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Abstract

The decades-old idea of electric-powered commercial flight has re-emerged alongside high expectations for greener CO,
emission-free air transportation. But to what extent can electric aircraft reduce the energy and environmental footprint of
aviation? What should such aircraft look like, and how does their operation compare to conventional jet aircraft? What
technologies are needed and which of them are already in place? This paper goes back to the basics of flight physics and
critically analyzes some of the unresolved challenges that lay ahead. Current commercial operations are examined and the
short-term effects of any electrification of short-range flights are quantified. Fundamental system components and basic
design and operating concepts are analysed to highlight unavoidable constraints that often seem to be misunderstood or
overlooked. These limitations are illustrated with a conceptual study of a full-electric FAR/CS-23 commuter aircraft and
realistic estimations of its performance. It becomes clear that electric propulsion alone will not fully meet society’s expecta-
tions, even if key enabling technologies continue to develop as forecast. Nevertheless, this paper suggests that electrification
may instead become one piece of a propulsion-technology mix that would more effectively address our short- and long-term
emission goals.

Keywords Electric aircraft - Operational analysis - Electric propulsion - Low emissions - Zero-emission flight - Future air
transportation - Battery technology

1 Introduction

Civil air transportation stands at a crossroads between rising
global air traffic, overcompensating fuel efficiency improve-
ments, and the rising social and politic will to reduce green-
house gas emissions to limit global warming. According to
the European Environment Agency, aviation was responsible
for less than 3% and less than 7% of the global man-made
CO, and NO, emissions, respectively, in European coun-
tries during 2018 [12]. While these contributions may not
be as large as the automotive or electric power generation
sectors, there is still uncertainty surrounding its current
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and future environmental impact and aviation remains at
the centre of political and social discussions in Europe and
worldwide. The sector has already started to react to this
challenge, which not only threatens its economic feasibility
but also damages its reputation as a high-technology driver
and reduces its appeal for future generations of users and
professionals.

There are numerous political commitments to reduce
future greenhouse gas emissions via national, regional, and
worldwide alliances such as Sweden’s climate goals [34],
Europe’s Flightpath 2050 [7], and the UN’s sustainability
goals [43].

Along with the ongoing process of electrification in the
automotive sector, electric propulsion is often presented to
the public as a key enabler for urban air mobility (UAM)
and a potential solution to the growing demand for greener
air transportation [29, 35, 42, 45]. The increasing use of
electricity, in one way or another, is nothing radically
new in commercial aviation; interest in more electric air-
craft (MEA) has been strong during the last 2 decades and
results can be already seen at system and subsystem levels
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in modern airliners, such as the bleed-less system design of
the Boeing B-787 and the partly electric-driven actuation
systems on the Airbus A380 and A350. However, the new
wave of enthusiasm for electrification is mainly based on
the idea of replacing conventional propulsion systems with
fully or partially (hybrid) electric ones. Indeed, new devel-
opments are beginning to show levels of gravimetric power
and energy densities that enable propelling air systems. The
use of electrical machines for propulsion reduces mechanical
complexity and enables new technologies such as distributed
electric propulsion (DEP) [4] and electric propelled vertical
take-off/landing (eVTOL) [29, 42]. Furthermore, combining
this with electric energy storage (full-electric propulsion)
and renewable electricity production could offer emission-
free operations at a relatively low energy cost.

Beyond disrupting the commercial aviation sector, it is
speculated that these new technologies may create or re-
open currently unprofitable markets by introducing new
concepts of air transportation such as the so-called UAM
segment [16, 42]. A significant proportion of the public,
the media, and even political actors place high expectations
on these technologies, even though fundamental questions
remain open. For instance, UAM, based on eVTOL vehicles
(with installed power between 200 and 400 kW per pas-
senger), is expected to achieve sufficient capacity to solve
large-scale transportation problems in crowded urban areas
while reducing the environmental footprint of commuters.
While the technical development of this technology is being
followed with great interest and huge economic investments,
concerns about the feasible (or admissible) size of such a
market—taking into account the global environmental and
socio-economic impact of a mass use of resource-intensive
eVTOL vehicles, besides technical barriers—arise [16, 39].

