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Abstract

The paper presents results from the research project “Flexible and automated aircraft charging
via energy storage at airports” (FAACE), studying how airport infrastructure could be designed
to meet the requirements of future aviation and propulsion technologies. The project is limited to
focusing on concepts for charging battery-powered electric aircraft. As there are currently major
uncertainties regarding the technical, operationaland business developmentsin electric aviation,
it is desirable to design for flexibility in the airport infrastructure.

This paper outlines the scope of the problem in terms of airport and aircraft assumptions, and
proposes four different technical concept topologies for the charging infrastructure system, where
some are presented with several possible variants. Some of the concept topologies explored
include mobile or fixed power electronics components, as well as including possible battery
storage systems, thatcanalso be stationary or mobile. The mobile technical solutions utilize an
automated vehicle that can take charging equipment and / or a battery storage unit close to the
aircraft. Furthermore, we propose several evaluation criteria which are used to make a concept
comparison, assumingsome general characteristics of the aircraft, the airport, and their operation.
These include estimates of energy efficiency, load to the electrical grid, flexibility and scalability
aspects, land usage, electromagnetic interference aspects and very approximative costs.

The advantages and disadvantages of the different concepts are discussed, and we describe
situations when some of these concepts would be found to be most suitable, which depends on
the exact criteria prioritization from the airport perspective. The comparison is visualized by
providing calculation examples.

Results show that no single concept fits all airport types; fixed infrastructure offers high
efficiency but low flexibility, while mobile and hybrid solutions provide adaptability atthe cost
of complexity and lower efficiency. The suitability of each concept depends strongly on airport
size, traffic patterns, and infrastructure priorities.

Keywords: Airport charging infrastructure, electric aircraft charging, mobile energy storage

1 Introduction enable a sustainable transition of aviation a holistic
perspective is required where increased focus is directed
towards infrastructure issues. An important subset of this
concemns the infrastructure at the airports themselves.

Battery-powered electric aviation hasa limited but important
role in a sustainable transformation of the air transport
system, and previous studies show that there could be
potential for a new market for regional electric air travel [1].

A large portion of the existing research focuses on aviation
and propulsion technology, which is indeed important, butto
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Figure 1. Technical concepts, general description. The
numbers of the quadrants connect to the numbering of
concepts described in section 3.

The research project Flexible and automated aircraft
charging via energy storage at airports (FAACE)! has been
limited to focusing on the identification and evaluation of
concepts for charging battery-powered electric aircraft. As
there are currently great uncertainties about the technical
operational and business development of electric aircraft,
design for flexibility in the airport infrastructure is desirable
[2, 3]. The overall aim of the project is to increase the focus
of research on airport infrastructure issues for a sustainable
transformation of the air transport system, and more
specifically investigate new solutions for charging
infrastructure that, while solving a task at the airport,can also
be an asset in the energy system and thus contribute to new
business models for various actors [4].

A specific solution that is studied and compared with more
conventional alternatives consists of a mobile automated
charging vehicle combined with energy storage. The vehicle's
energy storage is either recharged orreplaced at a stationary
energy storage, whereby transporttakesplace to the aircraft's
parking area where the aircraft is fast charged with a cable
from the vehicle. This technical concept is expected to
provide flexibility, both in terms of mitigating constraints
regarding placement on the airport and by enabling a
decoupling between the grid and the power-intensive fast
charging of aircraft.

This paperdescribes the problem space in terms of airport and
aircraft assumptions and proposes a number of different
technical concept topologies for the charging infrastructure
system, where some are presented with several possible
variants. Some of the concept topologies explored include
mobile or fixed power electronics components, as well as
including possible battery storage systems, that can also be
stationary ormobile. The mobile technicalsolutions utilize an
automated vehicle that can take charging equipment and/ora
battery storage unit close to the aircraft. Further, we suggest
several evaluation criteria which are used to makea concept
comparison, assuming some general characteristics of the
aircraft, the airport, and their operation. These include

I FAACE is funded by The Swedish Transport
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estimates of energy efficiency, load to the electrical grid,
flexibility = and scalability aspects, land usage,
electromagnetic interference aspectsand very approximative
costs. Finally, the advantages and disadvantages of the
different concepts are discussed, and we describe situations
when some of these concepts would be found to be most
suitable, which depends on the exact criteria prioritization
from the airport perspective. The comparison is visualized by
providing calculation examples.

2 Technical background — system definition
and general assumptions

This chapter presents the system studied and some general
assumptions that frame the technical solutions explored.

The conceptsdesign atan overalllevelare presented in Figure
1. The system considered incorporates the aircraft, the
charging infrastructure needed for charging them, but also
includes auxiliaries needed for charging such as extma
vehicles and possible energy storage. This system can at the
next level be connected to secondary systems at the airport
such as other ground vehicle fleets, guest car parking for
electrical vehicles, possible energy generation facilities at the
airport, etc.

