomplish this, RTHA plans to electrify around 70% of its aircraft traction
fleet from 2030 onwards and aims to replace the remaining 30% with hydrogen-powered
aircraft by 2050 [9]. Therefore, they must develop and adapt their ground power supply
strategies to meet the demand for HEA (Hybrid-Electric-Aircraft) traffic. The study aims
to determine the energy requirements for a regional airport’s operation and the expected
emissions. This paper is framed in the context of GENESIS, which corresponds to the EU
theme JTI-CS2-2020-CFP11-THT-13 under the Clean Sky 2 programme for Horizon 2020
and presents a forward-looking view focusing on the assessment of appropriate energy
supply technologies for ground energy storage, grid connection and power transmission
to aircraft. Based on these technologies, a flight plan and the design of a 50 PAX HEA
developed in the project, the energy requirements for operations at a regional airport
can be estimated [10]. The fuel types for HEA change depending on the time horizon.
The energy demand of the developed HEA was used to classify the energy demand of a
conventional aircraft (ATR 42 with a Pratt and Whitney PW127 engine). In the short-term
(2025–2035) and medium-term (2035–2045), a direct comparison between kerosene and a
mixture of kerosene and sustainable aviation fuels (SAF) can be made. This study also
assumes that LH2 and a battery in the medium-term can power HEA. In the long-term
(2045–2055+) horizon, hybrid-liquid–hydrogen aircraft are assumed exclusively. Based
on the energy requirements of the aircraft, which were provided by two partners of the
consortium UniNa (Università degli Studi di Napoli Federico II) and SmartUp Engineering,
the flight plan and the number of take-offs and landings, the emissions can be estimated.
In addition, a flight plan is being developed to replace conventional aircraft with HEA
and thus enable more environmentally friendly air traffic. Table 1 provides the key figures
of the conventional aircraft and HEA designed with GENESIS, with information on the
amounts of fuel (kerosene, SAF and LH2) and battery energy consumed per kilometre.
Results are presented in this table for two separate missions: a 600 nmi mission, which was
used to size both conventional aircraft and HEA concepts, and a shorter 200 nmi mission,
more representative of the typical mission for a regional turboprop aircraft.
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Table 1. Overview of fuel and battery energy consumptions per km based on calculations performed
by UNINA and SmartUp.

2025–2035 kg kerosene/km kg SAF(4)*/km kWh/km kg LH2/km

Short-term 200 nmi(1)*
Short-term ICE(ref,2)* 1.25 1.23

Short-term ICE(2)* + Battery 0.87 0.96 2.23
Short-term 600 nmi (1)*

Short-term ICE(ref,2)* 0.98 0.96
Short-term ICE(2)* + Battery 0.86 0.94 0.76

2035–2045 kg kerosene/km kg SAF(4)*/km kWh/km kg LH2/km

Medium-term 200 nmi(1)*
Medium-term ICE(ref,2)* 1.14 1.12 0.00

Medium-term ICE(2)* + Battery 0.64 0.63 2.39
Medium-term PEMFC(3)* + Battery 2.58 0.16

Medium-term 600 nmi(1)*
Medium-term ICE(ref,2)* 0.90 0.88

Medium-term ICE(2)* + Battery 0.46 0.20 1.61
Medium-term PEMFC(3)* + Battery 1.75 0.21

2045–2055 kg kerosene/km kg SAF(4)*/km kWh/km kg LH2/km

Long-term 200 nmi(1)*
Long-term ICE(ref,2)* 1.11 1.09

Long-term PEMFC(3)* + Battery 2.37 0.16
Long-term 600 nmi(1)*
Long-term ICE(ref,2)* 0.88 0.86

Long-term PEMFC(3)* + Battery 1.60 0.19
(ref)*: Reference aircraft with conventional gas turbine engines as power plant technology. (1)*: Nautical mile.
(2)*: Internal Combustion Engine. (3)*: Polymer Electrolyte Membrane Fuel Cell. (4)*: Sustainable Aviation Fuel.

2. Methodology
2.1. Supply Technologies under Consideration

The electrification of aircraft comes with immense stress to the airport’s electrical
system due to the vastly increased power demand for charging airplanes. In addition, a
mid-to-long-term infrastructure should aim to improve the airports’ entire energy system,
including information technology (IT) and control systems, lighting, and general-use low
voltage supply. Furthermore, building a hydrogen infrastructure with a new generation
of tanks, pipelines, and supply possibilities to refuel the aircraft is also necessary. Instead
of overhauling the existing system, the short-term (2025–2035) analysis will focus on an
electrical grid whose sole purpose is to charge aircraft on the airfield. The medium-term
(2035–2045) time perspective includes more fast-charging stations and the possibility of
including a hydrogen infrastructure. As assessed for the regional airport, the needed hy-
drogen infrastructure onsite will provide only storage on wheels and tanks. The hydrogen
production will be off-site in a nearby harbour. The components currently limiting the
airport infrastructure and required to be installed and/or revised are (i) connection to the
main grid, (ii) local photovoltaic supply, (iii) charger for aircraft, (iv) charger for airfield
support vehicles, (v) local battery storage and (vi) local hydrogen storage.

Even with a local supply of electricity from the airside solar park and storage, the grid
feed-in for an infrastructure capable of charging multiple aircraft and support vehicles will
need to be connected to the medium-voltage grid (6 kV to 60 kV) due to the high-power
demand. The distribution network on the airport premises should then be realised on a
low-voltage level (or according to the low voltage directive 2014/35/EU) due to safety
reasons. The AC (analog current)-concept utilises a common AC bus for the distribution
system. It is a standard electrical installation, as it is common in most of the world [11].

Photovoltaic power generation, fuel cell technology, stationary battery storage, and
mobile batteries in aircraft and escort vehicles are DC (direct current)-based by nature. A
second concept links all components to a low-voltage DC grid (<1500 V). This DC grid
must be rebuilt entirely at an airport [11]. This possibility is mentioned in this article for
completeness but is not considered in more detail in the scenarios, as the RTHA airport
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operates with an AC-based grid. Sections 2.1.1 and 2.1.2 briefly describe the type of supply
voltage and the basic connection of a Fast-Charging-Station to the airport grid.

2.1.1. Voltage on the Grid

Compared with the DC-based method, the AC based approach benefits from being
the currently established technology at the airport side. Therefore, a large selection of
installation components is available, as are trained technical staff to work with standard
grids. However, from a technical perspective, the DC approach has multiple benefits.
For example, integrating additional battery storage units and photovoltaic systems is
simplified by eliminating the AC/DC or DC/AC conversation stages for all DC-based
devices. Therefore, fewer conversation stages are needed between local battery storage,
photovoltaic generators, and consumers (e.g., DC chargers). In addition, a DC-based grid
increases the system’s efficiency and decreases complexity. Furthermore, DC-connected
systems are easier to control than AC-connected systems [11].