Similarly, many recent publications address particular
aspects of electric-propulsion technology and electric air-
craft design; however, few of these present a comprehensible
overview of the potential impact and underlying challenges
of using this technology as one of the main pillars of com-
mercial aviation’s short-/medium-term strategy for reduc-
ing its environmental footprint. Hepperle [20] is perhaps
one of the most complete reviews covering the wide range
of technical aspects that enable electric-powered flight. In
addition to synthesising the main technical difficulties and
the status of technologies as of 2012, that publication also
includes a study of a hypothetical, 32-passenger, electric-
powered derivative of a regional aircraft and compares its
performance to the conventional baseline. The article pre-
sented here follows a similar approach and goes back to the
basic principles of design and operation to highlight both the
constraints and the possibilities of full-electric propulsion
for commercial aviation. In contrast with other publications,
this paper also contextualises the impact of electrification
by presenting an analysis of the air transportation market
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and combining it with a design exercise of a more-feasible,
19-passenger, FAR/CS-23 compatible commuter aircraft
with current technologies. While hybrid-electric systems—
especially those interoperating hydrogen fuel and electricity
generating fuel cells—may offer a balanced and advanta-
geous solution for some of the applications discussed here,
their variety and complexity make it difficult to compare
different scenarios and they are, therefore, not included in
this investigation.

2 Arecent picture of civil air transportation

It is sometimes claimed by stakeholders and the media that
the upcoming generation of electric-powered aircraft will
bring a significant benefit to the energy and environmental
footprint of civil air transportation. However, first of all,
what does civil air transportation look like today? How sig-
nificant could electrification be? Previous comprehensive
studies of commercial operations records, such as Lee et al.
[28], have revealed historical trends and projections that are
still relevant. However, this study will present an updated
overview of the air transportation market based on recent
data, focusing on transport volumes and energy-intensity
figures.

2.1 Transport volume and flight distance

There is no universal indicator of air transport activity. Two
of the most descriptive figures are usually the number of
operations (departures) and productivity, where the latter
can be expressed in revenue-passenger-kilometres (RPK)
or, including all kinds of payload, in revenue-payload-
kilometres [kg—km]. From a logistics point of view, focus-
ing excessively on the number of flights can be deceptive
as some segments appear to be more significant than they
actually are. Figure 1 shows the number of flights accord-
ing to their stage length (great-circle distance) and aircraft
class for all reporting U.S. air carriers and operations to,
inside-, and from the U.S. during 2017, as provided by the
U.S. Department of Transportation [44]. The data show that
the twin-jet class dominates the market by number of flights
for stage lengths of 200 km and above. Turboprop opera-
tions lose significance after < 500 km, piston-engine aircraft
after 200 km, and vertical-lift operations are negligible even
for the shortest routes. According to departure numbers, the
very short-range segment may seem to be a fertile ground
for the electric commuter business; however, these data
also reveal a hindrance: it gives an idea of how many flights
cycles air carriers need to survive in the short-range busi-
ness. As will be explained later, the future electric aircraft
will not be economically suitable for fast battery cycling.



The potential of full-electric aircraft for civil transportation: from the Breguet range... 805

x10°

3 T T T T 100
L 190 _
2.5 ©
- [ Piston, 1 engine 180 g
o [ piston, 2 engines 5
8 5l [_piston, 3 to 4 engines (not visible) |70 &
= [ Helicopter/Stol (not visible) =
£ [ Turboprop, 1 to 2 engines 160 @
2,6l [CITurboprop, 4 engines (not visible) | 50 5
° [JJet, 2 engines £
s [ Jet, 3 engines {a0 &
5 [ Jet, 4 to 6 engines (not visible) ©
o 1 130 9
5 2
3 ©
< 120 3
0.5 €
3
110 O
Oo o =) S =) o s 0
o o o o o o
o o o o o o
o~ < (=} [*e} o o
=1 B!
Stage length [km
g X0 ¥ . . 2aE =g ,[ : . . . 50
145 —
g 5
{40 ©
T 6F s
" 135 o
8 / 2
= 5 430 n
t o
© =1
o 4 25 £
&2 a
“
5 20
» 3
2 g
[S 15 ‘E,
> 2 =S
= 10 £
= |
1 5 O

o

100
200
300
400
500
600
700
800
900
1000

Fig. 1 Departures by stage length for passenger and cargo flights to,
inside, and from the U.S. during 2017. The black solid line represents
the cumulative fraction of the total. Raw data from [44]