The (primary) system considered here consists of four
categories of system components:

e Aircraft and possible complementary cooling
equipment: This category includes the electrified
aircraft which have their onboard charging
equipment with specific charging requirements
dependent on the power electronics design, and a
preferred charging process. In some cases, the
aircraft require an external cooling to be performed
during the charging, which means that an extra
designated ground vehicle must be involved and
connected.

e  Ground power electronics equipment: Both fixed
and mobile power electronics, such as transformer,
converters, cables.

e Battery electric storage systems (BESS): Several
alternatives, present in some of the concepts.

e Auxiliary charging vehicle with its own charging
station: This vehicle carries mobile parts of the
charging infrastructure, present in some of the
concepts, the last distance to the aircraft. This
vehicle could be an autonomously operated truck.

General charging requirements’ assumptions are as follows:

e Commercial aviation needs short turnaround times
in order to ensure good cost profile potentials, i.e.
typically 35-45 min. This requirement limits the
charging possibilities to megawatt charging
solutions.
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e Note that the abbreviation MCS in the two-by-two
matrix presented in Figure 1, stands for Megawatt
Charging System, but not necessarily the standard
currently being developed with the same name. No
assumptions on the communication protocols are
implied in this study. However, based on FAACE
workshop discussions, it can be assumed that
having the same standard for aircraft and trucks
would be good for synergies with other electrical
vehicles on site.

e  When comparing concepts, it is important to
identify the dimensioning cases involved. The
specific scenarios considered must include
assumptions about the number of aircraft required
to be simultaneously charged and at what rates, as
well as matching these to the available capacity of
the grid. For example, charging rates could be
assumed for simplicity to be constant at max rates,
or modelled as variables depending on battery
characteristics such as state-of-charge, etc.
Furthermore, it also might be possible to purposely
design for cases with limitations where not all
aircraft should be ableto charge atthe same time at
max-rates as such designs can optimize charging
infrastructure costs. It is assumed that aircraft
arrive with empty batteries and charge to full
battery every time.

e The charging requirements also include
assumptions for the cases with BESS and vehicles:
a sound comparison requires reasonable
assumptions on the number of trucks and BESS
capacity dimensioning to be specified.

3 Technical concepts — overview

Figure 2 presents the baseline or reference case for all
technical concepts. It shows a concept (#1) with a fixed
charger charging directly from the grid where each aircraft
stand has its own entirely separate designated charger rated
for managing the maximum charging capacity. Another
approach is to install the converters — physically — closely to
the incoming power source whilst makingit possible to direct
the power where it is required the most, see variant (#1.1).
This is achieved by splitting the full rated power by a number
of convertersrated at lower power —forinstance at one fourth
of the maximum power one aircraft requires —and switchgear
which together makesit possible to direct the power flow [5]
[6]. This modularapproach might be advantageoussince it is
unlikely that all stands require the full rated power
simultaneously asa typical battery requires a charging power
dependent on state of charge due to —forinstance — efficiency
[7]. In turn this approach might save some power electronics
related cost as the full installed power can be lowered
compared to concept #1.
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Figure 2. Technical concepts, baseline #1 and variant #1.1,
both with a fixed charger charging directly from the grid.

Figure 3 presents concepts where a fixed battery storage
system has been added. This makes it possible to charge
directly from the grid or from the battery - or perhaps most
likely from a combination of both - thereby offering the
possibility to optimize load profiles. Itis possible to place the
battery in different positions electrically, see concept#2 and
#2.1. The mainadvantage of addinga BESS is that it makes
it possible to limit the power supplied by the grid at times
when high power is in demand. The capacity of the battery
can be optimized in several ways, depending on what the
dimensioning caseis required to be, for instance high energy
or high power. Naturally, concepts #1 and #1.1 can also be
combined with #2.1, i.e. combing power rate split and battery
storage.

The difference between concept#2 and #2.1 is that the BESS
is electrically located at the DC-bus in the former and at the
AC-bus in the latter. The latter concept is advantageous in
terms of controllability of the power and energy at the battery
terminals, as it is one converter alone that controls these
quantities whereas in concept #2 it is a combination of all
converters that makes up the energy and power level at the
battery terminals, possibly making it more vulnerable to
faults. On the other hand, supplying energy from the BESS to
any aircraft requires only one energy conversion in concept
#2 whereas in concept#2.1 it requires atleast two, lowering
the efficiency. h

Figure 4 presentsa concept where a part of the charger system
is made mobile, in this case the AC to DC converter, i.e. the
battery charger. This makes it possible to share the equipment
between gates whilst not having to install a significant
amount of fixed charging infrastructure at certain stands.
However, as shown in Figure 4 it is required to have an AC
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Figure 3. Technical concepts, concept #2 and variant #2.1,
fixed charger and utilizing a battery storage unit.
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Figure 4. Technical concepts, concept #3, mobile charger.
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connection available with supporting the required power
level. This approach opens for a higher level of flexibility
than the previously presented concepts. Naturally, the number
of equipped vehicles depends on the number of electric
aircraft requiring charging simultaneously.

