Aerotecnica Missili & Spazio
https://doi.org/10.1007/542496-026-00327-2

RESEARCH ——

®

Check for
updates

Electric Energy Carriers in More Electric Aircraft: Suitability
Assessment, Potential Use Case Definition, System Sizing and Fuel
Penalty Estimation

Maurice L. Doernte'® - Florian Franke'® - Stefan Kazula'

Received: 22 April 2026 / Revised: 5 June 2026 / Accepted: 25 June 2026
© The Author(s) 2026

Abstract

The transition toward electrified aviation is driven by the need to reduce the environmental impact of air transport. This
study evaluates the suitability of electrical energy storage systems (EESSs), including batteries, flywheels, and superca-
pacitors, for powering aircraft subsystems in more electric aircraft (MEA). A multi-criteria assessment considering per-
formance, integration, safety, and sustainability identifies supercapacitors as the most suitable option for short-duration
applications, batteries for long-duration applications, and both technologies as similarly suitable for medium-duration
operations. Flywheels are found to have limited applicability due to safety concerns and integration challenges. A sys-
tem sizing for representative use cases indicates that fuel-saving potential is highly dependent on the specific energy of
the EESS. For a 1500 km mission, a battery system with a specific energy of 0.5 kWh/kg could reduce subsystem fuel
consumption by approximately 30% relative to conventional operation, with the reduction increasing to around 70% at
1.0 kWh/kg. Overall, the findings highlight the significant potential of EESSs for next-generation aircraft, provided that
continued advancements in energy density and system integration can be achieved.

Keywords More electric aircraft - Electrical energy storage systems - Aircraft subsystems - Suitability analysis - Fuel
saving potential - Sustainable aviation
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w Relative weighting
Subscripts

AES Subsystem
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d Time domain
E Energy
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J Energy carrier
mazx Maximum

op Operating

P Power

pen Penalty

req Required

SYs System

1 Introduction

Over the past decades, global warming has emerged as a
major challenge. The aviation industry is responsible for
approximately 2.5% of total CO, emissions, with projec-
tions indicating a future increase in this number [1, 2].
Therefore, novel aircraft propulsion concepts have been
introduced, including the all-electric (AEA), hybrid-elec-
tric, turbo-electric, and more-electric aircraft (MEA). In the
AEA scenario, the entire energy required for thrust and the
aircraft electrical subsystems (AESs) is provided by elec-
trical energy storage systems (EESSs) [3], which can be
battery- (BSs), flywheel- (FSs), or supercapacitor-systems
(SCSs).

An exploration of future aircraft concepts reveals that,
battery systems are most commonly considered for imple-
mentation, in advanced electrified aircraft [4-9]. They
typically outperform other EESSs with respect to their
energy-to-weight ratio (specific energy, SE). Their com-
paratively lower power to weight ratio (specific power, SP)
is offset by the total capacity of the installed BSs. However,
the current state of the art (SoA) EESSs still require fur-
ther advancements in terms of SE to fully cover the energy
demands of even short-range civil aircraft [10, 11]. Further-
more, these novel aircraft types are not expected to enter
service within the next 15 years [5].

A near term approach to reduce emissions is to replace
conventional subsystems with electrical ones, which
increases efficiency and reduces weight, resulting in a
MEA [12]. Approximately 5% of an aircraft’s total power
is required to operate its secondary power consumers or
subsystems [13]. The AESs in MEA are conventionally
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powered by generators [14]. Replacing them with EESSs
could provide an additional opportunity for fuel savings.
This would enable a variety of novel promising use cases
across different sections of the aircraft. Especially, the high
SP of supercapacitors or flywheel-based systems may be
beneficial for power-intense but short-duration applications
such as actuation operations. Several studies have already
investigated the feasibility of implementing EESSs in air-
craft to support propulsion or provide energy to AESs [15—
17]. However, a number of constraints must be considered
with regards to the performance properties of the various
EESSs, including safety, energy density and power den-
sity. Moreover, adding mass to the aircraft by implement-
ing energy carriers will result in increased fuel consumption
[18]. Therefore, the trade-off between the additional fuel
burn, i.e. fuel penalty caused by the mass increase, and the
fuel savings due to electrification must be estimated in order
to analyze the effective benefit of implementing an EESS.
Prior research has also compared the characteristics of vari-
ous EESS technologies, examining their suitability and per-
formance in aviation applications [17, 19-21]. However, the
existing literature still lacks an assessment and comparison
of the performance parameters of the proposed energy carri-
ers specifically in the context of powering aircraft electrical
subsystems. Furthermore, there is limited discussion on the
associated fuel penalty estimations resulting from the addi-
tional mass of the EESS within aircraft operations.

Consequently, this study assesses, rates and sizes the
aforementioned EESSs, analyzing the suitability of imple-
menting them in MEA. In the following, at first the SoA
of the EESSs is presented. Their corresponding properties
are outlined and the aircraft’s AESs are discussed. Subse-
quently, the EESSs are rated according to their suitability
for powering these AESs. Therefore, relevant aircraft design
criteria are derived. Their relative importance is determined
using pairwise comparison. Finally, use cases connecting
AESs and EESSs are established, a system sizing is per-
formed, and the corresponding fuel penalty is outlined.
Finally, the next steps regarding the suitability analysis and
potential EESS integration are discussed, along with the
associated limitations.

2 State of the Art
2.1 Energy Storage Systems

Replacing conventional subsystems with electrical ones
increases an aircraft’s total electrical load. The proposed
EESSs could cover this increased demand. The differ-
ent systems rely on distinct energy storage principles and
are outlined in Fig. 1. Each system exhibits its own set of
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Fig. 1 Schematic depiction of the function principle of three different energy carriers relevant for their implementation in aircraft during discharge

a) lithium-ion battery b) flywheel c) supercapacitor

Table 1 State of the art properties of batteries, flywheels and supercapacitors

Property Unit Battery cells Flywheels Supercapacitor cells
Specific energy (SE) Whikg 250-400 [21] 20-80 [26] 1-10 [27]
Specific power (SP) kW/kg 0.3-0.5 [21] 1-2 [26] 10 [27]
Cycle life - 103 [28] >10° [28] ~10° [28]
Self-discharge %/day <0.1 [29] 10—100 [22] 0.4-5 [30]
Cycle efficiency % ~95 [29] 85-95 [31] 95-98 [32]
Estimated mass overhead % 25 [11] 50" [ 25" [N
Response time S <1 [29] ~0.01 [29] <0.01 [29]
Temperature range °C -20to 65 [22] -40 to 40 [22] -45t0 85 [27]
Energy cost $/kWh 100 — 150 [30] 1500 — 6000 [31] 3000 [32]
Maintenance cost $/kW-year 6 [33] 5 [31] 6 [34]
Recyclability - low [21] high [28] high [33]
Scalability - high [34] low™ [/] high [33]