Coming back to the logistic problem of air transport,
business volume, energy consumption, and emissions are
more closely correlated to the payload exchange than to
the number of flights. Based on the same U.S. air traffic
data from 2017 [44] as before, Fig. 2 shows the amount
of revenue-payload flown (including passengers, cargo, and
mail) along with the distance over which it was transported.
The dominance of the twin-jet class here is absolute, turbo-
props are less significant than suggested by departures, and
both piston and vertical-lift operations are negligible even
for the shortest routes. These data also reveal some interest-
ing details: about 60% of the cumulative revenue payload
was transported over a distance of 2000 km or below, which
scales almost linearly to approximately 30% at 1000 km or
below. About 12% was carried up to 500 km, and this falls to
about 4% for the first 300 km. Hence, despite the large vol-
umes in the short—-medium range, the low end of the short-
range segment is much less significant: we can observe a
large number of departures for a relatively modest volume
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Fig.2 Revenue payload by stage length for passenger and cargo
flights to, inside, and from the U.S. during 2017. The black solid line
represents the cumulative fraction of the total. Raw data from [44]

of revenue payload, which is mostly provided by twin-jet
operations at high-subsonic flight speeds.

2.2 Energy and environmental efficiency

The next question is: How much are we paying to transport
all these payload volumes? How efficient is this? Approach-
ing the logistic problem from an environmental point of view
and disregarding speed, energy efficiency can be understood
as a measure of productivity delivered (revenue-payload-
kilometre) per unit energy consumed or environmental cost.
Hileman et al. [22] name this metric Payload Fuel Energy
Efficiency (PFEE). It is slightly modified here to facilitate
the comparison to usual electric energy figures, by express-
ing the cost in terms of kWh instead of MJ.

The DoT dataset [44] also provides information on
reported fuel consumption during real operations for a
wide range of aircraft types and missions in recent decades.
The samples were considered sufficient to produce a yearly
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Fig. 3 Evolution of the fleet-wide energy efficiency and total revenue
payload-distance during the last 2 decades. Estimated using data from
[44] including passenger and cargo flights to, inside-, and from the
U.S.

fleet-wide average efficiency index, taking into account the
total distribution of passenger and cargo flow, flight hours,
and load factors. Fuel consumption was translated into
energy consumption following the same assumptions as by
Hileman et al. [22], i.e., accounting for the total chemical
energy spent in the mission from block to block and not
considering the energy spent in well-to-tank processes. The
energy losses and the environmental footprint caused by
well-to-tank processes are not negligible, especially when
compared to an electric-propulsion scenario that includes the
electricity-creating process. However, these processes are
difficult to quantify due to large geographical variations and
lack of transparent information. See Edwards et al. [9] for
more information on these processes in a European context.

Figure 3 shows the resulting evolution of the fleet-wide
energy efficiency along with the relative change in total rev-
enue-payload distance achieved during the last 2 decades.
According to these estimations, aviation is not only trans-
porting more than ever before, but also more efficiently. Two
of the factors that may have contributed to this improvement
are the introduction of more fuel-efficient aircraft and the
general increase in load factor for passenger flights. Note
that the latter has a significant effect and that it is independ-
ent of the propulsion technology used. To put this into per-
spective, the average fleet-wide energy efficiency in 2017
was approaching that of a typical utilitarian car (6 /100 km)
with two occupants while being one order of magnitude
faster over large distances. Although transportation speed
is not included in this efficiency metric, it plays an important
role in productivity and should be taken into account when
comparing aviation to other means of transportation.

The available information on reported fuel consumption
for operations during 2017 was also used to develop a model
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Fig.4 Distribution of number of departures, revenue payload, and
estimated energy consumption according to stage length for passen-
ger and cargo flights to, inside, and from the U.S. during 2017. Elabo-
rated with data from [44]

for average energy efficiency for each stage length segment.
This model was then applied to the operations dataset to
obtain an estimate of the total energy consumption for each
segment. The result is plotted in Fig. 4 together with the
distribution of departures and revenue-payload-kilometres
from Figs. 1 to 2. Moreover, energy consumption could also
be associated with emission of pollutants. For instance, Hile-
man et al. [22] consider a proportional CO2 emission cor-
relation of 263 g/kWh, or—with a 19% overhead consider-
ing the entire well-to-wheel cycle—approximately 313 g/
kWh of CO2 emissions per delivered kWh. Nevertheless,
uncertainties related to the proportionality of the emissions
of different pollutants and the added effects of high-altitude
operations make it difficult to establish a straightforward
relationship [3, 6].

In any case, Fig. 4 illustrates that directly associating the
number of flights or payload distance with energy consump-
tion can be misleading. If, in a hypothetical near future, we
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Fig.5 Comparison of a conventional fuelled (left) and a battery-pow-
ered aircraft (right) (axis not to scale!)

were to enforce all commercial flights under 500 km (about
25% of departures and 10% of payload) to be performed
with full-electric aircraft, we would only shift about 5% of
the total energy consumption. It seems plausible to achieve
a similar or greater impact with more straightforward and
immediate measures, such as enforcing the retirement of the
oldest long-range aircraft in existing fleets.