Figure 5 shows a design with a mobile battery storage system
— concept #4 — and additionally a design which combines
concept #4 and concept #2 with a static energy storage system
—concept#4.1.Inthis caseit is illustrated as a storage system
that is a part of the surrounding infrastructure at an airport,
buildings, lighting, charging of road vehicles, etc.
Electrically, with regards to connection point, the static
energy storage is similar to concept #2. This design is the
most flexible ofthe conceptsevaluated in this work in that it
doesnotrequire any fixed infrastructure at the gates butrather
the infrastructure is brought to the aircraft. However, it does
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Figure 5. Technical concepts, concept #4 and variant #4.1,
fixed charger and utilizing a battery storage unit.

require one vehicle equipped with energy storage and power
electronics per number of aircraft charging simultaneously,
meaningthe cost increases significantly with this number. For
an airport with relatively few electric aircraft turnarounds
each day (i.e., a small airport, or a larger airport during the
early stages of electric aircraft adoption) this approach can
still be very attractive. Again, assumptions regarding the
numberoftrucks and ESS capacities must be clearly defined.

3.1 Summary - technical concepts

Four different main concepts illustrating the overall system
topology regarding energy transfer to one or several aircraft
are presented. Concept #1 illustrate a ‘straight forward’
topology where the energy is fed to the aircraft from the grid
via an AC to DC converter—much like a standard fast charger
in the automotive sector. Concept #2 incorporates a battery
storage system, facilitating optimization of energy flow from
the grid. The subsequent concepts - #3 and #4 - both
incorporate a mobile part of the charging system. The former
is based on a system where the AC to DC converter is
mounted on a mobile platform and brought to the aircraft
whereas in the latter a battery storage unit with related
electronic equipmentis brought to the aircraft. For an airport
with the need to charge multiple electric aircraft
simultaneously (i.e., a larger airport, later in the electric
aviation adoption curve), there is no reason that all of its
multiple chargers must be identical. It could be advantageous
foran airport to adopta portfolio of heterogeneous chargers,
which collectively minimize capital costs, operating costs,
and disruptions to airport operations better than a similar
portfolio of identical chargers. Nevertheless, for simplicity,
in this study we restrict the analysisto thatofa single charger
atan airport, in order to limit the numberof combinations and
more easily compare the different concepts, the number of



conceptsare limited to four majorones with some additional
sub-concepts.

4 Evaluation methodology and criteria

To be able to compare the different technical concepts a
number of metrics at different levels of abstraction are
proposed.

Quantitative:

o Installed charging power - F.;4r g, , for example,
number of charging stations x charging power per
station.

e Energy efficiency -7, from grid to aircraft not
including the losses within the aircraft.

e Energy storage capacity - Egpgs-

Semi-quantitative:

e Equipment area required, general estimates.
e Costs, general estimates.

Qualitative:

e Possibility of cutting load peaks via energy storage.

e  Flexibility to ramp up and down the aircraft
charging capacity at the airport. In extension, also
including the ability to move some equipment to
other airports.

e Possible participation in extra energy services.

e Electromagnetic compatibility considerations.

Some parts of the installed equipment are deemed required by
all the concepts, such as a transformer— which is why this is
left out of the comparison. When considering the efficiency
of the different concepts, the cable losses are omitted due to
the relatively low losses in cabling compared to — forinstance
— converters and batteries and also that the required cabling
is similar between the different concepts.

The technical concepts were evaluated using a combination
of component-level and system-level modelling and
simulation. Modelica, executed in the OpenModelica
environment, was used for detailed modelling and simulation
of individual components, such as battery storage units
charging strategies. Python was employed for higher-level
system modelling, scenario definition, and simulation of
operationalbehaviouracross different airport configurations.
Python was also used for data processing and results
visualization.

4.1 Component Efficiency assumptions

When comparing energy efficiency between different
designs, the following component efficiency is assumed:

e AC/DC converters: 95%
e DC/DC converters: 96%
e Battery 'round trip’- efficiency: 93%

‘Round-trip’ efficiency refers to the energy losses incurred
during both charging and discharging cycles. It is a
substantial simplification to assign a fixed number to the
efficiency of any conversion in this context as the efficiency
depends on several parameters, such as load, temperature,
state-of-charge, etc. However, the number assigned here are
chosen based on literature [8], [9], [10] and are still
representative when evaluating the different concepts at the
level of detail chosen in this study. As shown in Section 3
some of the concepts incorporate a mobile platform (truck)
on which either a converter (charger) or a converter and a
battery storage are placed. Naturally, the truck consumes a
certain amount of energy. However, the energy consumed by
the vehicles is negligible compared to energy fed to the
aircraft. One could assume a consumption of approximately
1 kWh/km for the truck and a distance covered in the range
of single digit kilometres per aircraftrecharged meaningless
than 10 kWh consumed by the truck per aircraft which in tum
requires in the range of 1 MWh of energy. Moreover, the
truck's energy consumption can be scheduled - timing and
power draw - so this does not factor into the peak power
consumption estimates for either aircraft or airport.

5 Assumptions on aircraft, airports and the
charging process

This section covers the technical assumptions relating to the
aircraft, charging system and airport.

5.1 Aircraft

In this project, the characteristics of the aircraft are defined as
follows:

e The energy required by the aircraft atthe airport is 1
MWh. This could be considered a low-end estimate
if future aircaft incorporate larger capacity batteries.

e The turnaround time - ie. the time available for
charging - is at most 30 minutes.

e The charging power is dependent on the SOC, see
Figure 6, which shows the charging power as a
function of the SOC atthe level required to transfer
1 MWh in 30 minutes.