* . . .
assumption accounts for the requirement to counteract momentum effects using a gyroscope

*assumed to be similar to the overhead of battery systems

“*flywheel scalability is considered good for ground applications [35] but system scaling for aircraft appears limited

advantages and disadvantages in terms of their performance
parameters, while the most significant are the SP and SE.
The following sections discuss the EESSs, while Table 1
outlines their corresponding properties. It presents the SE
and SP of the energy carriers, alongside an overview of
their cycle life, daily self-discharge rate, cycle efficiency,
cost indicators, response time and operating temperature.
In addition, the scalability and recyclability of the systems
are outlined. These parameters are later used for assessing
the suitability of the energy carriers for aircraft applications.
For the discussed EESSs an integration overhead due to
additional safety systems is required as also stated in the
table. Comparing these parameters aid in determining the
suitability of implementing each EESS into MEA. Since
both qualitative and quantitative parameters are provided,
the overall assessment is performed in a qualitative manner.

2.1.1 Batteries

Rechargeable batteries have become a popular energy stor-
age technology for many of current applications [30, 38].
They are grouped within the electrochemical energy stor-
age systems, and are composed of an anode, a cathode, cur-
rent collectors and a separator. Furthermore, the elements
are typically soaked in an electrolyte. The most common
packaging variants are cylindrical, prismatic, and pouch cell
housings. Up to the present day, lithium-ion batteries (LIBs)
are most commonly used, since they offer the best energy
storage capability on the market [21, 22]. Future BSs com-
prising solid state electrolyte and lithium-sulfur or lithium-
air electrode materials are expected to further accelerate
the electrification by providing high SE and cycle life [9,
39-41].

The basic operating principle during discharge of a LIB
is an oxidation process occurring at the anode side of the
cell as displayed in Fig. 1 a). When the reaction process
starts, lithium-ions and electrons are released from the
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anode material’s structure. The electrolyte is designed to
electrically insulate while offering high conductivity for ion
transport [42]. As a result, free electrons are forced to pass
through an external circuit, while the ions traverse through
the electrolyte and the porous separator. The latter prevents
the electrodes from coming into contact with each other,
thus avoiding a short circuit. Finally, a redox reaction occurs
at the cathode side of the battery, where the free ions and
electrons typically form a metal oxide with the LIB cathode
material.

Due to their electrochemical nature, LIBs are able to
store much higher amounts of energy than compared to
other EESSs [21]. However, the relatively long electron
transport paths result in only moderate SP for most LIBs.
The high SE of BSs makes them especially interesting for
electric vehicles, where achieving a minimum battery pack
weight at maximum available energy is essential to extend
range. The modularity of battery packs benefit their scal-
ability, thereby enabling dynamic adaptation to alternating
system requirements [36]. They can store energy for a long
time period with low self-discharge, vast availability and
relatively low cost [21, 26, 43].

On the contrary, BSs encompass a number of drawbacks
which are partially triggered by the chemical process dur-
ing charge and discharge resulting in cell aging. The aging
mechanisms such as lithium plating, corrosion, or electrode
cracking can result in reduced capacity, or, in the worst case,
cell combustion i.e. thermal runaway [44, 45]. The degrada-
tion of the cells is reflected in a relatively low cycle life [46].
Furthermore, they are sensitive to surrounding conditions
such as alternating temperatures, which may even accelerate
cell aging or trigger thermal runaway. The integration of a
thermal management system and battery management sys-
tem is therefore mandatory to ensure constant temperature
conditions, prevent malfunction, and ensure the longevity of
the system. Addressing thermal runaway is essential when
designing BSs but would exceed the scope of this paper.

2.1.2 Flywheels

Flywheels are mechanical energy storage systems based on
the principle of applying momentum to a rotor [26], which
is located within an enclosure as shown in Fig. 1 b). Energy
is supplied to the rotor by means of a motor or a mechani-
cal shaft. When extracting energy, the motor is switched to
generator mode to transform the rotational kinetic energy
to electrical energy. The rotation of the flywheel, and there-
fore its stored energy, is highly susceptible to friction. A
vacuum pump and magnetic bearing are therefore used to
reduce friction, with the aim of minimizing self-discharge
and enhancing efficiency [23, 28].
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The primary benefits of FSs are their ability to absorb
and release substantial amounts of power instantaneously,
while exhibiting a relatively high cycle efficiency [21]. At
the same time, the system has a high response time, which
enables flexible and fast storage [26]. Novel rotor materials
enable FSs with SE in the range between the ones of SCSs
and BSs. They also exhibit a very high cycle and calendar
life, while showing a low environmental impact when com-
pared to other EESSs [47]. Moreover, maintenance costs are
minimized by the modular architecture of the system, which
allows individual components to be replaced independently
[48]. Lastly, the lower temperature limit at which the FSs
can operate appears to be an advantage over BSs [21].

FSs are also associated with a number of weaknesses. In
contrast to their high SP, they are limited in terms of their
SE especially in terms of their scalability once the system
is manufactured. The high speed of the rotor exhibits the
risk of material failure, increasing the demand in safety
measures, particularly in aviation applications [47]. Addi-
tionally, the complex structure of the system leads to high
investment cost [31]. The rotating system suffers from self-
discharge due to friction, as discussed above. In addition,
the negative effect of rotor moment on the aircraft trajec-
tory needs to be addressed in detail [49]. In the context of
FSs, Dever et al. [50] predict a surge in the utilization of
flywheels, attributable to the advent of innovative materials
that yield a high SE. This development suggests that FSs
may eventually exceed the performance of BSs. However,
due to material scaling limitations this development appears
to be of theoretical nature for now.