3 Range and payload capacity

Both aircraft types use the concept of stockpiling to achieve
the mission. The kerosene-fuelled aircraft has the advantage
that it: (a) takes the oxidizer oxygen “for free” and “just in
time” from the ambient air and (b) discharges the burned
fuel in the form of emissions directly into the atmosphere.
The electric aircraft, however, has to carry the whole “fuel
and oxidizer” battery weight over the total distance. The
consequences are severe and cannot be only expressed as a
higher maximum take-off weight (MTOW), but influence the
whole performance of the aircraft. Figure 5 shows the large
operational difference between conventional and full-electric
aircraft resulting from the different weight characteristics
due to the constant mission mass of the electric aircraft.

3.1 Basicrange remarks

The cruising range of an aircraft (neglecting climb and
descend) can easily be estimated using the so-called Breguet
range equation, mostly known (for approximately ca. 100
years) in the following notation for jet-engine aircraft:

R=v L/D ln(WTO>. 1)

cruise TSEC : Wﬁnal

Thus, range is a direct result of the aircraft’s aerodynamic
quality (L/D), the overall propulsion system efficiency

(expressed by the term thrust specific fuel consumption
(TSFC)), and the fuel weight fraction (Wrq/Wy,a)- Within
these three classical aircraft design domains, namely aerody-
namic, structure (weight), and propulsion, significant advan-
tages have been achieved in the past which have been partly
sacrificed by a high cruise velocity (v s, often Mach 0.82
for civil transportation jet aircraft) and the extended range
of new aircraft types (thus too large and too much structure).

In the case of a full-electric aircraft with its constant mis-
sion weight (emptied batteries are not thrown overboard and
do not become lighter with their state-of-charge (SOC)), the
Breguet equation becomes

_ Mbatt
R_E'M 'l/g'L/D'”total )
TO

with

— R (cruise) range (m)

— E (useable) battery gravimetric energy density (Ws/kg)
- M,,, battery mass (kg)

— M, total aircraft mass (take-off mass) (kg)

— g Earth surface gravity, usually 9.81 (m/s%)

— L/D aircraft aerodynamic efficiency (glide ratio) (-)

—  #,ora total propulsion system efficiency (-).

Thus, the all-electric aircraft range is a direct consequence
of the mass-effective battery pack energy density [usually
expressed in Wh/kg] and the battery pack weight fraction
(M, /Mpo). While the formula describes a very simple
linear relationship, playing around with the values and
seeing the range consequences directly are an eye-opener;
the reader is encouraged to do so on using the interactive
Breguet range equation online calculator created by Ferrier
[14].

Besides the weight penalty and the lack of operational
flexibility shown in Fig. 5, it can be observed in a classical
constraint- (or sizing-) diagram that some design factors are
hard to meet; for instance: required runway length for take-
off and landing at MTOW, approach speed, increased energy
requirements (due to the constant maximum weight), and
reserves (missed approach, detour to alternate, loiter). See
Fig. 10 in Sect. 6.3 as an example of a constraint diagram
for a full-electric aircraft.

3.2 Fuel to battery comparison

Often, battery- and kerosene-specific energy densities are
compared directly with or without including an estimated
propulsion drivetrain efficiency, see Eq. 3. This, however,
neglects the above-mentioned operation difference; empty
batteries are usually not thrown overboard due to economic,
environmental, and safety issues

@ Springer
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absolute : ppp.e = 250 Whikg

Pegeca = 11,950 Whikg

relative © g Mleee = 250 Whikg - 90% = 225 Whi/kg
PEjetA M = 11,950 Whikg - 30% = 3585 Whikg.

3

Even neglecting the operational disadvantage of battery-
driven aircraft, the relative/absolute specific energy ratios
between electricity and kerosene are

. P
relative: EletA ~ 50
PE batt @)
PEJet A " T
absolute: Bleh e 16.

PEpatt * Melec

The gravimetric energy density of batteries is greatly overes-
timated by many people (ask someone how many Watt hours
one gets out of a Mignon AA battery!'). A Li-ion battery
with typical specific energy of 250 Wh/kg is equal to 90 kJ
nutritional value per 100 gr food, which is the value of a
fresh tomato! The batteries we dream of seeing in the long-
term future may have the energy content of low-fat milk with
1.5% fat (47 kcal/100 gr ~ 550 Wh/kg) [20]. Even compared
with today’s state-of-the-art 70 MPa pressurised hydrogen
tank designs with a tank storage density” of only 5.7 wt%, as
realised in the Toyota Mirai car [41], the hydrogen storage
system-specific energy density outperforms batteries by a
factor of four.