There is also an advantage when it comes to power distribution cables. An AC system
uses a four-wire setup for the power distribution network. As such, the transported power
results in Equation (1).

PAC =
√

3·Upeak·Ie f f · cos(ϕ) (1)

with the effective current (Ie f f ), the peak voltage (Upeak) and the power factor (cos(ϕ)).
Using the same four-wire setup for a DC system with two wires used for positive and
negative, the maximum current per wire matches the effective AC to not overload the
conductor. For AC systems, the insulation rates for the peak voltage. As such, the nominal
voltage in a DC system can be Upeak, and the power in a four-wire DC system results in
Equation (2).

PDC = 2·Upeak·Ie f f (2)

Comparing the DC and AC power results in Equation (3):

PDC
PAC

=
2·Upeak·Ie f f√

3·Upeak·Ie f f · cos(ϕ)
=

2√
3· cos(ϕ)

(3)

Even with a power factor cos(ϕ) of 1, the same wire system can transport about 15%
higher power using a DC system. Using the reciprocal reduces the required copper cross-
section of the wiring system to approximately 85% for the same power. Despite the many
advantages of a DC network, however, the AC network is considered in this study because,
as already mentioned, the AC network is an established technology, trained specialists are
available, and the airport is equipped with an AC network. However, developing a DC
network could also become a key element in the future.

2.1.2. Fast-Charging-Stations

According to safety standards [12], galvanic isolation must be guaranteed between
the main distribution 3-phase AC-grid and the charging station. This can either be realised
by utilizing a low frequency (LF-) transformer or an isolating DC-DC converter (MF-
transformer), which operates in the medium frequency (MF) range. These two possibilities
are visualised in Figure 1 as “Topology 1” and “Topology 2”. Higher frequencies allow
for lower material effort, and hence the size of the passive devices. Therefore, Topology
2 provides benefits over Topology 1 in the form of a less “bulky” transformer. However,
a transformer connects the regional airport to the medium-voltage grid. Accordingly,
“Topology 1” is considered in this study.
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Figure 1. Basic topologies for DC-Fast-Charging of electric vehicles.

2.1.3. Hybrid-Electric-Aircraft Configurations

First, Figure 2 visualises an overview of a 50 PAX hybrid-electric aircraft with a gas
turbine and battery as an energy source and the drivetrain’s arrangement, valid for two
different reference entry-into-service (EIS) years 2030 and 2040 [10].
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Figure 2. Schematic view of an HEA (EIS 2030/2040, ICE + Battery) - Reprinted/adapted with
permission from Ref. [10]. 2023, Marciello, V.; Di Stasio, M.; Ruocco, M.; Trifari, V.; Nicolosi.

The propulsive architecture adopted for the short- and medium-term scenarios was
based on a serial/parallel partial hybrid configuration with two distinct propulsive lines.
This choice made it possible to use the distributed electric propulsion during the ground
phases to increase the lifting capabilities of the aircraft, compensating for the increased mass
due to the advanced powerplant. At cruise, in light of the lower efficiency of distributed
propellers, delivering all the shaft power through the primary line is preferable, redirecting
the energy from the electric storage. New secondary electric machines were designed based
on nominal RPMs equal to 8000 since it was found that it is optimal to delegate to gearboxes
the task of adapting the number of revolutions to that of the propellers. The specific fuel
consumption reflects the usage of pure hydro-processed esters and fatty acids synthetic
paraffinic kerosene (HEFA-SPK) as fuel [10].
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The second HEA configuration deals with a Proton Exchange Membrane Fuel Cell
and a battery (PEMFC + Battery). Figure 3 gives a short introduction and overview of the
aircraft design and the arrangement of the components. The main difference concerning the
Internal combustion engine (ICE) + Battery scenario is that there is only a single-drivetrain,
referred to as primary in the present context, with five engines of equal power attached
to each semi-wing. For this reason, the electric machines will generate thrust through the
propeller for the aircraft in all phases of flight. Since there is no distinction between primary
and secondary propulsion lines, the production costs, as well as the maintenance costs of
the aircraft, would benefit from having installed electric machines all rated at the same
power. The propulsive architecture with Proton Exchange Membrane Fuel Cell (PEMFC) is
based on a full-electric configuration, where part of the electricity is produced directly by
the fuel cells through the reaction of hydrogen with air. The atmospheric air is supposed to
be supplied through suitable air intakes and compressed up to the operating pressure of
the fuel cells using a centrifugal compressor. Based on the power and energy requirements,
Li-S batteries were identified to be the best choice for this application.

Aerospace 2023, 10, x FOR PEER REVIEW 6 of 22 
 

 

designed based on nominal RPMs equal to 8000 since it was found that it is optimal to 

delegate to gearboxes the task of adapting the number of revolutions to that of the pro-

pellers. The specific fuel consumption reflects the usage of pure hydro-processed esters 

and fatty acids synthetic paraffinic kerosene (HEFA-SPK) as fuel [10]. 

The second HEA configuration deals with a Proton Exchange Membrane Fuel Cell 

and a battery (PEMFC + Battery). Figure 3 gives a short introduction and overview of the 

aircraft design and the arrangement of the components. The main difference concerning 

the Internal combustion engine (ICE) + Battery scenario is that there is only a single-

drivetrain, referred to as primary in the present context, with five engines of equal power 

attached to each semi-wing. For this reason, the electric machines will generate thrust 

through the propeller for the aircraft in all phases of flight. Since there is no distinction 

between primary and secondary propulsion lines, the production costs, as well as the 

maintenance costs of the aircraft, would benefit from having installed electric machines 

all rated at the same power. The propulsive architecture with Proton Exchange Membrane 

Fuel Cell (PEMFC) is based on a full-electric configuration, where part of the electricity is 

produced directly by the fuel cells through the reaction of hydrogen with air. The atmos-

pheric air is supposed to be supplied through suitable air intakes and compressed up to 

the operating pressure of the fuel cells using a centrifugal compressor. Based on the power 

and energy requirements, Li-S batteries were identified to be the best choice for this ap-

plication. 

 

Figure 3. Schematic view of the aircraft (EIS 2040/2050; PEMFC + Battery) - Reprinted/adapted 

with permission from Ref. [10]. 2023, Marciello, V.; Di Stasio, M.; Ruocco, M.; Trifari, V.; Nicolosi. 

2.1.4. Airport Infrastructure Scenarios 

This paper is about the energy requirements of an airport for the operation of hybrid-

electric aircraft, so only the most necessary supply technologies are briefly presented here. 