These characteristics are in similar range of aircraft such as
Heart Aerospace ES-30 which is a hybrid aircraft with 30
passenger capability and approximately 200 km of full
electric range [11]. To some extent, an aircraft battery
capacity of 1 MWh is also representative to smaller all-
electric aircraft. Here it is assumed that every aircraft always
takes off with full batteries, and the energy supplied is equal
to the consumed energy in the previous flight. This analysis
considers therefore the extreme case of needing to charge 1
MWh in 30 minutes, butit is expected that many turnarounds
will require less energy than the maximum and could be
charged at lower power. This could become important in an
analysis of multiple electric aircraft charging simultaneously
within a single airport environment, which is beyond the
scope of this study.



The deratingof the charging power, shown in Figure 6, asthe
SOC increase is a simplification of reality as the charging
profile depends on several factors such as battery
temperature, chemistry, etc. It is common to observe a
constant - or slightly increasing - charging power below a
certain SOC (the increase in power originating from the fact
that whilst the current is kept constant, the voltage increases
slightly asthe SOC increase, hence, the power also increases)
and thisbehaviouris retained in the model used for this work.
A maximum chargingrate of 3C —and a minimum of 1C — is
assumed and the percentage at which the power starts to
reduce is chosen so that the battery can be fully charged from
0 to 100% in 30 minutes. A strictly linear reduction of
charging power is a simplification as the actual reduction of
power in batteries depends on several parameters. However,
in order to capture the overall behaviour of aggregated
charging power when charging several batteries, the
characteristics shown in Figure 6 is deemed an accumnte
enough representation.

5.2 Airport

Installed power capacity and maximum usage vary depending
on the airport size and local characteristics. For our purposes
in the analysis, small, medium and large airports are
considered which are defined as follows:

Table 1. Airport characteristics, deemed to be the most
relevant frame for evaluation of the technical concepts early
in the electric aviation adoption curve

Airport Grid charging | Number of aircraft
capacity charging
available simultaneously

Small 2 MW 1-2

Medium 5 MW 2-3

Large 15 MW 3-5

The airport size refers both to the maximum load required for
charging electric aircraftand the capacity of the airport's grid
connection; it is not necessarily the same as the airport's
passenger or cargo throughput. The specifics are established
among the project partners.

Furthermore, we assume thatthe numberof aircraft charging
simultaneously occur twice a day, once in the moming and
once in the afternoon.

5.3 Battery electric energy storage, BESS

Similarly to the aircraft battery storage, the BESS is
associated with a specific charging power limitation in order
to model a more realistic behaviourthan a constant charging
power would. The overall charging power characteristics is
chosen to be similar to the aircraft battery,asshown in Figure
6, but at a lower power level, see Figure 7. Charging the
BESS at a lower power reduces heat production, which
increases its lifetime and/orreduces its cooling demand, both
of which reduce cost.
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Figure 7. Charging characteristics of the BESS

6 Electromagnetics in the airport environment

The issue of Electromagnetic Interference (EMI) and
Compatibility (EMC) in the airport environment has caught
attention in recent years due to the deployment of solar cells
[12], [13]. These, like many other systems, incorporate
switching electronics that may emit radiated EMI that can
disturb Communication, Navigation and Surveillance
systems (CNS) in the airport environment. Given the severity
of this issue, the Swedish Civil Aviation Administration
(LFV) has implemented internal guidelines stipulating a
protection distance of 3 km between solar cell installations
and the nearest CNS system. The EMC concerns extend to
other electrical systems incorporating switching electronics,
such as motor drive systems and high-voltage battery
charging systems, both of which are key technologies in the
FAACE project.

The responsibility regarding the airport environment,
including the radio environment and EMC, lies with the
airport operator. Current regulations include legislation such
as the EMC Directive (2014/30/EU), the Electronic
Communications Act (2022.482), and the Aviation
Ordinance (2010:770); international and national governing
documents such as ICAO Annex 10 and Doc 9718 and the
Swedish Transport Agency's TSFS 2019:19. The European
Commission Regulation 139/2014 outlines requirements and
administrative procedures forairports and explicitly mentions
activities and land use, which includes sources of non-visible
radiation.

One way for the airport to handle the vast array of
requirements is to refer to a single standard or set of
requirements which the airport has deemed sufficient to



secure that all requirements are met. The Swedish national
airport operator Swedavia has in their Airport Regulations
(AR) referred to emission levels according to EN 61000-6-3
[14] with stricter requirements set for radiated emissions in
the radio communication frequency bands of 108- 137 MHz
and 380 —430 MHz [15].

Thus, when new systems are introduced at the airport, it is
vital to ensure that these requirements are met. This rises
several challenges. One is the fact that system installations
arenotnormally verified against standards and CE marked in
the same way that a product is. Secondly, the standards and
emission limits allowed for products vary with the type of
product [16]. For example, a charger for electric vehicles is
subject to the standard ENIEC 61851-21-2 [17], which holds
the same radiated emission requirements as EN 61000-6-3.
The 61851-21-2 also regulates conducted emissions for the
charging system. It does not, however, take the added
requirement for radiated emissions in the radio bands as
stipulated in the AR into account. An electric vehicle, on the
other hand, falls under the standard EN 55012 regarding
emissions in the VFH band [18]. The EN 55012 holds a
higher emission limit and othermeans of verification than EN
61000-6-3. Therefore, a vehicle will require special attention
in this regard. The sections below in this paper that give the
analysis of the proposed charging concepts highlights the
specific EMC related challenges that will need to be taken
into account for each concept.