One alternative expression of the energy-to-weight ratio,
mimicking the breaking length used to express the specific
strengths of material, is in terms of its hypothetical self-
lifting capacity. This is the fuel-specific energy expressed as
potential energy applied to its own weight in a fixed gravity
(g) environment, resulting in a virtual height that the fuel
can lift itself

Epot
= hvirtual * 8 = PE fuel
" 5)
h _ pE,fuel
virtual — .
8

The resulting hypothetical self-lifting capacity values
shown in Table 1 are a more descriptive representation of
the specific energy. Here, the factor of approximately 50
between battery- and kerosene-specific energy is clearly vis-
ible, as is the performance gap between kerosene and pres-
surised hydrogen systems (with a factor of 6.2).

! Depending on the recharge rate and the termination voltage, a
standard 1.5 V Alkaline AA battery of 23 grams has an energy con-
tent of approximately 3 Wh (thus a gravimetric energy density of
130 Wh/kg).

2 Hydrogen storage mass per tank weight.

@ Springer

Table 1 The hypothetical self-lifting capacity of different fuel types

Fuel type pr [Whikg] Self-lifting capacity
Battery 250 92 km
Milk 3.5% fat 742 272 km
Kerosene (Jet A-1) 11,950 4385 km
Hydrogen 33,600 12,330 km
Hydrogen storage 5.7 wt% 1915 703 km

4 Electrical (propulsion) systems

Similar to the problem of how to compare jet engines with
shaft power delivering engines, a direct comparison of elec-
tric (shaft-power delivering) motors and jet engines is also
non-trivial and requires considering the operation point
(especially the cruise Mach number) within the comparison.

4.1 Electric motor

Compared to jet engines that deliver thrust for the sake of pro-
pulsion, electric motors deliver (shaft) power to operate a pro-
peller or a fan. The direct comparison of an electric aircraft with
an “equal” jet aircraft is therefore not possible. In an extremely
simplified model, with the basic definition of the lift-induced
drag and the assumption of a constant parasite drag coefficient
Cp and a constant Oswald span efficiency parameter e, the fol-
lowing required trust 7}, and required power P, exist for the
total drag D relationship for steady-state flight:

1

Cp=Cpy+Cp;=Cpy+ ——-C?
D DO Di ot e L
D= CD q- Sref = CD ’ 1/2pv§ruise ’ Sref (6)
Treq =D
Preq =D- Veruise

Furthermore, assuming a constant thrust- (jet engine) or
power-specific (electric motor) fuel or energy consumption,
the following relationship for the best fuel economic cruise
lift coefficient applies:

—_

jet engine: CL,min(T) ==-Cp
3 @)
elec. motor: Cy inpy =1+ Cpyp-

Equation 7 shows that there is a natural speed disadvantage
for electric aircraft of the same weight and similar geometri-
cal properties (as the wing reference area S,.;) if the parasite
drag is not reduced in some unrealistic way.’

* Parasite drag (D,) consists mainly of form drag and friction drag
and therefore scales with the aircraft size (wetted area) and the frontal
area. It is therefore sensitive to aircraft volume and hence scales with
the fuel volumetric energy density.
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Neglecting the speed issue (and thereby the cost and uti-
lization disadvantages), electric-driven propellers/fans offer
the following advantages compared to jet engines:

Prol Ambient temperature independent motor efficiency
nelec,motor

= Free choice to choose suitable flight altitude.

Pro2 Efficiency and power density are rather independent
of the engine size

= Designers are free to split up and position the propulsion

system (DEP).
Pro3 Excellent motor efficiency over wide operation range
(RPM and power)

= Operational freedom; good efficiency even at low-power
settings required for economic cruise velocities or, e.g., sur-
veillance missions.

Other frequently named advantages of electric propulsion
are reduced maintenance costs, enhanced reliability (both to
be shown), enhanced lifetime, weight savings, simpler sys-
tem architecture, reduced complexity (reduction of parts and
especially reduction of rotating parts), and safety improve-
ments (absence of fuel, fuel leakages, uncontained engine
failure, risk of fire, and no hot components).

The main challenges—apart from the low technology
readiness level (TRL) for aircraft propulsion—are the ther-
mal control of all power electric components, the magnetic
fields including the electromagnetic compatibility (EMC)
and electromagnetic interference (EMI) issues, and insula-
tion problems for higher (DC) voltage systems due to arch-
ing. The latter topic is closely related to the electric motor
size and current limitations on the electric cables. For appli-
cations exceeding 1 MW, superconducting components are
seen as an essential technology, with the first superconduc-
tive electric motor for ground-based applications available
since 2018 [15].