In principle, a Photovoltaic (PV) system, battery storage, wind power and an on-ground 

electrolyser/fuel cell also make sense to include in an airport network. However, this 

would go beyond the scope of this paper, which is therefore limited to the necessary com-

ponents to describe the methodology, which applies to both presented scenarios in the 

following. Figure 4 shows possible airport infrastructure for a conventional fuel supply 

and fast-charging stations for the HEAs. This configuration is used with ICE + Battery 

HEA for the short-term and medium-term horizon. A 10 kV/400 V transformer connects 

the medium-voltage and 400 V AC airport grid. The left side of Figure 4 shows this con-

nection to the medium-voltage grid. The AC/DC converters and DC/DC boost converters 

are connected to the airport AC grid, as described in simplified form in Section 2.1.2, to 

provide the necessary high charging currents. For the sake of simplicity, the regular 3-

phase AC grid is shown here with a line for a better overview. In addition, the airport is 

connected to the AC grid as an electric load to supply the terminals, lightning, etc., with 

Figure 3. Schematic view of the aircraft (EIS 2040/2050; PEMFC + Battery) - Reprinted/adapted with
permission from Ref. [10]. 2023, Marciello, V.; Di Stasio, M.; Ruocco, M.; Trifari, V.; Nicolosi.

2.1.4. Airport Infrastructure Scenarios

This paper is about the energy requirements of an airport for the operation of hybrid-
electric aircraft, so only the most necessary supply technologies are briefly presented here.
In principle, a Photovoltaic (PV) system, battery storage, wind power and an on-ground
electrolyser/fuel cell also make sense to include in an airport network. However, this
would go beyond the scope of this paper, which is therefore limited to the necessary
components to describe the methodology, which applies to both presented scenarios in the
following. Figure 4 shows possible airport infrastructure for a conventional fuel supply
and fast-charging stations for the HEAs. This configuration is used with ICE + Battery HEA
for the short-term and medium-term horizon. A 10 kV/400 V transformer connects the
medium-voltage and 400 V AC airport grid. The left side of Figure 4 shows this connection
to the medium-voltage grid. The AC/DC converters and DC/DC boost converters are
connected to the airport AC grid, as described in simplified form in Section 2.1.2, to provide
the necessary high charging currents. For the sake of simplicity, the regular 3-phase AC
grid is shown here with a line for a better overview. In addition, the airport is connected to
the AC grid as an electric load to supply the terminals, lightning, etc., with electric energy.
Furthermore, charging possibilities for baggage cars, busses and other airport vehicles are
connected to the airport. Finally, the lower part of Figure 4 shows the kerosene and SAF
mixture ratio supply as fuel.
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Figure 4. Airport infrastructure for the ICE + Battery HEA for medium– and short–term horizons.

Figure 5 shows possible airport infrastructure for a LH2 and battery hybrid electric
aircraft. This configuration is used for the medium-term and long-term horizon with
PEMFC + Battery HEA. The connection to the medium voltage grid on the left side above
is shown in Figure 5. The AC lines are shown with one single line similarly to Figure 4.
Furthermore, the AC/DC and DC/DC boost converters for the fast charging stations are
shown in the upper part of Figure 5. The hydrogen production for the airport hydrogen
supply is done off-site at a port near the airport. Wind energy is converted into electrical
energy. This electrical energy is converted into hydrogen via electrolysers and liquefied
(i, ii). Trailer trucks transport liquid hydrogen to the airport, and the aircraft can be refuelled
directly (iii). This process can be seen on the bottom right-hand side of Figure 5.
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Figure 5. Airport infrastructure for the LH2 powered PEMFC + Battery HEA for medium– and
long–term horizons.

2.2. Scenario Definitions

This section introduces the individual scenarios for consideration at a regional airport
of the future. These scenarios give an insight into which assumptions were made.

Based on the configurations and assumptions prepared by UNINA for the aircraft,
these were further developed for the benefit of the regional airport. The flights of the
HEA have been fitted into RTHA’s flight schedule based on the following assumptions
formulated by UNINA. Due to the COVID-19 pandemic, a flight plan from 2019 was used
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because air traffic was not restricted in 2019. These data form the basis for the operation of
the hybrid-electric aircraft in the scenarios of a regional airport of the future.

• Analysis of the Air Traffic Data for 2019, collected from RTHA and elaborated to collect
the necessary key figures;

• The flight data from RTHA 2019 were used to select the flights relevant to the HEA:
commercial flights with a destination with of maximum distance of 1111.2 km;

• These data were used to replace the fossil flights with HEA with max 50 PAX and a
maximum distance of 1111.2 km;

• HEA flights replace fossil flights with 50 passengers or fewer, with a maximum of
50 passengers;

• Two HEA flights replace fossil flights with more than 50 passengers but fewer than
100, with a maximum of 50 passengers;

• Three HEA flights would replace a flight with more than 100 passengers but fewer
than 150, with a maximum of 50 passengers each;

• Four HEA flights would replace all other flights with more than 150 passengers.

To calculate the energy required, an extra 330 km is added to the distance of 1111.2 km
for any possible calamities (holding/diversion, etc.). Partly in connection with this choice,
the gradual transition of aviation will accelerate the introduction of smaller but environ-
mentally friendly aircraft with smaller passenger capacity. This may mean that aircraft such
as a Boeing 737 will eventually be replaced by 2–4 environmentally friendly aircraft with
a capacity of 50 passengers, followed by hybrid/electric aircraft with 100–150 passengers.
For the first period, this means a severe increase in aircraft and flight movements at the
airport. This will also have a massive impact on the infrastructure and organisation at the
airport, with the comment that this transition will be gradual to allow the airport to prepare
for it. Airport infrastructure is geared to existing aircraft for take-off, landing, taxiing,
refuelling, loading/unloading, etc. Thus, it will change when adopting other disruptive
aircraft propulsive technologies. The future regional airport infrastructure design focuses
on the HEA, suitable for 50 PAX with a flight range of 1111.2 km.

• For 2025–2035, aircraft with combustion engines fuelled by 90% kerosene and 10% SAF
and electric engines powered by batteries are assumed (ICE + Battery-2030). The SAF
fuel will be HEFA (Hydroprocessed Esters and Fatty Acids), briefly explained in [13];

• In 2035–2045, aircraft with combustion engines fuelled by 75% kerosene and 25% SAF
and electric engines powered by batteries are assumed (ICE + Battery-2040). In
addition, some flights will be replaced by HEA with electric engines and PEMFC
powered by liquid hydrogen (PEMFC + Battery-2040);

• In 2045–2055+, all HEA flights will use fuel cells and electric motors. There will be a
further developed PEMFC (PEMFC + Battery-2050) installed.

In calculating the energy requirements in the different scenarios, a distinction has
been made between typical mission (200 nmi) and design mission (600 nmi) flights. For all
flights, the possibility of diversions, etc., corresponding to 330 additional km per flight has
been included.