2.1.3 Supercapacitors

Supercapacitor energy storage systems are classified as elec-
trostatic energy storage systems, despite potentially benefit-
ing from electrochemical processes at the interface between
electrode and electrolyte. They primarily store energy
through electrostatic charge separation between electrode
and the electrolyte, building an electric double layer at each
electrode [26]. However, they may also involve fast, sur-
face-confined electrochemical reactions, especially in pseu-
docapacitive or hybrid designs [51]. The electrodes may be
composed of porous carbon electrodes, while those of pseu-
docapacitors are usually composed of metal oxides or con-
ductive polymers [52]. SCSs are based on the principle of
a classical capacitor, while also making use of free-moving
ions within an electrolyte. The devices generally comprise
two electrodes and an electrolyte, which are separated by
a membrane, as illustrated in Fig. 1 ¢). Applying a volt-
age across the two electrodes of a supercapacitor results in
electrons migrating towards the electrode connected to the
negative terminal. Simultaneously, the opposite electrode
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becomes positively charged due to a deficit of electrons.
Negatively charged ions in the electrolyte then accumulate
at the positive electrode, while positively charged ions accu-
mulate at the negative electrode [53]. The most commonly
utilized electrolyte is of aqueous type which solves ionic
salts, consisting of cations and anions, in water. Advanced
electrolyte types such as organic, ionic liquid and others are
used each enhancing different properties of the SCS, includ-
ing safety, SE or temperature sensitivity [54]. After discon-
nection of the power source and connection of a consumer
load, electrons traverse the load, thereby transferring their
stored energy. The ions, on the other hand, are released back
into the electrolyte.

The large surface area of the electrode material enables
extensive ion accumulation. This allows SCSs to achieve a
higher SE than regular capacitors while maintaining a high
SP [55, 56]. As commonly no active storage of ions within
the electrode material happens, these SCSs show a much
higher cycle life than BSs as no degradation process is initi-
ated [24]. Additionally, SCSs are able to operate within a
comparatively wide temperature range, while exhibiting a
very fast response time [57]. Similar to BSs, they can be
incorporated into modules and packs, making them ideal
for scaling up to high-power applications, while also being
vastly available [24, 35]. Furthermore, supercapacitors are
typically not composed of hazardous materials, and their
components can be recycled [35, 58].

Conversely, as the charge in electric double layer SCSs
is not chemically bound its SE is rather low [57]. How-
ever, pseudo-, hybrid-, and asymmetric capacitors aim to
achieve specific energy values in the double-digit Wh/
kg range while retaining high specific power, although
their performance is inherently governed by the trade-off
between specific energy and specific power [51]. Moreover,
exceeding the operational temperature limits results in rapid
self-discharge, while overcharging can lead to irreversible
degradation or destruction of the SCS [24, 27]. In addition,
high-capacity SCSs may also pose a fire hazard. There-
fore, cell balancing and power management is required to

maintain a stable operation. Apart from the temperature,
additional discharge-mechanisms discussed by Jagadale et
al. [29] may negatively affect the energy storage capability
of a supercapacitor.

2.2 Aircraft Subsystems

In the context of aircraft electrification, the focus lies on the
replacement of primary and secondary aircraft systems with
electrical ones. This enhances efficiency on the one hand
and can reduce system weight on the other [59-61]. In order
to facilitate the near-term emission mitigation of conven-
tional aircraft, it can be reasonable to replace conventional
subsystems with electrical ones and supply energy demands
using EESSs, as explained in Sect. 1.

The AESs are integrated into the aircraft’s electrical
architecture, which includes all the necessary elements to
operate them. However, the overall dimensions of the archi-
tecture depend mainly on the power consumers, i.e. the
required electrical power and time of operation of the AESs,
as outlined by Chakraborty [62]. Therefore, a thorough
understanding of these parameters is required to design the
overall system architecture.

Based on their operating time, AESs can be categorized
into three groups: short-duration for systems operating for
a few seconds up to one minute, medium-duration for sys-
tems operating for several minutes up to 15 min, and long-
duration for systems operating for durations beyond that.
The energy requirements for the respective AESs can then
be determined by the system’s corresponding operating time
and power demand. An overview of representative AESs is
outlined in Fig. 2.

The thrust reverse actuation, landing gear actuation, door
actuation, and brake actuation system, along with the engine
starter are relevant systems for short-duration operations.
With the goal of enhancing efficiency and safety, hydrau-
lic actuation system are replaced with electromechanical
ones, with the first commercial implementations already in
use [60, 64]. With respect to the engine starter, an electric

Fig. 2 Position of the various
aircraft subsystems within the
aircraft; Color coding defines oper-
ating time domain: green=short-
duration (t<1 min), blue=medium-
duration (1 min<t<15 min),
red=long-duration (15 min<t);
Aircraft rendering adopted from
[63]
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motor is utilized instead of using pressurized air [64]. When
considering medium-duration operations, the aircraft’s ice
protection system (IPS) and electric taxiing system can be
regarded as relevant electrical loads. The former may be real-
ized with different methods, however, the implementation
of electrothermal mats within the surfaces prone to icing is
considered to be the most energy efficient solution [64, 65].
The affected zones are heated depending on weather condi-
tions and within the defined icing envelope, which extends
from sea level up to an altitude of approximately 7 km [66].
The conventional method of aircraft taxiing relies on the use
of idle thrust from the aircraft’s turbines, a practice widely
regarded as inefficient and resulting in comparatively high
fuel consumption [15, 67, 68]. Consequently, the imple-
mentation of electric taxiing for aircraft was proposed [69].
Various studies were already conducted to investigate the
feasibility of utilizing EESSs for the execution of the taxi-
ing operation [ 16, 67—69]. Finally, the long-duration domain
encompasses the environmental control system (ECS), the
avionics, the flight control system (FCS), as well as miscel-
laneous systems such as the galley and aircraft lighting [70].

As a result of the aircraft electrification, it is essential to
estimate the electrical energy requirements at an early stage
of the design process. Consequently, it is necessary to have
a reasonable knowledge of electrical energy required for
each system of the aircraft. Several studies addressed this
topic with Murray et al. presenting an early report estimat-
ing power requirements and potential weight savings for a
long range aircraft [71]. Chakraborty et al. presented a study
on power estimations, in which they proposed a physics-
based approach to determine the power requirements of air-
craft subsystems [64]. Lampl et al. provided a parametrized
sample mission profile for a single-aisle commercial aircraft
[70]. Voth et al. approximated power requirements for vari-
ous phases of a flight for several subsystems and aircraft
types. Their analysis outlined data on the power demand
of key subsystems, including the ECS, FCS, and IPS [72].
Finally, Johnson outlined the general progression of the
power curve during the operation of a thrust reverser actua-
tion system [60].

3 Methodology

The primary objective in system design is to identify the
optimal solution to the problem at hand. Given the exis-
tence of multiple possible solutions, a methodical approach
is required to support the solution-finding process and to
enhance the objectivity of decision-making. Various meth-
odologies, based on different underlying principles, have
been developed to achieve the defined objectives [73-75].
Due to the early stage with respect to the design process
of this study an evaluation approach allowing a preliminary
suitability estimation is required [73]. A general evalua-
tion process is shown in Fig. 3. One approach to address
this issue is to establish evaluation criteria against which
the energy carriers are benchmarked [76]. The criteria must
align with the overall aircraft design requirements, as their
fulfillment is a prerequisite for ensuring the airworthi-
ness of the system. After the criteria have been obtained,
their relative importance with respect to the operating time
domains is determined by means of pairwise comparison.
Each EESSs is then rated with respect to each criterion and
time domain, resulting in an overall suitability rating for the
energy carrier.