4.2 Battery

The choice and performance of the energy carrier is one of
the most critical aspects for the feasibility of electrically
powered aircraft, and one is therefore of the most polemic
topics. The ground transportation industry is already basing
most of its electrification process on the use of rechargeable
electric battery cells for energy storage or energy buffering
on-board vehicles [10]. This, together with their popular-
ity in consumer electronics, has pushed the development of
electric batteries through a tremendous improvement, start-
ing with acid-lead type batteries, via nickel-cadmium and
other types, to alkaline and lithium-ion (Li-Ion) type batter-
ies. The latter are nowadays perceived at user level as safe
and reliable. Electric batteries, in their latest chemistries,
also seem to be the preferred choice for the first generation

of commercial electric-powered aircraft, although they are
not necessarily the only option. See Misra [31] for more
information on this topic.

Rather than a detailed discussion on the state-of-the-art
chemistries and performance, the aim is here to remark on
certain critical aspects of electric battery integration that
are often overlooked or misunderstood. Perhaps, the most
important of these is the value of specific energy that can
be used for the aircraft sizing and performance estimations.
For cells based on Li-Ion chemistry, the current commer-
cial state-of-the-art specific energy is often mentioned to be
somewhere between 200 and 300 Wh/kg, with even higher
values occasionally reported in special experiments under
very specific discharge conditions [17, 31]. The step between
these values and the useable performance in “real-life” oper-
ation is, unfortunately, large. Beyond the additional weight
of packing individual cells into manageable packs and add-
ing monitoring, thermal, safety, and charging systems in the
form of a battery management system (BMS), there is also
a significant amount of energy that cannot be used for eve-
ryday nominal operations. Figure 6 conceptually describes
the main factors that must be considered when assuming a
battery-specific energy at system level, understanding sys-
tem level as one or more battery packs fully integrated on
the aircraft including all installation features, following the
common AIAA nomenclature [1].

The mass and volume overhead for battery packs can
be observed in readily available electric road vehicles such
as the Mercedes EQC (believed to be 123 Wh/kg for full-
depth discharge) and Tesla Model 3 (best in its class, with
an estimated 157 Wh/kg from 247 Wh/kg cells in full-depth
discharge [37]). However, it is unclear whether these values
include the mass of installation or integration elements and
the liquid cooling system. In any case, it is expected that
eventual airworthiness, crashworthiness, environmental
protection, and general safety requirements for the use of
these batteries in commercial aviation will increase, rather
than decrease, the mass and volume overheads observed in
road vehicles.

4.2.1 Safety and degradation margins

Regarding useable energy, the nominal energy values given
for commercial cells correspond to a full-depth discharge
cycle, i.e., from 100% SOC to the minimum acceptable volt-
age (often between 2.5 and 3.0 V for Li-Ion cells) and under
a light load. Typical cells using this chemistry see their cycle
life directly correlated to the depth and rate of the discharge
cycles. For regular use in commercial service, discharge
cycles should ideally be as small as possible and never
exceed 80% depth (20% SOC remaining from a full charge)
if the battery is expected to endure at least 500 cycles with
acceptable performance. This means that at least 20% of the
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energy cannot be considered useable in nominal missions,
although it may remain available for emergency situations if
the battery is discarded afterwards (see Fig. 6).

On the other hand, the cell degradation after such a num-
ber of cycles may reduce the available energy by an addi-
tional 20% (or up to 50%, depending on how aggressive
the charge and discharge cycles are). Unless it is accepted
that the aircraft is assigned to shorter routes according to
its battery health, this degradation should also be taken
into account when designing the nominal mission. Bugga
et al. [5] provide some examples of life-cycle performance
of commercial cells tested for space applications. Note that
these tests correspond to much lighter cycles than those
expected for aircraft propulsion uses.