2.3. Emmisions

UNINA and SmartUp presented in [14] a general approach for emissions estimation,
based on the results, produced with a gas turbine engine performance calculation tool,
the semi-empirical approach illustrated in [15] and average data included in [16]. This
emission model requires a manageable amount of input data: the engine’s overall pressure
ratio, fuel flow rate, operating conditions and ambient conditions are the only information
required. The output of this model consists of the emission indices (EIs) for the following
species: nitrogen oxides (NOx), carbon monoxide (CO), hydrocarbons (HC), carbon dioxide
(CO2), water vapor (H2O) and sulphur dioxide (SO2). For the EIs of CO2, H2O and SO2,
constant average values listed in Table 2 were assumed.
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Table 2. Average EIs for CO2, H2O and SO2 for conventional (Jet A-1) aviation fuel, assumed
according to [16].

Pollutant EI (g/kg)

CO2 3149.0
H2O 1230.0
SO2 0.84

It can be assumed that the approach adopted by UNINA and SmartUp can be consid-
ered reliable as long as the fuel is conventional jet fuel (i.e., Jet A-1). For this reason, in the
case of HEFA-SPK blends, calibration factors to correct the EI of the above species were
considered in [14]. Specifically:

• A correction for CO2 EI as a function of HEFA-SPK mixtures has been established.
According to [14], a reduction in CO2 EI of 0.78% can be obtained for 50% blends. For
pure HEFA-SPK, the reduction doubles (−1.56%);

• For the water vapor EI, a linear regression law was obtained for the percentage changes
as a function of the HEFA-SPK mixing ratio. According to this law, an increase of 10%
can be expected for pure HEFA-SPK [17];

• For CO and SO2 EIs, linear regression laws were determined instead using the data
collected by [18]. According to the equations obtained from these data, the use of pure
HEFA-SPK could lead to a reduction of −22% in CO-EI and −74% in SO2-EI;

• Finally, for NOx and HC-EIs, [18] suggests a negligible impact of biofuel blends.
Consequently, no percentage changes were considered.

These deviations were all applied to the reference EI values calculated with the original
approach established for conventional aviation fuel. With the help of these methods and
estimates, the emission impact in the different scenarios can be estimated [14].

2.4. Economic Aspect

In addition to the environmental and conservation benefits, switching from fossil
fuels to sustainably produced fuels is also financially attractive for airports, airlines and
travellers. The results of several studies indicate a reduction in fuel costs ranging from 15%
to 40%, depending on the study assumptions. The results of a recent Swedish study [19]
show the total costs for routes and aircraft in Table 3 below in euros (EUR). Table 3 shows
that costs increase with distance. Previous studies concluded that the operating costs of
electric aircraft are between 30 and 40% lower. In contrast to the previous study, the table
shows the difference between the conventional Jetstream JS31 (19 PAX) aircraft and the
Swedish ES-19 (19PAX) aircraft. The difference is between 15 and 22% per route.

Table 3. Total emission cost comparison of two aircrafts according to [19].

Route Distance [km] Jetstream JS31 [EUR] ES-19 [EUR]

Linköping-Visby 178 EUR 2306 EUR 1805
Pajala- Luleå 194 EUR 2380 EUR 1886

Umeå-Östersund 296 EUR 2976 EUR 2378
Sälen-Arlanda 326 EUR 3253 EUR 2636

Combining the cost difference from Table 3 with other data from the literature in
Table 4 and internal information from RTHA, costs can be estimated and determined for
the HEA and are listed in Table 4.
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Table 4. Cost estimation for HEA emissions.

Energy Unit Cost in EUR

Carbon tax ETS [20] kg CO2 0.25
Kerosene [21] kg 1.20

SAF [21] kg 2.00
Electric [22] kWh 0.60

LH2 [21] kg 6.00

Based on the fundamental literature research on the costs of the individual energy
parameters and carbon tax for the HEA aircraft, an estimate can be made for future typical
mission (200 nmi) and design mission (600 nmi) flights. For now, only the lower energy
requirements for the different scenarios were used in these cost estimates. Fuel costs and
landing fees account for 30% of the ticket price. For this reason, the fuel cost is calculated
on the price per kilometre. Then, the fuel saving per kilometre can be calculated on an
aircraft basis. Finally, ticket price savings can be calculated and stated on an aircraft basis,
with 30% of the total ticket price.

3. Results

Sections 3.1 and 3.2 will describe the procedure in the medium-term scenario in more
detail. The approach to determining energy demand, emissions and ticket prices is similar
for all time horizons. Therefore, the methodology described in Section 2 is carried out once
here. However, the different aircraft configuration already indicated in Table 1 was used.
The fuel mix ratio in the medium-term (ICE + Battery) is 75% kerosene and 25% SAF, and
the infrastructure is shown in Figure 4.

For the aircraft configuration PEMFC + Battery, the infrastructure was considered as in
Figure 5. The results for an HEA with FC and battery are also described in Sections 3.1 and 3.2.
A PEMFC is used for the fuel cell technology. This allows a direct comparison between the
operation of an ICE + Battery and a PEMFC + Battery HEA.

3.1. Determining Energy Demand ICE + Battery and PEMFC + Battery HEA

Based on information from the relevant commercial flight and the configuration of the
HEA, an overview of the fuel requirements for the eligible flights was made. To determine
the maximum fuel and electricity supplies, one of the busiest days was selected for flights
up to 1111 km to the destination.

For the medium term, based on these assumptions, the amount of electricity which
the HEA flights would potentially require on a busy day at a regional airport is reported in
Table 5. The departure airport in this study is Rotterdam. Table 5 lists the destinations and
the amount of kerosene, SAF and electrical energy or LH2 and electrical energy required
for the HEA in parentheses. The electrical energy demand for ICE + Battery HEA is listed
as “Electric ICE [kWh]”. The electrical energy demand for PEMFC + Battery HEA is listed
as “Electric ICE [kWh]” in Table 5. These destinations are determined from the number
of PAX and the distance, as already described in Section 2.3. It can be seen that several
flights would have to take off at the same time. This is, of course, not possible, but it should
serve here as an introduction to show the potential energy demand of the HEA. Energy
consumption per flight is high in the morning and evening for the London destination and
average for European flights. The total capacity required is highest in the late afternoon,
shown in Figure 6. This high capacity is because three flights with many passengers depart
in the afternoon. Figure 6 illustrates the high capacity of the period from 16:30 to 17:04.
The initial calculations and simulations show that the short-term scenario requires a daily
kerosene demand of 13.37 tonnes, an SAF demand of 4.39 tonnes and an electrical energy
demand of 46.68 MWh (yellow line).
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Table 5. Daily fuel and electricity amount per hybrid-electric flight, 2040.