3.1 Aircraft Design Criteria

The design requirements of any product reflect the demands
of the respective stakeholders. When it comes to aircraft,
high performance, stringent safety standards, straightfor-
ward integration and low costs are essential. Furthermore,
the environmental impact of any system should play a con-
siderable role in the design process. As a result, the fol-
lowing criteria are established, which follow the general
guideline, of deriving aircraft respective criteria outlined by
Sadraey and previous studies from Franke et al. and Kazula
et al. [76, 78, 79].

1. Short Term Performance (ST): This criterion includes the
system’s power handling ability. Absorbing and releas-
ing large portions of electrical power is a key aspect
here. This goes along with a short discharge time and
low energy loss during a cycle. An excellent dynamic

Define criteria Gather and Determine Compare Perform system
according to assess overall rating ratings and sizing and
requirements -> attributes of > results =» | select most -> evaluate fuel
and determine EESS according to suitable option saving potential
relative corresponding operating time

importance to criteria

Fig. 3 Evaluation process for rating the suitability of implementing different energy carriers as for supplying energy to subsystems, adopted from

Kazula [77]
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adaption to system fluctuations, including a quick buffer
functionality increases this rating.

2. Long Term Performance (LT): The main focus of this cri-
terion is the time independent provision of large quanti-
ties of energy to the power consumer. This includes the
ability of storing energy over a long time period without
substantial losses.

3. Ease of Integration (I): The implementation of EESSs
in aircrafts is important for a seamless aircraft operation.
Therefore, the installation space, the effort of installa-
tion and the possible interaction with other parts of the
aircraft are covered by this criterion and a low weight.
An easy and flexible mounting, with low infrastructure
requirements will have a positive effect on this rating.

4. Safety (S): One of the most important aspects in aviation
is the safe and reliable operation of an aircraft. This cri-
terion considers the liability of the system against failure
and the corresponding probability and severity. Also, the
system’s vulnerability to external influences is implied
here.

5. Cost (C): The cost criterion consists of the develop-
ment, production and the maintenance costs. The rat-
ing is affected by the maturity of the technology and the
estimated development costs. A low manufacturing and
operational costs, a good maintainability, robustness,
long term stability, durability and low corrosion will
increase the rating. Likewise, the degradation, shelf life,
and cycling behavior are considered here.

6. Sustainability (U): The main objective of implementing
EESSs in aircrafts is to reduce greenhouse gas emis-
sions, with the goal to reduce the aircraft’s environmen-
tal impact. Consequently, the potential impact of the
EESS on the environment in terms of lifetime, materials
used, and recyclability are included here.

3.1.1 Criteria Weighting
The relative importance of each criterion is determined by

means of pairwise comparison [80]. The importance of each
criterion in a given row is compared sequentially with the

criteria in each column. The relative importance is defined
as 0 for less important, 1 for equally important, and 2 for
more important. A finer resolution of these values can be
introduced in later stages of the development process, once
the system’s boundary conditions are characterized [73].
Subsequently, the total number of points p; 4 for each cri-
terion is computed and divided by total amount of possible
points 7" resulting in the relative weighting w; 4 of the cor-
responding criterion as shown in Eq. 1. The subscript ¢ cor-
responds to the criterion while d is associated to the time
domain.

szyd
T

()

Wi,d =

Table 2 presents the results of the relative criteria rating.
They were obtained through the individual weighting of
the criteria by several engineers familiar with the field. The
color coding serves to emphasize the relative importance
assigned to each criterion with respect to the various time
domains. Green denotes the weighting for short-duration
operations, blue for medium-duration operations, and red
for long-duration operations. Based on the weight analysis,
short- and long-term performance emerged to be the most
influential criteria, depending on the operating time. At the
same time, it revealed that system safety is a dominating
factor in the overall assessment as well.

3.1.2 Relative Rating

In order to quantify the overall fulfilment of the EESS’s
properties corresponding to the evaluation criteria, a numer-
ical measure [; ; is introduced. While j corresponds to the
rated EESS, the subscript ¢ again corresponds to the crite-
rion. This measure ranges from very bad (0) to very good (4)
and describes how well the properties of an individual EESS
fulfils each criterion. As a preliminary suitability estimation
is performed in this study, this rating scale is defined in a
relatively coarse manner [80]. To enhance the comprehen-
sibility of the evaluation process, symbols are employed to

Table 2 Relative criteria importance weighting according to the defined time domains using pairwise comparison

Shor Term  Long Term Ease of

Criteria  Performanc Performan  Integratio Safety (S) Cost (C) s:;lstt;l 1(1;;1) Rel. weighting w; 4
e (ST) ce (LT) n (D)
ST - - - 2l 11 0 o 0 Wl 1 0 2 2 0 2 2 1 030 027 0.03
LT 0 1 2 - - - 0 2 2 0 1 1 0O 2 2 1 2 2 0.0 027 030
I o 0 2 2 0 o0 - 0 1 2 0.17 0,10 0.17
S 1 1 2 1 1 2 - 2 2 0.30 0.27 0.30
C o 0 2 2 0 O 1 0 - 1 0.13 0.06 0.13
U 0O 0 |1 1 0 0 0 0 1 - 0.07 0.03 0.07

Color coding: green=short-duration (t<1 min); blue=medium-duration (1 min<t<15 min); red=long-duration (15 min<t) Values: row crite-
rion is more important than column criterion=2, equally important=1, less important=0
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Table 3 Numerical and symbolic measures representing the fulfilment
of a criterion

Table 4 Assumed flight data for a short-range narrow body aircraft
with cruise altitude of 10 km; approximation based on [64, 82, 83]

Fulfilment Value (I;,5)

very good 4 ++
good 3 +
average
bad
very bad

Symbol

S~ D
I 1 o
|

90
80
70
60
50
40
30
20
10
o L1
500

Percentage Share [%]

800 1000
Flight Distance [km]

2000

O0CO2 Emission Share O Share of Flights

Fig. 4 Share of aviation related emissions and share of flights with
respect to flight distance in 2019 [2]

represent the numerical measures. The two different vari-
ants are outlined in Table 3.