Furthermore, impedance losses will vary depending on
battery health, temperature, and rate of discharge, where the
latter is directly linked to the power demand. The mission
should therefore be designed to not overstress the battery
and to minimise energy losses in the form of heat during
the climb phase; otherwise, the battery must be oversized
accordingly. It is also necessary that a thermal management
system (TMS) (as part of the BMS) not only absorbs the
excess heat, but also maintains an acceptable minimum
temperature during idling conditions, during recharge, and
before take-off, potentially through active heating.
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4.2.2 Future battery improvements

Battery technology has undergone tremendous developments
during the last 2 decades. Li-ion cells are now available com-
mercially in the 2170 (or 21700) format, which has a specific
energy of 260 Wh/kg while delivering a stable discharge
rate of 1C (100% depth-of-discharge (DOD), according to
our own experimentation). Historically, the performance of
Li-ion chemistry has increased between 5% and 5.5% per
year [17]. Current forecasts predict higher values due to the
R&D push by the automotive sector, 400-500 Wh/kg at cell
level in the 2022-2025 time-frame [31]. For aviation appli-
cations, at least 3 years should be added to the automotive
timeline, making energy densities around 500 Wh/kg at cell
level available around 2028.

The maximum theoretical weight effective energy of
today’s Li-Ion chemistry is however limited to approxi-
mately 600-700 Wh/kg [17, 31]. Values as high as 1000 Wh/
kg, which equals the mass-specific (chemical) energy level
of hydrogen peroxide (H,0,) [20], would require new bat-
tery chemistries such as Li-air and Li-sulphur. The car
industry, which is crucial to the current development of
battery technology, is however unlikely to continue push-
ing the specific energy boundary beyond 500 Wh/kg at cell
level, focusing instead on cost reductions and charging rates
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[11]. Tt should also be considered that thermal-runaway risk
becomes more critical when increasing mass- (and volumet-
ric-) specific energy levels, and hence, safety could become a
major concern for the use of these technologies in aerospace
applications. See, for example, the Boeing B-787 Li-ion bat-
tery incident investigation by the NTSB [33], highlighting
the need for sophisticated BMS in combination with sound
containment and thermal runaway prevention measures.

4.3 Power electronics

Most energy forms used on-board conventional aircraft—
typically from chemical (fuel) into mechanic, hydraulic, and
pneumatic power—suffer from significant conversion losses
and rather inefficient control techniques, such as restrictive
throttling. In contrast, and thanks to enabling advances in
solid-state power electronics, the adaptability and efficiency
of electric power is much higher and also eliminates the sys-
tem inherent low thermodynamic efficiency of a heat engine.
However, besides many advantages, there are also certain
bottlenecks that must be addressed:

Conl Power limitation:

due to maximum voltage and current levels

Con2 High currents:

limit of conventional cables; resistance losses

Con3 High DC voltages:

insulation (weight, volume, and risks) and arching (switch
design: complex, bulky, and maintenance effort).

Superconduction is often considered as a potential solu-
tion to overcome the first two issues. Superconducting mate-
rials have reached important improvements in recent years
and cooling requirements are being progressively reduced.
The introduction of the first commercially available super-
conducting plug-and-play electric motor in 2018 [15] is a
good example of the maturity of this technology.

Limitations in specific power density are also set by field
strength of the electromagnetic fields caused by the huge
currents. EMC is one of the critical design challenges that
will require more attention in future MEA or full-electric
concepts. For instance, EMI caused unexpected huge prob-
lems in one of the first full-scale DEP ground tests during
the LEAP Tech test campaign for the NASA X-57 Maxwell
project [32].

5 Alternative concepts
The all-electric aircraft is just one possible more environ-

mentally friendly future configuration. Other power alterna-
tives include:

1. Conventional design and the use of synthetic fuels/e-
fuels or biofuels

2. Hybrid solutions with a wide variety of hybridisation (of
power and energy)

3. Gas fuel powered: pressurised or liquid hydrogen, liq-
uefied petroleum gas (LPG), and liquefied natural gas
(LNG)

4. Fuel cell-powered concepts

5. Other battery- or electric energy-storing technologies
such as liquid batteries, superconductors, etc.

6. Other just-in-time energy recuperation concepts or
directed energy (from ground, mother-vehicle or space).

While the last option seems highly unrealistic with today’s
technologies®, the first alternative listed above can be
achieved with existing technologies. Globally, there might
be no best technology, but there might be a best system
architecture for each application, depending on the vehicle’s
range, payload capacity, and velocity (see also the Technol-
ogy Coexistence topic in Sect. 7.1).

5.1 Sustainable aviation fuels

There is a long list of available synthetic fuels, including
different types of e-fuels. E-fuels are produced by electric
power-to-X (PtX) processes that include two characteristics:
the electrolysis of water to gain (e-)hydrogen and the use of
captured CO, from the air or any concentrated source such
as flue gases [46]. Both liquid (power-to-liquids (PtL)) and
gaseous fuels (power-to-gas (PtG)) can be refined using vari-
ous chemical processes. The moderated process efficiencies
of any power-to-X conversion ranges between 53% and 70%
depending on the process and material type [18]. The first
synthetic fuel test plants are already in operation [30], but
large-scale feasibility and profitability have not been reached
yet and will depend mainly on CO, emission costs/certifi-
cates and the availability of green electric energy.