Day 2030 PAX Distance
[km]

GMT
[Time]

Kerosene
[kg]

SAF
[kg]

Electric ICE
[kWh]

LH2
[kg]

Electric PEMFC
[kWh]

London (2—HEA) 76 308 05:19 612 200 3049 209 3288
London (2—HEA) 78 308 08:38 612 200 3049 209 3288
Bergerac (3—HEA) 147 844 12:04 1743 572 5670 740 6128

Pula (4—HEA) 164 1049 16:30 2730 896 8881 1158 9598
Wien (3—HEA) 135 953 16:49 1905 625 6197 808 6697

Montpellier (4—HEA) 179 925 17:04 2485 816 8082 1054 8735
Pisa (4—HEA) 186 1021 19:56 2675 878 8700 1135 9403

London (2—HEA) 97 308 20:08 612 200 3049 209 3288
TOTAL 13,374 4389 46,678 5523 50,425
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Figure 6. Daily fuel and electricity amount per hybrid-electric flight, 2040.

To compare the impact of LH2, based on the combination of information from the
respective RTHA traffic flight and the configuration of the newly developed medium-term
HEA with PMFC + Battery, an overview of the fuel requirements for the considered flights
is shown in Table 5 as “LH2” and “Electric PEMFC”. Initial calculations and simulations
show that the HEA in the medium-term scenario with PMFC + Battery no longer requires
the daily kerosene demand of 23.5 tonnes (short-term) and 13.37 tonnes (medium-term-
ICE + Battery). Similarly, the SAF demand of 2.55 tonnes (short-term) and 4.39 tonnes
(medium-term-ICE + Battery) is no longer needed. Instead, a liquid hydrogen requirement
of 5.523 tonnes is now determined to fuel the aircraft. In addition, the PEMFC + Battery
medium-term HEA will be fitted with a battery of higher capacity and power, increasing
the demand for electrical energy from 26.05 MWh (short-term) and 46.68 MWh (medium-
term-ICE + Battery) to 50.425 MWh (black line).

In order to replace these flights with hybrid-electric flights, a new flight schedule with
new departure times must be created. This new flight schedule is presented in Table 6. In
this table, the old departure times of the original flight plan are listed again. New departure
times are introduced in the column to the right with the destination abbreviation. These
new departure times are based on the original time, and an average time of 10 min assumed
between the departure times. These 10 min are for taxiing from the gate to the runway and
subsequent take-off. The kerosene, SAF and electrical energy consumption of each HEA
is given and composed of typical mission (200 nmi) and design mission (600 nmi) flights.
The maximum number of passengers per flight is 50. The maximum range of the potential
flights was kept below 1111.2 km to represent a realistic scenario.
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Table 6. Possible replacements through HEAs, 2040.

Destination Time—Old Time—New PAX km Kerosene [kg] SAF [kg] Electric ICE [kWh] LH2 [kg] Electric PEMFC [kWh]

London 05:19 LO 05:19 50 308 306 100 1.525 105 1643.94
London 05:19 LO 05:29 26 308 306 100 1.525 105 1643.94
London 08:38 LO 08:38 50 308 306 100 1.525 105 1643.94
London 08:38 LO 08:48 28 308 306 100 1.525 105 1643.94
Bergerac 12:04 BE 12:04 50 844 581 191 1.890 247 2042.76
Bergerac 12:04 BE 12:24 50 844 581 191 1.890 247 2042.76
Bergerac 12:04 BE 12:44 47 844 581 191 1.890 247 2042.76

Pula 16:30 PU 16:00 50 1049 683 224 2.220 290 2399.46
Pula 16:30 PU 16:10 50 1049 683 224 2.220 290 2399.46
Pula 16:30 PU 16:20 50 1049 683 224 2.220 290 2399.46
Pula 16:30 PU 16:30 14 1049 683 224 2.220 290 2399.46

Vienna 16:49 VIE 16:39 50 953 635 208 2.066 269 2232.42
Vienna 16:49 VIE 16:49 50 953 635 208 2.066 269 2232.42
Vienna 16:49 VIE 16:59 35 953 635 208 2.066 269 2232.42

Montpellier 17:04 MO 17:09 50 925 621 204 2.021 264 2183.7
Montpellier 17:04 MO 17:19 50 925 621 204 2.021 264 2183.7
Montpellier 17:04 MO 17:29 50 925 621 204 2.021 264 2183.7
Montpellier 17:04 MO 17:39 29 925 621 204 2.021 264 2183.7

Pisa 19:56 PI 19:36 50 1021 669 220 2.175 284 2350.74
Pisa 19:56 PI 19:46 50 1021 669 220 2.175 284 2350.74
Pisa 19:56 PI 19:56 50 1021 669 220 2.175 284 2350.74
Pisa 19:56 PI 20:06 36 1021 669 220 2.175 284 2350.74

London 20:08 LO 20:16 50 308 306 100 1.525 105 1643.94
London 20:08 LO 20:26 47 308 306 100 1.525 105 1643.94
TOTAL 13,374 4389 46,678 5523 50,425

As in the scenarios before, PEMFC + Battery HEA should replace conventional aircrafts
in this medium-term scenario. These energy requirements are also listed in Table 6 on the
right side as “LH2” and “Electric PEMFC”.

Figure 7 shows the new flight plan’s results and the energy required. It is apparent
that in the early morning, for the flights to London (LO), 1525 kWh of electrical energy is
required to charge the aircraft and refuel them for the flight. The kerosene quantity is 306 kg,
and the SAF quantity is 100 kg, with the previously defined specifications of 75% kerosene
and 25% SAF. The equalisation of the flights to Pula (PU), Vienna (VIE) and Montpellier
(MO) show an electrical energy demand of 2220 kWh to 2021 kWh. The flight schedule
was equalised, and the electrical energy required from 16:00 to 17:29. The kerosene/SAF
requirement of a maximum of 683 kg/flight can also be easily provided. Four take-offs to
Pisa (PI) are required in the evening, with an electrical energy quantity of 2175 kWh and a
kerosene quantity of 669 kg/flight. As soon as the last flight at 20:26 to London has taken
off with an electrical energy quantity of 1525 kWh and 306 kg of kerosene, the electrical
energy consumption of the airport can be reduced again.