After assessing the fulfilment of the EESS’s attributes
with respect to each criterion, the overall suitability rating
is performed by means of Eq. 2. Therefore, the numerical
measure [; ; is multiplied by the relative weighting w; ¢ and
scaled to a range of 0 to 1 by dividing it by l,,,4,, the maxi-
mum possible fulfilment (=4). The relative rating r; 4 for
each EESS and time domain is then determined by comput-
ing the sum of all relative criterion ratings for each energy
carrier for the given time domains [80].

max

k
li
Tj,d = Zwiyd . 17’3 (2)
i=1

4 Reference Data

The share of flights according to flight distance is presented
in Fig. 4, alongside the corresponding share of emissions. It
indicates that the majority of flights worldwide are regional
or short-haul, including distanced of up to 2000 km, and
accounting for around 43% of the industries CO, emissions.
Consequently, it seems particularly promising to address
this segment of the industry for energy storage applications.
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Flight Phase ROC/ROD  Velocity Distance Time
[m/s] [m/s] [km] [min]
Climb 10 150 150 17
Cruise - 224 1100 82
Descent 6 150 250 28

ROC = rate of climb, ROD = rate of descent

Hence, the Airbus A320 is used as reference aircraft as it is
utilized for the corresponding mission distances similar to
those in the graph [81].

Table 3 Numerical and symbolic measures representing
the fulfilment of a criterion.

In order to obtain the energy consumed by an AES, its
operating time has to be estimated. With regard to short-
duration applications, the operating time does not depend
on the flight length, but is determined by the time required
for operation e.g. actuation. The landing gear for example is
retracted/ extracted within a few seconds during takeoff and
landing [64]. Energy requirements for medium- and long-
duration operations, with the exception of electric taxiing,
are typically determined with respect to the aircraft’s mis-
sion profile. Consequently, a simplified and approximated
sample mission profile for a range of 1500 km is provided
to aid in estimating energy requirements. For simplicity, it is
assumed that the rate of climb (ROC), rate of descent (ROD)
and aircraft velocity are constant during each flight phase.
The data has been approximated based on the mission pro-
file provided by Karadotcheva et al. [82]. Table 4 illustrates
these assumptions along with the resulting operating times
and flight distances for each flight segment. The results are
of a similar magnitude to those assumed by Chakraborty et
al. [64].

The fuel penalty associated with carrying additional
mass, such as that of an EESS, is derived from data provided
in the Airbus Operating Manual [84]. This manual speci-
fies the fuel penalty that applies when the maximum takeoff
weight (MTOW) is exceeded. In the described scenario, the
MTOW (around 77 t in case of the Airbus A320 aircraft)
was exceeded by 1%. According to this data, the aircraft
consumes approximately 82 kg of additional fuel per 1 ton
of extra weight over a distance of 1000 nm. Thus, for the
defined mission range of 1500 km (= 810 nm), the corre-
sponding fuel penalty factor is Fj., = 0.06642 kilogram
extra fuel per kilogram of additional weight carried by the
aircraft. In the following, it is assumed that the fuel pen-
alty relationship is linear up to a MTOW exceedance of 2%.
Since the fuel penalty parameter is provided by the aircraft
manufacturer without an explicit upper bound, the assump-
tion should be validated in future studies using a more
refined aircraft model. While exceeding MTOW is typically
not permitted without certification changes, future aircraft
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designs may incorporate EESSs as part of the baseline
mass budget. In such cases, the system’s weight would be
accounted for during the design phase, potentially enabling
a net fuel saving without violating operational limits. The
results of this work provide a first benchmark to quantify the
potential benefits of integrating EESS into MEA.

The system mass of the EESS under investigation is
determined by means of Egs. (3-6). First, the required
energy I.., is calculated as the product of the required
subsystem power P4rg and its operating time ¢, (Eq. 3).
Two constraints must be evaluated in order to ensure that
the system can supply both sufficient energy and sufficient
power. Firstly, the power-dependent mass mp is obtained
by dividing the required power P4 g by the specific power
of the energy carrier PGgpss (Eq. 4). Secondly, the energy
dependent mass mpg is computed by dividing the required
energy E,.q by the specific energy EGgrss (Eq. 5). The
overall system mass My is then defined as the greater of
the two values, ensuring that both requirements are met
(Eq. 6).

To assess the additional fuel consumption caused by car-
rying the EESS’s mass, Eqs. (7-10) are applied. The saved
fuel mass m s, which represents the amount of jet fuel that
would otherwise be required to supply Ei.q, is calculated
by dividing E,., by the specific energy of jet fuel EG
(Eq. 7). The available SE of jet fuel can be approximated
as 5.7 kWh/kg, assuming 50% combustion efficiency and
95% generator efficiency [4, 61, 85]. The fuel penalty due to
additional weight is then obtained by multiplying the differ-
ence of the system mass and fuel mass (msyS —my) with
the fuel penalty factor Fj., (Eq. 8). The saved fuel mass
mys is determined as the difference between the fuel mass
and the fuel penalty mass. The net fuel effect is classified
as a fuel saving if my,; > 0, and a fuel penalty if ms, <0
(Eq. 9.1 and 9.2). The fuel saving potential .S can be esti-
mated by determining the percentage ratio of fuel saving
m s and fuel mass my (Eq. 10).

Ereq - PAES . top (3)
Pygs
— _ABS 4
e PGEggss @
Ere
mpg = _ —Treq (5)
EGEEss
Msys = Max (Mg, mp) (6)
Ereq
Mpen = (Msys —My) + Fpen (3)

My = Mf = Mpen ©9.1)
_ J saving,ms; >0

fmygs) = { penalty, myss < 0 ©:2)

s =" 100% (10)

mg

It is important to note that this analysis of fuel penalties is
based on theoretical assumptions and a simplified mission
profile. To validate the results and enhance the accuracy of
the data, a comprehensive mission profile must be devel-
oped. This profile should include detailed flight phases, such
as taxiing, take-off and climbing, as well as evaluations of
altitude, speed and weight, and environmental conditions.
At a later stage, this data can be benchmarked against the
results of experimental tests on a demonstrator.

Furthermore, the fuel savings quantified in this study rep-
resent only the direct reduction in fuel consumption over
the specified mission range. A comprehensive assessment
of the environmental benefits associated with EESS imple-
mentation requires consideration of the entire lifecycle of
the energy carriers involved. This includes comparing the
emissions generated during the production of batteries and
jet fuel, as well as evaluating the carbon intensity of the
electricity used to charge the EESS. Consequently, a life-
cycle assessment is necessary to determine the overall envi-
ronmental impact and potential emissions reduction of the
proposed electrification concept.