7 Comparative analysis of charging
infrastructure concepts

In Section 3, the different charging concepts were introduced.
Elaborating further on those, below is an analysis of each
concept, its characteristics and advantages and disadvantages.

7.1 Technical Concept #1: Fixed charger and charging
directly off the grid.

Concept description: One permanently installed charger
station for each stand. The cabling can be over or
underground.

Advantages: Makes sure that each aircraft has access to its
own infrastructure. The highest energy efficiency, in the
sense that the losses between the grid and the aircraft are
minimized.

Disadvantages: The most inflexible solution (if only one ora
few chargers areinstalled) and requires high installed power.

EMC considerations: The one component with switching
electronics is the charging installation itself. Products used in
this installation are to be tested accordingto EN TEC 61851-
21-2 regarding conducted as well as radiated emission. The
standard holds the same radiated emission baseline as the
current Swedavia regulations. The system installation will
however need to be verified against the stricter radiated
emission limits set in the AR.

Estimated efficiency: As the only present conversion is
within the AC/DC converter the losses are created at this
point, thusthe overall efficiency can be estimated at 95%, see
Section 0.

7.2 Technical concept #1.1: Fixed main charger with
several outlets, directly off the grid.

Concept description: One permanently installed main
charger with several outlets enabling a potentially lower total
installed power (in terms of AC/DC converters) compared to
concept #1, see Section 3 and 8.1.4 for details.

Advantages: Good utilisation of installed conversion power
and saving some power electronics costs. Possibly slightly
higher efficiency than concept #1.

Disadvantages: Requires fixed installation. Although it
should be a smaller task to expand this concept into more
charging stands compared to concept #1.

EMC considerations: Similar to concept #1 with the main
difference being that in this concept the cabling feeding
switched voltage and current (‘after the AC/DC converter’) is
longer, potentially presenting a higher possibility of coupling
emissions into the surroundings.

Estimated efficiency: Only one conversion occurs, thus the
efficiency is estimated at 95%. Depending on how the main
charger is designed, i.e. how many modulesatacertain power
level, it is possible that each module can operate at a power
level which increase the efficiency slightly. Although, the
charger in concept #1 can also be based on the same
philosophy; a numberofmodulesat lowerpowerlevels rather
than one big converter designed for the maximum power
level.

7.3 Technical concept #2 & #2.1: Fixed chargers with
battery storage

Concept description: Similar to concept#1 with the addition
of a battery energy storage system (BESS). The difference
between #2 and #2.1 is the (electrical) location of the battery
storage, in the former the BESS is connected to the DC-link
feeding all the chargers (which in this case are DC/DC
converters), in the latter it has its own AC/DC converter, and
all the chargers are connected to an AC-link.

Advantages: The BESS enables peak shaving and reduces
the requirement on the available grid power while still
ensuring high charging rates. To what extent exactly would
depend at large on utilisation rate and BESS energy and
power capabilities. Theoretically, the battery can be
optimised not only for charging aircraft purposes but for the
whole of the airport operations.

Disadvantages: The BESS is associated with a significant
capital cost. The level of flexibility is on the same level as
concepts #1 and #1.1. Potentially low efficiency due to the
extra energy conversion.

EMC considerations: The addition of the BESS includes
switching components for charging as well as inverters for
AC generation, thus it is a potentialsource of electromagnetic
emissions. The BESS does nothaveits own product standard
but can as a device be verified against a generic standard in
the EN 61000-6-X series. To maximize the possibility of
compatibility with the airport environment, it should be
required thatthe EN 61000-6-3 has been used. Also in this
case, the final system installation at the airport will need to be



verified towards the AR and the stricter limits for radiated
emissions therein.

Estimated efficiency: Since the amount of energy passing
through the BESS — which affects the efficiency — depends
on the utilization of the system it is in general terms
challenging to associate one number with the efficiency.
However, it is possible to establish a worst- and best-case
scenario regarding the efficiency. Best case scenario,
considering concept#2,is when no energy is converted in the
BESS, resulting in an efficiency according to:

N#2max = Nacypc “Mbpc/pc = 0.95-0.96

1
=~ 0.91 M

However, if it is assumed thatallenergy supplied by the grid
is firstly supplied to the BESS which in turn supplies the
energy to the aircraft, the final efficiency becomes:

Nu2,min = Nac/pc “Mpc/pc ™ NBESs
=0.95-0.96-0.93 2)
~ 0.85

When considering concept #2.1, a similar behaviour can be
concluded:

Ny2.4,max = Nac/pc = 0.95 )

Nu2.1,min = MNac/pc 3+ Npgss = 0.95° - 0.93 5
=~ 0.79 )

Although Concept #2.1 presents a higher maximum
efficiency and a lower minimum efficiency compared to
Concept#2 - due to fewer conversion stages in the best-case
scenario and more conversions in the worst-case scenario - it
introduces greater variability in performance. It is worth
noting - aspreviously discussed in Section 3 - thatthe BESS
in Concept #2 likely requires a dedicated DC/DC converter to
enable independent control of voltage and current at the
BESS, rather than relying on the behaviour of all converters
connected to the DC bus.