As in the scenarios before, the HEA’s kerosene, SAF and electrical energy consumption
are now eliminated. Figure 7 shows the results of the new flight plan for required LH2
(blue) and electrical energy (black). Early morning flights to London (LO) require 1644 kWh
of electrical energy in the medium term to recharge the aircraft and refuel for the flight. This
is because a more powerful battery is installed in the PEMFC aircraft than in the previous
time horizon. The liquid hydrogen quantity is 105 kg instead of the paraffin quantities of
306 kg (medium-term) and 557 kg (short-term). The reconciliation of the flights to Pula (PU),
Vienna (VIE) and Montpellier (MO) resulted in an electrical energy demand of 2399 kWh
to 2184 kWh, which is significantly higher than in the previous scenarios, as expected.
The flight schedule was adjusted, and electrical energy is required from 16:00 to 17:29.
The kerosene/SAF requirement of a maximum of 1191 kg/flight in the short term and a
maximum of 683 kg/flight (medium-term) is now also omitted here. A maximum of 290 kg
of liquid hydrogen is required for the flight to Pula. Four take-offs to Pisa (PI) are required
in the evening, with an electrical energy quantity of 2351 kWh. The paraffin amounts of
1167 kg/flight in the short-term horizon and 669 kg/flight in the medium horizon with
ICE + Battery are omitted, and 284 kg liquid hydrogen per flight is required. Once the last
flight has taken off at 20:26 to London with an electrical energy quantity of 1644 kWh and
105 kg of liquid hydrogen, the electrical energy consumption of the airport can be reduced



Aerospace 2023, 10, 283 13 of 22

again. In the long term, storing electrical energy not needed in large batteries or converting
it into liquid hydrogen can be considered.
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Finally, the annual energy demand for the short-term scenario is given in Table 7.
Table 7 shows the energy demand for hybrid-electric flights in 2030 per month to determine
the loading and refuelling energy for one year in 2030. It was concluded that 3215 tonnes
of kerosene, 1056 tonnes of SAF and 11.704 GWh of electrical energy would be required in
the short-term horizon to operate the HEA. These calculations were made with a fuel mix
ratio of 75% kerosene, 25% SAF and an HEA configuration.

Table 7. Charging and refuelling HEA energy requirements per month, 2040.

Month Kerosene [Tons] SAF [Tons] Electric ICE
[MWh] LH2 [Tons] Electric PEMFC

[MWh]

January 209 69 762 84 823
February 268 88 966 108 1043

March 355 117 1269 144 1371
April 261 86 975 103 1053
May 305 100 1111 123 1200
June 324 106 1171 131 1265
July 345 113 1221 141 1319

August 332 109 1165 136 1258
September 314 103 1128 127 1218

October 208 68 798 81 862
November 130 43 529 49 571
December 162 53 610 64 658

TOTAL 3215 1056 11,704 1291 12,640

For the PEMFC + Battery aircraft, the energy demand is listed on the right side of
Table 7 as “LH2 [tons]” and “Electric PEMFC” [MWh]. This table shows the energy demand



Aerospace 2023, 10, 283 14 of 22

for HEA flights in 2040 per month to determine the loading and refuelling energy for one
year in 2040. It was found that, instead of 3215 tonnes (medium-term-ICE + Battery),
1291 tonnes of liquid hydrogen are now required to operate the HEA in the medium-term
scenario. The requirement of 1056 tonnes of SAF in the medium-term horizon are eliminated
accordingly. The demand for electrical energy of 11.704 GWh (medium-term-ICE + Battery)
increases to 12.640 GWh (black line). The demand for electrical energy is 74% higher than
for the short-term horizon (Table 13). The demand for electrical energy in the medium-term
with PEMFC is almost 8% higher than in the medium-term scenario with ICE + Battery.
This is due, on the one hand, to the increased battery capacity in the PEMFC aircraft, and
on the other hand to the use of liquid hydrogen. The charging and refuelling energy for the
HEA is shown in Figure 8.
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3.2. Determining Cost Estimations and Emissions for the Short-Term

In this section, a cost and emission forecast for the period 2025–2035 will be given. First,
it should be explained how the data were obtained. It is important to read Sections 2.2 and 2.3
first. Gilbarco Tritium RT175-S DCFC Fast Charge Single Electric Vehicle 175 kW Charging
Stations have a list price of USD 105,000 each. For a charging station with double capacity,
an investment of USD 175,000 is considered [23]. Costs for maintenance have not yet
been released.

Capex and Opex of the Maeve Recharge 30-ft container with 8 MW battery capacity
and control module have also not yet been released. The battery pack cost will be lower
than the market price for new batteries because it is reused from electric aircraft. The final
megawatt charging system (MCS) standard is expected to be published in 2024 [24,25].

For the ticket price calculation in the short-term scenario, the data and calculations in
Section 2.3 were used as a base Then, using the flight distance, the information from RTHA
and the composition of the current ticket price, the price of a passenger per km can be given.
It is further assumed that fuel costs and landing fees account for 30% of the ticket price.
Furthermore, three possible environmental price increases offered by Lufthansa [26,27]
were included and applied to the ERJ 190 and B737. A number is given in the brackets
after the respective conditions, indicating which scenarios were considered in the following
tables. These three environmental price increases amount to:

• A 100% climate project subsidy (100% describes that, with this selection, the full 2.6%,
which is additionally paid by the client, goes into climate projects)—2.6%→ (1);

• An 80% climate project subsidy and 20% SAF fuel—21%→ (2);
• A 100% SAF fuel and CO2 emissions reduced—by 96%→ (3).
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In addition, an average inflation rate of 2.44% was assumed, which resulted over the
last 50 years in Germany [28]. This inflation rate is also included in the ticket prices, to give
a realistic estimate of the prices for different time horizons.

• 2.44% inflation rate in terms of 2040→ (4).

For the price comparison per ticket with the GENESIS flight, Scenario 2 was assumed in
the short term. Therefore, this scenario is considered with 20% SAF fuel and is comparable
with the HEA case study. The calculated costs for the short-distance flight are shown in
Table 8, and the costs for the medium-distance flight are in Table 9. These calculations and
data show that HEA ticket prices are somewhat higher than conventional ticket prices for
typical mission flights such as to London. However, in the medium-term scenario, the
ticket price for a flight with ICE + Battery HEA is 1.8 below the comparable ticket price
with 20% SAF. The expected ticket price for design mission flights is 11.8% below the
comparable price when using an HEA. As soon as HEA flights with PEMFC + Battery
can be offered, the ticket price difference is considered very attractive purely on the basis
considered: a price saving of 46.7% is expected for typical mission flights and 40.4% for
design mission flights.

Table 8. Costs for typical mission flights, medium-term (2040) forecast.

London
308 km Scenario Delta/km

[EUR]
Cost/km and
PAX [EUR]

Delta/km and
PAX [%]

Cost/km (PAX; Env.;
inflation) [EUR]

Delta/Ticket
HEA [%]

ERJ190 (4) 23.33 0.048 0.24
ERJ190 (1.4) 23.94 0.049 0.24
ERJ190 (2.4) 28.31 0.058 0.29
ERJ190 (3.4) 45.77 0.094 0.47

HEA-ICE (4) 14.18 0.057 −1.8% 0.28 −1.8%
HEA-PEMFC (4) 12.44 0.050 −46.7% 0.25 −46.7%

Table 9. Costs for design mission flights, short-term (2040) forecast.