5 Results and Discussion
5.1 Suitability Assessment

The properties of the EESSs discussed in Sect. 2.1 of this
study are now used to assess their overall suitably in terms
of their implementation in MEA. Table 5 summarizes the
results of the relative EESSs rating with respect to the
defined time domains. To derive the numeric grading the
fulfilment for each energy carrier with respect to each cri-
terion is evaluated. Therefore, the properties that define the
EESSs with respect to each criterion are listed in tabular
form. Finally, the relative rating is obtained using Eq. 2,
while again color coding represents the time domains.

The results of the numeric grading are visualized in
Fig. 5 by means of radar charts. This provides a first impres-
sion of the EESS’s associated suitability performance. A
comparison of the charts reveals the respective strengths
and weaknesses of the energy carriers. While batteries and
flywheels exhibit several limitations, supercapacitors per-
form better with respect to most criteria. However, BSs
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Table 5 Relative Rating of the energy carriers according to the aircraft design criteria with respect to the time domains

Criteria Battery (BS) Flywheel (FS) Supercapacitor (SCS)

Short Term moderate SP,  moderate high SP, fast rection time very high SP, very fast
Performance reaction time reaction time
w1,4(0.30,0.27,0.03) o + ++

Long Term high SE, excellent long-term moderate SE, high self- very low SE, self-discharge
Performance storage, low self-discharge discharge

W2,4(0.03,0.27, 0.30)

Ease of Integration
w3,4(0.17,0.10, 0.17)

Safety
wy4,4(0.30, 0.27, 0.30)

Cost
ws4(0.13, 0.06, 0.13)

++
modular configuration,

thermal and energy
management required

o
risk of fire due to thermal
runaway, sensitive to external
influences, emergency energy
storage

(4]

available, high TRL, mass
production, exchange every

compensation of rotor inertia
required, bulky design, safety
and control equipment
required

severe safety hazard due to

material rupture, high
resilience against external
influences, fast response
power supply

0

high manufacturing cost, low
maintenance cost, easy part

modular configuration,
implementation of energy
management required

(o]

no risk of thermal runaway,
fast response power supply

+
vastly available, high TRL,
mass production, exchange

few months, exchange of exchange, rare system  after years, exchange of whole
whole module possible replacement module possible
+ + +
Sustainability relatively  short  lifetime, almost infinite lifetime with long lifetime, almost no
We,q(0.07,0.03,0.07) resource extraction harmful, maintenance, no hazardous hazardous materials
recycling difficult materials, good recyclability
- + +
Relative rating 7; 4 0.53 0.65 0.67 0.58 0.51 0.44 0.77 0.67 0.57
Batteries Flywheels Supercapacitors
Short Term
Performance (ST) ST ST
4 4
3 3
Sustainability (U) 2 _LongTerm U 2 LT u 2
Performance (LT) i
1 1
Cost (C) Ease of C | C
Integration (I)
S
Safety (S) s

LT

Fig. 5 Radar chart visualizing the resulting numerical measure for each energy storage system with respect to the different criteria, to highlight

strengths and weaknesses

excel significantly at storing energy. Conversely, SCSs out-

perform all other systems at delivering power.

For further assessing the performance of the EESSs, util-
ity charts are utilized, where each EESS is represented by a
bar chart as depicted in Fig. 6. The height of the bars rep-
resents the numerical measure /; ; and indicates how well
the EESS’s properties fulfil the respective criteria. The rela-
tive importance (weighting) w; 4 assigned to the criterion

@ Springer

depending on the time domain determines the bar width.

The covered area of each plot reflects the percentage by

which the energy carrier meets all criteria, which is equal to
their relative rating r; 4. According to the results, batteries
outperform all other systems in terms of long-duration oper-
ations, while the same holds true for supercapacitors in the
realm of short-duration applications. In the medium-dura-
tion domain, both SCSs and BSs perform similarly well.
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Short-duration

Medium-duration Long-duration

4 4 4
3 3 31
Batteries 2 2 24
1 1 1
0 0
ST LT I S CUu ST LT | S CU ST LT S cCcu
4 4 4
3 3 31
Flywheels 2 2 2
1 1 1
0 0
ST LT I S CUu ST LT | S CU ST LT S cCcu
4 4 4
3 3 3
Supercapacitors 2 2 — 2
1 | 1 1
ol——"— : —J 0l — — L o : : —L
ST LT I S CUu ST LT | S CU ST LT | S cCcu

Fig. 6 Utility plots illustrating the results of the relative weighting of the three EESSs by considering the relative importance according to the

different time domains

Flywheels on the other hand show limited performance and
lag behind the other systems. Thus, in the following system
sizing FSs are omitted from consideration.

5.2 System Sizing

In the following, the feasibility of implementing BSs and
SCSs for operating AESs in MEA is determined by comput-
ing the fuel penalty. If the fuel penalty is greater than the
amount of fuel saved by the energy carrier, the integration is
considered to be unreasonable. Therefore, three representa-
tive use cases are established, one for each time domain.
The data corresponding to the use cases is derived from the
literature. The cases are selected based either on data avail-
ability or on the consistency of the results reported across
multiple references. Another reason for selecting these cases
is that all of them operate during flight phases when the air-
craft’s electric generator is running at or near its maximum
capacity, i.e. during take-off and landing. Thus, the thrust
reverse actuation system (TRAS) based on the data from
Johnson [60] is selected for short-duration operations. For
medium-duration applications, the IPS with focus on the
aircraft wings (WIPS) is selected based on data from Voth et

Table 6 Assumed data for energy carriers, fuel, fuel penalty and time
in icing envelope

Parameter Battery  Supercapacitor Jet  Units / notes
fuel

Specific energy 0.4 0.01 5.7 kWh/kg

Specific power 0.5 10 - kW/kg

Penalty factor - - —  0.06642 kg
fuel/kg extra
weight"

Time icing period  — — - 12min™

*fuel penalty factor for 1500 km mission range based on [84]

*icing envelope defined by EASA CS-25 [60] and time computed for
climb using ROC from Table 4

al. [72]. Lastly, the ECS is chosen for sizing the energy car-
rier for long-duration operating systems also by data from
Voth et al. [72]. For simplicity reasons, the power demand
associated to the selected AESs is assumed to be constant
over the operating time.

The fuel saving potential is determined based on Egs. (3)
to (10), in the following. The required data for computation
is given in Table 6. For both the BSs and SCSs the upper
limit in terms of their specific energy and specific power is
taken from Table 1. It should be noted that SE and SP are
assumed at the pack level, while cycle efficiency losses are
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neglected. Consequently, the considered values represent
optimistic assumptions for future pack-level performance
and are primarily guided by current cell-level characteris-
tics. Achieving such performance at the pack level would
require significant technological advancements, including
higher cell-level energy densities, highly efficient and light-
weight thermal management systems, and advanced con-
tainment solutions for the EESS.