7.4 Technical concept #3: Mobile charger, directly off
the grid

Concept description: This concept is electrically similar to
Concept #1, in which energy is supplied to the aircraft
directly from the grid via an AC/DC converter. However,
unlike Concept#1, the AC/DC converter in this caseis nota
fixed installation; instead, it is mounted on a suitable vehicle
that transports the charger to the aircraft. Regarding fixed
infrastructure, each charging location must be equipped with
an AC outlet rated for the full charging power.

Advantages: Requires less fixed installation. Enables a level
of flexibility. High efficiency.

Disadvantages: While offering increased flexibility, this
concept introduces operational complexity due to the need for
mobile units and coordination. It also combines fixed and
mobile infrastructure, which may lead to higher maintenance
and logistical challenges without significantly reducing grid
dependency.

EMC considerations: This concept adds the transport
vehicle, which from an emission point should be certified
accordingto EN 55012. This standard allows higher emission
limits than the generic 61000-6-3. Therefore, it is imperative
that the vehicle emissions are well understood and verified
towards the AR, both in the design and construction phase as
well as after system completion.

Estimated efficiency: From an electrical standpoint, this
concept mirrors concept #1, yielding an expected efficiency
of 95%.

7.5 Technical concept #4 & #4.1: Mobile charger and
energy storage

Concept description: The energy supplied to the aircraft is
initially stored in a mobile BESS unit, which is subsequently
delivered to the aircraft.Itis also possible to complement the
mobile energy storage with a fixed storage unitaswell (#4.1).

Advantages: Owing to the minimal fixed infrastructure
required near the aircraft, this concept offers the greatest
operational flexibility.

Disadvantages: This concept exhibits comparatively low
efficiency, as all energy must pass through the BESS.
Additionally, the number of aircraft that can be charged
simultaneously is limited by the number of available BESS
units, which represents a significant cost factor.

EMC considerations: This concept requires an
understanding of the emission performance and device level
standards of all system parts; the charger, the BESS and the
vehicle, as discussed for the previous concepts. A final
verification towards the AR is vital and should be performed
with the system in all relevant operational modes.

Estimated efficiency: As the total amount of energy finally
supplied to the aircraft must circulate BESS, the efficiency
becomes identical to the worst case of concept #2.1, ie.
0.787. The energy usage of the vehicle(s) transporting the
BESS to the aircraft is not accounted for considering the
efficiency of this concept.

8 Operational evaluation of charging concepts

The first analysis considered a relatively few electric aircraft
landings per day, see Table 1. Airport characteristics; a
regime in which maximum power draw for aircraft charging
is expected to dominate operating costs, and that this might
correspond to a situation that airports - of all sizes - might be
expected to face as electric flight begins to become adopted.
Then, the second case considers a case further down the
electric flight adoption curve, in which a majority of flights
can be expected to be electric. Therefore a in this section a
real-world arrivaland departure schedule fordomestic flights
at a representative Swedish airport is used to stress-test the
different concepts, aiming to reveal critical operational
characteristics.

8.1 Case study 1 — Charging requirements at airports of
varying sizes



Considering Figure 6 and the number of simultaneously
charging aircraft it is possible to deduce the required power
from the grid, which is shown to be, in many cases, a limiting
factor.

8.1.1 Small airport

The small airport is expected to be able to accommodate 12
simultaneously charging aircraft whilst expected to have 2
MW of available power. Given the charging characteristics
shown in Figure 6, the maximum chargingpower might reach
a maximum of 6 MW, depending on the arrival of the two
aircraft.

Concept #1 & #1.1: Tt is obvious that these concepts cannot
meet the requirements of the charging aircraft as the energy
is taken from the grid directly. Should one consider only one
charging aircraft at once, with the charging power limited to
2 MW, the charging time — assuming 1| MWh of transferred
energy — becomes approximately 35 minutes. Charging of
two aircraft simultaneously take 60 minutes. The difference
in performance between concepts #1 and#1.1 only becomes
prominent if the arrival times of the aircraft are shifted, this
is not investigated here as the worst-case scenario is
considered.

Concept #2 & #2.1: These concepts’ ability to accommodate
1-2 aircraft charging is highly dependent on the specifics of
the BESS. Assuming one BESS with matching discharge
characteristics to the charge characteristics of the battery in
oneaircraft,it is clear thatone aircraft can be supplied by the
BESS whilst the other (again assuming 2 simultaneously
charging aircraft) is supplied by the grid at the same power
level as described by Concept #1 & #1.1. This means that it
is possible for one aircraftto achievea turnaround time of 30
minutes, whereas the other is increased to 37.5 minutes.
However, if the BESS has higher power capacity than what
one aircraft requires, i.e. instead of 3 MW the power capacity
is increased to 4 MW, it is possible to achieve the required
turn-around time for two aircraft without increasing the
energy capacity of the BESS.