Pula
1049 km Scenario Delta/km

[EUR]
Cost/km and
PAX [EUR]

Delta/km and
PAX [%]

Cost/km (PAX; Env.;
inflation) [EUR]

Delta/Ticket
HEA [%]

B737 (4) 24.40 0.04 0.20
B737 (1.4) 25.05 0.04 0.20
B737 (2.4) 29.64 0.05 0.24
B737 (3.4) 40.11 0.077 0.38

HEA-ICE (4) 10.46 0.042 −11.8% 0.21 −11.8%
HEA-PEMFC 11.43 0.046 −40.4% 0.23 −40.4%

Table 10 shows an estimate of the ticket development for 2040, which can be derived
using the presented method. This table illustrates very well the impact of inflation and the
environmental bonus in the categories on different routes. According to this, the EIS of
PEMFC + Battery HEA results in competitive ticket prices for HEA PEMFC tickets. The
tickets for the flight to Pisa are 17% more expensive than the expected ticket prices without
subsidy (4). As soon as customers want to fly with “80% climate project subsidy and 20%
SAF fuel (2,4)”, the ticket PEMFC HEA is already 4% cheaper. Nonetheless, it should
always be mentioned that the calculation was made without the high investment research
and operating costs.
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Table 10. Ticket price forecast, 2040.

Destination Distance
[km]

GMT
[Time]

Ticket (4)
[EUR]

Ticket (1.4)
[EUR]

Ticket (2.4)
[EUR]

Ticket (3.4)
[EUR]

Ticket HEA
ICE [EUR]

Ticket HEA
PEMFC [EUR]

London 308 05:19 73.31 75.24 88.97 143.83 87.33 76.63
Bergerac 844 12:04 164.78 169.15 200.11 323.92 176.49 192.90

Pula 1049 16:30 204.81 210.23 248.71 402.59 219.35 239.76
Wien 953 16:49 186.06 191.00 225.95 365.75 199.28 217.81

Montpellier 925 17:04 180.60 185.38 219.31 355.00 193.42 211.42
Pisa 1021 19:56 199.34 204.62 242.07 391.85 213.50 233.36

Nevertheless, the savings on the expected ticket price per passenger offer a first esti-
mate to make these investments lucrative for airlines and to justify the initial investments
with a long view into the future. This fact confirms the previously established thesis that
HEA flights have the potential to be financially attractive and environmentally friendly.

Finally, the HEA flights’ estimated emissions for the short-term scenario are given
for an average day, month and year. The calculation basis was the methods described in
Section 2.3. The results are presented in Table 11. The HEA produce daily emissions of
almost 58 tonnes of CO2. Annual emissions of nearly 13 863.65 tonnes of CO2 are expected.
The NOx values are 49.619 tonnes per year, whereas 20.04 tonnes of CO are expected to
be emitted annually. The values were estimated according to the procedure presented in
Section 2.3. These high emissions indicate the urgency of transitioning towards sustainable
hybrid-electric aviation.

Table 11. Emissions forecast of HEA flights in the medium-term (2040) scenario.

Fuel [ton] CO2 [ton] NOx [ton] HC [ton]) CO [ton] H2O [ton] SO2 [ton]

Day—ICE + Battery
Kerosene 13.374 43.769 0.156 0.006 0.067 17.096 0.012

HEFA-SPK 4.389 13.890 0.050 0.002 0.017 6.062 0.001
TOTAL 57.659 0.206 0.008 0.083 23.158 0.013

Month—ICE + Battery
Kerosene 267.917 876.807 3.126 0.123 1.334 342.481 0.234

HEFA-SPK 88.000 278.497 1.009 0.040 0.336 121.551 0.020
TOTAL 1155.304 4.135 0.163 1.670 464.032 0.253

Year—ICE + Battery
Kerosene 3215.000 10,521.679 37.515 1.481 16.009 4109.770 2.807

HEFA-SPK 1056.000 3341.968 12.104 0.475 4.034 1458.609 0.235
TOTAL 13,863.647 49.619 1.956 20.044 5568.379 3.041

Day—PEMFC + Battery
LH2 5.523 0.000 0.000 0.000 0.000 9.849 0.000

Month—PEMFC + Battery
LH2 107.583 0.000 0.000 0.000 0.000 191.849 0.000

Year—PEMFC + Battery
LH2 1291.000 0.000 0.000 0.000 0.000 2302.192 0.000

For further classification and comparison purposes, a conventional aircraft from
D1.2 [13] was used in Table 12. These flights were considered with kerosene only. By
comparing the emissions of Tables 11 and 12, it can be deduced that, by flying with
PEMFC + Battery HEA, 49.5% CO2, 51.1% NOx and 48% H2O saving can be achieved.
Flying with a PEMFC + Battery HEA, 100% CO2, 100% NOx and 77.9% H2O savings can be
achieved.
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Table 12. Emissions of a comparable short-term conventional aircraft (with new gas turbine engines
installed) in combination with flight schedule.

Fuel [ton] CO2 [ton] NOx [ton] H2O [ton]

Day
Kerosene 26.091 114.168 0.423 44.594

Month
Kerosene 519.224 2272.003 8.411 887.449

Year
Kerosene 6230.696 27,264.041 100.935 10,649.384

3.3. Results over All Time Horizons

This section summarises all data for the operation of a regional airport for the dif-
ferent time horizons and aircraft configurations. The results for the short-term scenario
(ICE + Battery—2030) follow the procedure described in Sections 3.1 and 3.2, but here the
fuel composition is, as already mentioned, 90% kerosene and 10% SAF. In addition, a lower
powerful battery is installed. The results for the long-term scenario (PEMFC + Battery—
2050) are obtained according to the procedure also described in Sections 3.1 and 3.2. Here,
a further developed PEMFC and further developed battery are included in the aircraft
configuration. For more detailed information on the aircraft configuration, please refer
back to [10] or [13].

The already-presented results of the medium-term scenario (ICE + Battery) and
medium-term scenario (PEMFC + Battery) are taken up in the following tables. They
can be classified as short-term (ICE + Battery—2030) and long-term (PEMFC + Battery—
2050). Table 13 shows the annual energy demand for the process of the HEA in different
time horizons. It was found that, instead of 5608 tonnes of paraffin (short term), 3215 tonnes
(medium term ICE + Battery) and 1291 tonnes of liquid hydrogen (medium term PEMFC +
Battery), 1234 tonnes of liquid hydrogen would now be required to operate the HEA in the
long-term scenario. The electrical energy demands of 7233 GWh (short term), 11,704 GWh
(medium term -ICE + Battery) and 12,640 GWh (medium term -PEMFC + Battery) are
now 11,622 GWh. The demand for electrical energy is 60% higher than in the short term.
The demand for electrical energy in the medium-term scenario with PEMFC is almost
0.7% lower, and thus almost identical to the medium-term scenario ICE + Battery. Overall,
the demand for electrical energy in the medium-term scenario with PEMFC + Battery is
8.1% lower than in the short-term scenario.

Table 13. The yearly amount of energy for HEA 2025–2055.