The results of the system sizing for the defined mission
range of 1500 km are summarized in Table 7. When the
EESS is sized based on peak power demand, the resulting
energy capacity exceeds the subsystem’s nominal energy
requirement. The fuel savings reported in such cases assume
that this surplus electrical energy is effectively utilized by
other aircraft electrical loads. This implies a holistic energy
management strategy consistent with the vision of a more
electric aircraft. As the ratings in the medium-duration
time domain are comparable for both BSs and SCSs, siz-
ing was performed for both system types. For high-power
TRAS operation, only the SCS is considered, whereas for
high-energy ECS operation, only a BS is sized. For each of
the presented cases, the available energy E,, and available
power P,, are derived from the resulting system mass.

For the TRAS case, the mass of the SCS is determined
by the specific power. Consequently, the available power
matches the required power, while the available energy
exceeds the demand. A comparison of the fuel penalty with
the saved fuel mass shows that the former is greater than the
latter. Thus, the additional fuel burned due to the increased
system mass outweighs the fuel savings enabled by the
EESS. Sizing an SCS in the WIPS case, the system mass is
governed by the specific energy. However, the resulting fuel
penalty still exceeds the saving by far. In the case of sizing
the BS for the WIPS, the energy carrier mass is determined
by the SP. This configuration performs much better than the
SCS and the associated saving exceeds the penalty, resulting

in a net fuel saving. Finally, in the case of a BS sizing for
the ECS, the EESS mass is governed by the SE. In this sce-
nario, the resulting the achievable saving is larger than fuel
penalty as well. In this scenario, the resulting EESS mass
is approximately 1.3% of the MTOW of the considered air-
craft. This suggests that the EESS mass could be increased
to support operation of the environmental control system for
a 2000 km mission while remaining within the 2% mass
margin.

The results reveal that the fuel penalty is primarily gov-
erned by the system’s energy density, whereas dimension-
ing based solely on power density is of limited relevance.
Although the required power must still be met, the overall
fuel reduction ultimately depends on the energy density of
the EESS. In the cases where the system is sized based on
power demand, surplus energy capacity can always be used
to power additional AESs. Consequently, the energy carrier
must exhibit a sufficiently high SE to ensure that the addi-
tional fuel consumed due to its mass remains lower than the
fuel savings it enables.

The fuel-saving potential, which indicates the potential
fuel reduction for operating an AES with EESSs, as a func-
tion of the energy carriers’ SE is illustrated in Fig. 7 for
various mission profiles ranging from 500 to 2000 km. The
trend follows Eq. 10. For the additional mission profiles
considered, the cruise segment of the 1500 km reference
profile was adjusted accordingly. Negative values of the
ratio indicate that more fuel is burned than saved, whereas
positive values denote a net fuel-saving potential. The hor-
izontal line at zero on the y-axis represents the transition
from a net fuel penalty to a potential net fuel saving.

An examination of the trends reveals that a pack level
SE of approximately 0.13 kWh/kg is required to reach
the break-even point for a 500 km mission profile. For a
2000 km scenario, however, a significantly higher pack
level SE of approximately 0.47 kWh/kg is necessary. In

Table 7 Energy storage system sizing for thrust reverse actuation (short-duration), wing ice protection (medium-duration) and environmental con-
trol system (long-duration); power requirement and operating time based on data from [60, 72] or was derived from the mission profile in Table 4

Parameter Symbol  Unit Thrust Reverser Actuation ~ Wing Ice Protection =~ Wing Ice Protection ~ Environmental Control
(Supercap.) (Supercap.) (Battery) (Battery)
Operation time top min 0.05 11.7 11.7 126.3
Operating power  Pags kW 27 25 25 200
Req. energy Ereq kWh  0.02 4.86 4.86 421
Mass (power) mp kg 2.7 2.5 50 400
Mass (energy) E kg 23 486.1 12.2 1052.4
System mass Msys kg 2.7 486.1 50 1052.4
Av. Energy” Eqv kWh  0.03 4.86 20 421
Av. Power” Py kW 27 4861.11 25 526.21
Fuel mass mpy kg 0.005 0.85 3.51 73.85
Fuel penalty Mpen kg 0.18 32.23 3.09 64.99
Add. fuel burn My kg -0.17 -31.38 0.42 8.86

*The available power and energy are determined depending on whether the mass was power- or energy-depending (see Eq. (6))
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Fig. 7 Fuel saving potential as a function of the specific energy for
several mission profiles

case of the 1500 km mission profile, assuming an SE of 0.5
kWh/kg for an EESS results in an estimated fuel saving,
for operating an AES compared to a conventional sce-
nario, of approximately 30% due to the integration of the
EESS. Furthermore, if an SE of around 1.0 kWh/kg can be
achieved, an AES fuel-saving potential of up to approxi-
mately 70% becomes feasible for this mission range. Gravi-
metric energy densities of around 400 Wh/kg are expected
for 2030, which is in line with the maximum assumptions
made in this study [86]. Nevertheless, recent research has
demonstrated a higher specific energy of up to 500 Wh/kg
for a lithium iron phosphate cell, although this performance
is currently limited by a low cycle life [87]. For the more
distant future, Tiede et al. project cell level energy densities
of approximately 650 Wh/kg for post-lithium-ion batteries
by 2040, increasing to around 750 Wh/kg by 2050 [88]. The
increasing demand for energy storage systems due to vari-
ous applications, such as grid stabilization, electric vehicles,
consumer electronics, and electrified aviation, has led to the
development of novel technologies with a major focus on
enhancing cell energy density and novel cell chemistries.
Consequently, constantly increasing energy densities have
been recorded in recent years and decades [86, 89-91].

5.3 Discussion of the Results

The results suggest that BSs are better suited to MEA
architectures then other EESSs. This is due to the antici-
pated improvements in their SE. In contrast, SCSs are sig-
nificantly limited by this parameter and are not expected to
achieve such high SE levels. Consequently, further techno-
logical advancements are required before the large-scale
integration of BSs becomes viable. When BSs are deployed
in high-power, high-energy applications such as the ECS,
only a marginal increase in system mass is required to
enable additional functionalities, such as short-duration
actuation or the operation of the WIPS. Accordingly, the

integration of BSs emerges as the most viable option for air-
craft applications. Nevertheless, the fast response time and
high-power capability of SCSs may still be advantageous
when integrated into a hybrid system, particularly for cov-
ering transient power peaks and mitigating BS degradation
under high electrical loads.