Concept #3: Electrically identical to Concept #1. Naturally,
two vehicles carrying an AC/DC converter each are required
to charge two aircraft. Since the charging power is limited by
the grid, the turnaround time is not fulfilled.

Concept #4 & #4.1: Two vehicles are required to charge two
aircraft, each equipped with a BESS capable of delivering 1
MWh in 30 minutes. This means that this concept carries the
highest amount of external energy storage. However, as
stated previously, the amount of fixed infrastructure around
the aircraftis limited and the behaviourof transferring energy
to the aircraft is similar to the way of refuelling a
conventional aircraft. Another consequence of considering
this conceptis that given enough time between the waves of
aircraft arriving, the load on the grid can be significantly
reduced as the BESSs can be charged in a queuing manner.

8.1.2 Medium airport

Due to the linear behaviour, the difference between medium
and small airport is reduced to required charging power,
number of vehicles with charging equipment, etc. The
reasoning follows the same logic as in small airport.

Concept #1 & #1.1: At 3 aircraft charging simultaneously,
the required power peakat9 MW which is less than whatis
assumed to be available. With 5 MW available whilst the
aircraft share the available power equally, the total charging
time for 3 aircraft become approximately 39 minutes.

Concept #2 & #2.1: With the addition of a BESS, the
charging time can be decreased and/or the load on the grid
can also decreases. To be able to achieve the specified turn-
around time with 5 MW of grid power a BESS with an energy
capacity of approximately 750 kWh and a power capacity of
approximately 4 MW. Considering conventional BESS’s this
specification is likely difficult to fulfil. A likely discharge rate
is around 1-3 MW which leads to an energy capacity of 1.2-
4 MWh.

Concept #3: Electrically identical to Concepts #1 & #1.1.
Three vehicles with charging equipment are required.
Tumaround time not fulfilled.

Concept #4 & #4.1: Three vehicles with BESS and
electronics are required. As the number of vehicles and
Battery Energy Storage Systems (BESSs) increases, the
likelihood of multiple BESSs requiring simultaneous
charging also rises. Consequently, the initial reduction in
power demand from the grid is not maintained at the same
level.

8.1.3 Large airport

The large airport is assumed to have up to 15 MW of grid
power available whilst it should be able to accommodate up
to 5 simultaneously charging aircraft.

Concept #1 & #1.1: In this case, the available grid power is
enough to accommodate 5 simultancously charging aircraft.

Concept #2 & #2.1: As stated, the available grid power is
enough to fulfil the requirement of 5 aircraft. However, there
are additional factors that may justify the integration of a
Battery Energy Storage System (BESS) into the charging
infrastructure, such as enabling peak shaving and providing
the flexibility to draw energy from the grid at economically
optimal times based on tariff structures.

Concept #3: Electrically identical to Concepts #1 & #1.1.
Five vehicles with charging equipment are required.

Concept#4 & #4.1: Five vehicles with BESS and electronics
are required.

Table 2. Summary of the different technical concepts' ability to fulfil the turn-around time.

Legend: [ = Meets 30 min turnaround | /7 = Does not meet 30 min turnaround
Concept Key requirement Small airport Medium airport Large airport
(2 MW, 2 aircraft) | (5 MW, 3 aircraft) (15 MW, 5

aircraft)




#1 — Fixed charger | Grid poweronly | 60 min turnaround | 39 min turnaround Meets 30 min
perslot (limited power) requirement
#2/#2.1 — Fixed | Grid + stationary One BESS (>4 One BESS (>4 Grid power
+ BESS storage MW /1 MWh)? MW /750 kWh) sufficient; BESS
optional
#3 — Mobile Grid power + 2 vehicles needed 3 vehicles 5 vehicles
charger mobile chargers
#4 — Mobile Mobile storage + 2 vehicles with 1 [ 3 vehicles with 1 | 5 vehicles with 1
BESS chargers MWh BESS each | MWh BESS each | MWh BESS each

8.1.4 Summary

Table 2 shows the technical concepts, the differently sized
airports and what is technically required to fulfil the turn-
around time. It is important to note that although allowing a
level of flexibility concepts #3 and #4 — especially the latter
— are associated with a significant cost increase as the
required number of simultaneously charging aircra ft
increase.
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Figure 8. Number of aircraft on ground during a
representative day at a domestic airport in Sweden. Note
that it is assumed that the aircraft departing the first 30
minutes are charged during the night.

8.2 Case study 2 — High-density electric aircraft
operations

In order to evaluate the technical concepts from a possibly
future scenario, this section presents a departure scheduk of
a representative day from a domestic airport in Sweden. As
previously, a turmn-around time of 30 minutes is assumed,
which makes it possible to estimate how many aircraft are on
ground, charging, at any given time during the day. The
number of aircraft on-ground as a function of time is shown
in Figure 8 where the aircraftdepartingin the first 30 minutes
areassumed to have charged over night at the current airport.
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Figure 9. Charging power by minute.

Concept#1 & #1.1: Charging directly from the grid generates
a power demand as shown in Figure 9. The power demand
curve illustrates clearly that the total power requirement is
significantly lower than the maximum power per aircraft (3
MW) times the maximum number of simultaneously charging
aircraft (7 units). This is due to the de-rating of charging
power as the SOC increase. This also illustrates that concept
#1.1 is able to fulfil the charging requirement with an
installed power level of approximately 16-17 MW whereas if
concept #1 is considered, a totalof 21 MW ofinstalled power
would be required.