Kerosene [Tons] SAF [Tons] Electric [MWh] LH2 [Tons]

2030—ICE + Battery 5608 610 7233-
2040—ICE + Battery 3215 1056 11704

2040—PEMFC + Battery 12,640 1291
2050—PEMFC + Battery 11,622 1234

Table 14 shows the expected and extrapolated ticket prices for the different time
horizons. The approach was the same as in Sections 2.2, 3.1 and 3.2. The HEA ticket price
is expected to be 49.4% cheaper for typical mission flights and 45.7% for design mission
flights in the long-term PEMFC + Battery scenario. The list was compiled without the high
investment, research and operating costs. As described in the respective sections, the price
calculations considered environmental aspects and expected inflation rates.
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Table 14. Costs for typical mission flights—forecast summary.

London
308 km Scenario Delta/km

[EUR]
Cost/km and
PAX [EUR]

Delta/km
and PAX

[%]

Cost/km (PAX;
Env.; Inflation)

[EUR]

Delta/Ticket
HEA [%]

Delta/km
[EUR]

2030
ERJ190 (4) 19.50 0.05 - 0.20 - 61.29
ERJ190 (1.4) 20.02 0.05 - 0.20 - 62.91
ERJ190 (2.4) 23.67 0.06 - 0.24 - 74.38
ERJ190 (3.4) 38.26 0.09 - 0.39 - 120.25

ICE + Battery (4) 11.72 0.06 −3.00% 0.23 −3.00% 72.18
2040

ERJ190 (4) 23.33 0.05 - 0.24 - 73.31
ERJ190 (1.4) 23.94 0.05 - 0.24 - 75.24
ERJ190 (2.4) 28.31 0.06 - 0.29 - 88.97
ERJ190 (3.4) 45.77 0.09 - 0.47 - 143.83

ICE + Battery (4) 14.18 0.06 −1.80% 0.28 −1.80% 87.33
PEMFC + Battery (4) 12.44 0.05 −46.70% 0.25 −46.70% 76.63

2050
ERJ190 (4) 27.15 0.05 - 0.28 - 85.33
ERJ190 (1.4) 27.87 0.05 - 0.28 - 87.58
ERJ190 (2.4) 32.95 0.06 - 0.34 - 103.56
ERJ190 (3.4) 53.27 0.09 - 0.54 - 167.42

PEMFC + Battery (4) 13.75 0.05 −49.40% 0.28 −49.40% 84.71

Pula1049 km

2030
B737 (4) 20.40 0.04 - 0.16 - 171.22
B737 (1.4) 20.94 0.04 - 0.17 - 175.76
B737 (2.4) 24.78 0.05 - 0.20 - 253.33
B737 (3.4) 40.11 0.08 - 0.32 - 336.58
HEA (4) 7.88 0.04 −20.50% 0.16 −20.50% 165.37

2040
B737 (4) 24.40 0.04 - 0.20 - 204.81
B737 (1.4) 25.05 0.04 - 0.20 - 210.23
B737 (2.4) 29.64 0.05 - 0.24 - 248.71
B737 (3.4) 47.97 0.08 - 0.38 - 402.59

ICE + Battery (4) 10.46 0.04 −11.80% 0.21 −11.80% 219.35
PEMFC + Battery (4) 11.43 0.05 −40.40% 0.23 −40.40% 239.76

2050
B737 (4) 28.41 0.04 - 0.23 - 238.39
B737 (1.4) 28.41 0.04 - 0.23 - 244.71
B737 (2.4) 28.41 0.05 - 0.28 - 289.49
B737 (3.4) 28.41 0.08 - 0.45 - 468.61

PEMFC + Battery (4) 12.12 0.04 −45.70% 0.24 −45.70% 254.36

However, the high savings in the expected ticket price per passenger offer an excellent
field to make these investments lucrative for airlines and passengers through hybrid-electric
typical and design mission flights. This fact confirms the previously established thesis
that hybrid-electric flights have the potential to be financially attractive and environmen-
tally friendly. The assumed costs for CO2 compensation are justified here, as more and
more institutions, such as FAU, are obliged to pay CO2 compensation on ticket prices for
business trips.

Table 15 summarises the extrapolated and expected emissions of the different time
horizons and aircraft types. The mentioned reference aircraft (ATR 42 with a Pratt and
Whitney PW127 engine) is listed first under the 2012 category for comparison purposes.
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Table 15. The yearly missions HEA flights forecast estimation compared to the reference aircraft—
Summary 2025–2050.

Fuel [Ton] CO2 [Ton] NOx [Ton] HC [Ton]) CO [Ton] H2O [Ton] SO2 [Ton]

2012—Reference aircraft
Kerosene 6230.696 27,264.041 100.935 - - 10,649.384 -

2030—HEA
Kerosene 5608 18,353.211 65.438 2.583 27.926 7168.768 4.896

SAF (HEFA-SPK) 610 1930.493 6.992 0.275 2.33 842.568 0.136
TOTAL 6218 20,283.704 72.43 2.858 30.256 8011.336 5.031

2040—HEA—ICE + Battery
Kerosene 3215 10,521.679 37.515 1.481 16.009 4109.77 2.807

SAF (HEFA-SPK) 1056 3341.968 12.104 0.475 4.034 1458.609 0.235
TOTAL 4271 13,863.647 49.619 1.956 20.044 5568.379 3.041

2040—HEA—PEMFC + Battery
LH2 1291 - - - - 2302.192 -

2050—HEA—PEMFC + Battery
LH2 1234 - - - - 2025.9 -

4. Conclusions

This paper presents the results of an energy demand analysis for a future regional
airport over three different time horizons. This study presents different options for the
ground power supply of a regional airport and possible solutions for the airport infras-
tructure with a short (2030), medium (2040) and long (2050) time horizon. The results
include estimating the future energy demand per day, month and year and the energy
demand. To accommodate the increasing number of flights, the flight plan was adapted
to the needs of a 50-PAX regional aircraft. This new flight plan provides the opportunity
to present an overview of the results for the energy demand of a regional airport, broken
down by individual time horizons. The result of this work describes the energy demand
for the airport’s operation, the expected emissions and an estimate of ticket prices. The
findings confirm that airports will require an enormous amount of electrical energy due to
the electrification of air traffic. Accordingly, the infrastructure of airports will also have
to change. Furthermore, the study shows that the transition to sustainable hybrid-electric
aviation is attractive due to lower emissions and adjusted ticket prices.

In future work, a full-fledged prospective Life Cycle Assessment (LCA) in accordance
with the methodology proposed by [29] needs to be performed to consider all relevant life
cycle stages and additional environmental impacts besides climate change. The inclusion
of additional emerging propulsion systems (e.g., direct H2 use in the gas turbine), aircraft
types (besides the regional HEA), and other means of reducing airport/aircraft emission
(e.g., air traffic management) would broaden the scope and enrich the discussion of the
transition of airports.
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