For comparison, Lukic et al. [16] investigated the com-
bined use of BSs and SCSs to meet aircraft taxiing energy
demands. Their study highlighted the promising potential
of this hybrid configuration, which seems particularly well
suited for medium-duration operations. Similar advantages
were reported by Gladin et al. [17]. Dever et al. [50] pre-
dicted that future materials will increase the specific energy
of FSs, eventually exceeding that of BSs. However, such
improvements currently remain theoretical nature due to
rotor material scaling limitations. Consequently, the most
practical approach at present appears to be focusing on BSs
for aircraft applications, potentially supported by SCSs.

Nonetheless, mass overhead must be carefully consid-
ered during the design process. The stated SE and SP values
for batteries and supercapacitors refer to cell level. When
designing EESSs, an additional mass overhead of at least
25% must be accounted for [11, 88]. Moreover, as discussed
above, further technological advancements are required for
batteries to achieve the targeted pack-level SE to benefit the
discussed 1500 km mission range flight scenario.

The achievable aircraft mission range is simultane-
ously constrained by the previously defined mission profile
associated with the fuel penalty. However, improvements
in engine performance and the introduction of novel AES
technology could increase efficiency and reduce weight,
thereby reducing the fuel penalty. At a more advanced stage
of development, EESSs may also be considered for supply-
ing propulsion energy, thereby increasing system flexibility
and adaptability to future technological progression.

This study quantifies the fuel penalty associated with car-
rying mass in excess of the MTOW. Nevertheless, reduc-
tions in overall aircraft mass resulting from the integration
of modern electric subsystems may partially offset this
effect. It should also be noted that exceeding the MTOW
is usually not acceptable and might be only feasible only
within a narrowly constrained margin. Beyond this thresh-
old, structural modifications are required to maintain com-
pliance with safety and airworthiness requirements and to
ensure reliable aircraft operation. If the mass of the EESS
is instead included within the MTOW, the payload capabil-
ity is reduced. The resulting economic implications would
therefore need to be evaluated separately.
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6 Conclusion and Outlook

This study aims to evaluate the suitability of electric energy
storage systems (EESSs), including battery (BSs), flywheel
(FSs) and supercapacitor systems (SCSs), for supplying
energy to aircraft electrical subsystems (AESs) in more elec-
tric aircraft (MEA). First, the state of the art (SoA) properties
of the EESSs is presented. This is followed by a descrip-
tion of the AESs and their corresponding requirements. To
enable comparability, the AESs are categorized according
to their operating time. Subsequently, a set of criteria is
derived corresponding to aircraft design requirements. The
relative importance of each criterion is determined using
pairwise comparison. The suitability of the EESS for sup-
plying energy to the various subsystems is then assessed by
benchmarking its properties against aircraft design criteria.
It is assumed that the mass of the energy carrier is added
to the maximum take-off weight (MTOW), resulting in a
fuel penalty. To explore the fuel penalty, a simplified mis-
sion profile is established, and the associated SoA data for
the energy carriers, as well as the corresponding power and
operating time requirements for the AESs are derived from
literature to compute the EESSs mass.

The results suggest that supercapacitors are best suited
to short-duration operations and batteries to long-duration
applications. Both exhibit similar ratings for medium-dura-
tion operations. Despite being recognized for their balance
of specific energy (SE) and specific power, FSs are subject
to several limitations, including safety concerns and con-
straints related to scaling and installation. Hence, they are
excluded from further consideration in this study.

Finally, the fuel penalty is assessed, by performing a sys-
tem sizing according to the performance parameters of BSs
and SCSs. Evaluating the results underscores the dominat-
ing role of the SE during the design process. Plotting the
net fuel penalty as a function of the SE corresponding to
the energy carrier reveals that a minimum of around 0.13
kWh/kg pack-level energy density is required for a 500 km
mission range to reach break-even and thus fuel saving.
For an aircraft covering a mission range of 2000 km, this
value increases to approximately 0.47 kWh/kg. For a mis-
sion range of 1500 km, the implementation of an EESS
with a system-level specific energy of 0.5 kWh/kg yields
a potential fuel saving of approximately 30% relative to
conventional fossil-fuel-based operation of the aircraft sub-
system. When the system-level specific energy is increased
to 1.0 kWh/kg, the potential AES related fuel saving rises
to approximately 70%. As BSs are expected to experience
significant advancements in terms of their SE, implement-
ing SCSs for reducing fuel burn appears limited. However,
a hybrid system implementing both batteries and superca-
pacitors may be reasonable for mitigating battery cell aging
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and covering peak power demands. Nevertheless, as stated
earlier, the results are of preliminary nature and are partly
based on a qualitative evaluation of the EESSs properties.
The fuel saving estimations pointed out that BSs are the
most probable system to achieve the required pack level
SE. To conclusively answer the question of suitability, case
studies and experiments must be executed to validate the
before made assumptions.

The main limitations with regard to the widespread
implementation of the discussed EESS in electrified aircraft
are the prerequisite advancements in terms of their available
specific energy and the associated mass overhead arising
from safety systems such as the thermal management. The
proposed mission ranges would also limit the flexibility of
the aircraft. However, advancements in aircraft subsystems
and propulsion systems may further reduce the fuel penalty.

As the fuel saving is highly sensitive to the weight of
the EESS, the mass overhead must be addressed in detail in
future studies. Therefore, the battery management system,
the thermal management system and safety features such
as module packaging or venting path architectures must be
thoroughly assessed to ensure compliance with airworthi-
ness requirements while at the same time maintaining high
system performance. In addition, this study solely consid-
ered the mass saved due to substituting jet fuel with EESSs.
Therefore, the weight reduction associated to replacing con-
ventional systems with AESs may be determined and taken
into account when computing the fuel penalty. Assessing the
economic impact of including the energy carrier mass in the
MTOW and thereby reducing the payload fraction will also
provide insight into the feasibility of integrating the EESS
in an aircraft. Furthermore, an identification of aircraft
topology requirements such as voltage and current levels as
well as the required power electronics to handle the energy
provided by the EESSs must be determined.

The reported fuel savings are based on the assumption
that the EESS mass is added beyond MTOW, which is not
operationally viable. In practice, the mass would reduce
payload or require a larger airframe, affecting econom-
ics. The results indicate strong potential, but real-world
implementation will depend on balancing this trade-off. In
addition, a lifecycle assessment is required to quantify the
carbon intensity of the EESS and to further strengthen the
findings of this suitability study. Nevertheless, the results
of this study highlight the promising potential of EESS in
reducing the emissions of future more electric aircraft by
replacing the energy currently provided by fossil fuels.
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