Concept#2 & #2.1: Inthis case,no distinction has been made
between concept#2 and #2.1 as the functionality considering
energy managementis very similar between the two. Here it
is investigated what capacity of the BESS is required to fulfil
the charging requirements of the day,shown in Figure 9. To
reduce the degrees of freedom, it is assumed that the grid is
limited to 1C of the BESS. By iteration it is found that the
minimum capacity of the BESS is 4.5 MWh and at this
capacity, the chosen day does result in almost two full cycles
of'the BESS, see Figure 10. It is likely that- should this level
of charging power be made available by BESS — a higher
capacity is chosen so that the cycling of the BESS is not as

2 A BESS atthis level of C-rate (discharge) is typically significantly higher than currently available systems which usually have

a discharge C-rate between 0.5-1C [19] [20] [21]



deep.

I 80

10.0 1
! L 60

SOC (%)

754

Power (MW)

- 40
5.01

254 20

0.0

Figure 10. Charging power and SOC of the static battery
energy storage.

Concept #3: Electrically identical to concept#1 (not #1.1 in
this case) which meansa totalof 7 vehicles — as per Figure 8
—with 3 MW of charging capacity each.
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Figure 11. Grid power when charging the BESSs of concept
#4.

Concept #4 & #4.1: As in the previous concept, 7 vehicles
are required with 3 MW of charging capacity and | MWh of
transferable energy. Here two different approaches to
charging of the BESSs are investigated; one where the BESS
is charged immediately afterit has served an aircraft and one
where the longer periods of time with no or few aircraft
present the time is utilized more structurally, i.e. the BESSs
are charged as sequentially as possible. Note though that no
mathematical optimisation is performed in order to minimise
the grid power, the scheduling is ratherdone ‘by eye’ in order
to make a quick attempt to evaluate the potential of scheduled
charging. The result is shown in Figure 11 where the major
power peak around 18:00 can be significantly reduced by
charging the BESSs overnight instead of immediately after
theaircraft have been served. It also shows that when there is
a limited amount of time between two peaks in occupancy,
between approximately 15:00 and 16:00, the scheduled
charging doesnot lower the amount of power supplied by the
grid. During this example day 7 ESSs carrying 1 MWh of
useable energy is not enough to supply all aircraft, during the
highest occupancy —around 17:00 —eitheranother vehicle or
one of the BESSs at approximately double the capacity is
required.

With this number of mobile BESSs — being realistic or not —
it is clear thatin order to relieve stress from the grid thetime
between peaks in aircraft occupancy is required to be large
enough so that charging of the BESSs can be done
sequentially rather than simultaneously. This illustrates one
issue with this concept asthe numberof BESSs increase, the
challenges of charging several aircraft simultaneously, is
instead shifted to charging the BESSs. Implying that this
concept is likely most suited for early adoption as it brings
several positive aspects when considering flexibility.

8.2.1 Summary

The evaluation of a high-density day at a representative
domestic airport demonstrates how varying charging
infrastructure concepts handle continuous, time-sensitive
demand. Fixed-grid concepts (#1 and#1.1) show predictable
but inflexible behaviour, requiring high installed capacity.
Concept#1.1, with shared electronics, reduces peak demand
through load balancing, highlighting the advantage of
modularity. Concepts involving battery energy storage (#2
and #2.1) effectively smooth grid demand but require ca reful
sizing to avoid deep cycling and performance loss. Mobile
solutions (#3 and #4) provide valuable flexibility, particularly
in dynamic or constrained environments. However, their
operationalfeasibility is tightly linked to coordinated vehicle
scheduling and battery charging strategies. In particular,
concept #4 benefits significantly from staggered charging of
mobile BESS units, demonstratingthe potential to reduce grid
stress—though this shifts complexity toward scheduling and
fleet management. Overall, this scenario illustrates that as
electric aircraft traffic intensifies, concepts combining
flexibility with smart energy and logistics management will
be most effective.

9 Conclusions

This study compared four technical concepts for battery-
electric aircraft charging infrastructure, focusing on
flexibility, efficiency, scalability, and operationalfeasibility.
No single solution fits all airport contexts; the optimalchoice
dependson factorssuch asgrid capacity,traffic density, and
electrification goals. Fixed infrastructure concepts (#1 and
#1.1) offer for instance high efficiency and operational
simplicity but require significant grid capacity and lack
adaptability. Concepts with stationary battery storage (#2 and
#2.1) support peak shaving and grid optimization, though
they introduce complexity and reduce efficiency.nMobile
solutions (#3 and #4) provide greater flexibility, especially
forsmaller or early-stage airports, but come with higher costs
and lower efficiency due to additional energy conversions.
They also raise electromagnetic compatibility challenges that
must be addressed for safe integration.nIn summary, a
flexible and modular approach will be essential for future-
proofairport infrastructure. Ongoing work includes a planned
demonstrator project focused on mobile energy storage,
which would help validate these concepts under real-world
conditions and guide future investments.ll
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