6 Application example: electric FAR/CS-23
commuter aircraft

At this point of the discussion, it may be clear that the pos-
sibilities for a successful introduction of a commercial, full-
electric-propulsion aircraft in the short- or mid-term future
are quite limited. Beyond certain niche applications, it is also
doubtful that sufficiently strong business cases exist at the
very low end of the air transportation market, at least with-
out active support from political actors and policymakers.

4 Excluding high-altitude long range (HALE) UAVs also denoted as
pseudo-satellites powered by solar cells.
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Table 2 Top-level requirements

: Requirement
for the FAR/CS-23 aircraft

Specification

study Technology-freeze

Design payload mass
Crew and ops items mass
MTOM (CS-23 level 4)
Cargo pallet size

Balanced field length / landing field length

Approach speed
Max. wingspan / max. height

2020 (Entry-into-service: 2030)
19 PAX at 95 kg each = 1805 kg
2 at 95 kg each = 190 kg

<8618 kg

not considered

< 1500 m / < 1500 m, at MTOM, 5000 ft, ISA +
25°C (fits ICAO/EASA aerodrome code 3)

< 91 kt CAS, at MTOM, SL, ISA (ICAO cat. A)
24 m/9.1 m ICAO/EASA cat. B, FAA code II)

Nevertheless, in the near future, a logical first attempt to
balance the current technology limitations and a minimum
level of profitability could consist of a small commuter air-
craft certified under the FAR/CS-23 regulation specifications
[8]. Exploring the design of such a full-electric aircraft is
an interesting exercise that reveals the architectural chal-
lenges, the sizing constraints, and the potential performance
figures that can realistically be expected in different battery-
technology scenarios.

6.1 Design rationale

This case was studied using typical conceptual design meth-
ods, low fidelity tools, and a basic optimisation strategy.
The aim was to define a hypothetical full-electric aircraft
concept and a transport mission profile that represent the
maximum range and performance achievable with state-of-
the-art technologies or with those currently at high TRL.
Range (energy efficiency) at full payload was given priority
over other aspects such as development cost, passenger expe-
rience, derivative use, and flight speed. The main top-level
requirements were set in advance, and are listed in Table 2.

6.2 Configuration

Only tube-and-wing configurations were considered. In
an effort to reduce the cross section and wetted area, the
absolute minimum fuselage dimensions were defined first:
19 passengers were seated two abreast (30" pitch) over an
8-metre seating section. Considering a minimal volume for
cockpit, cargo (1.7 m%), and systems, the total tube length
rose to 14.5 m with a maximum width of 1.8 m and a maxi-
mum height of 2.0 m. Due to the mission and propulsion
characteristics, the concept rapidly converged into a high-
wing, T-tail configuration with four 300 kW-class motors
driving large 2.8 m propellers. While a twin-motor con-
figuration would probably be more energy- and weight-
efficient, the balanced-field-length requirements with
one-engine-inoperative (OEI) would not be met even with
the most powerful electric motor demonstrated in flight at
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the time of writing, the 560 kW Magnix magni5S00 [19].
Preliminary volumes for landing gear allocation and wing
fairing were incorporated for drag calculations. An overview
of the resulting configuration is shown in Fig. 7.

6.3 Sizing

The million-dollar question here is: “How big can the bat-
tery mass fraction be?” Assuming that the payload is fixed,
and that the battery system takes the conventional place of
fuel, the key lies in minimising the aircraft’s basic empty-
mass fraction. A straightforward analysis of similar aircraft,
as shown in Fig. 8, indicated that any empty-mass fraction
under 0.50 would hardly be feasible with traditional materi-
als and manufacturing techniques. For the sake of optimism,
it was decided to accept an empty-mass fraction as low as
My /Mro = 0.42, assuming a non-pressurised cabin (lim-
iting commercial operations to FL80 and below) and the
extensive use of composites (manufacturing cost not con-
sidered), taking into account the lower installed weight of
electric motors and that certain fuel-related systems would
be transformed into battery-system weight. The resulting

Fig.7 Representation of the selected configuration modelled with the
OpenVSP tool for visualisation purpose
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mass breakdown and the relatively simple margin for design
trade-offs are illustrated in Fig. 9.

The mass allowance for the battery system (battery and
ancillary) was 3000 kg (M, /Mo = 0.35), which could be
located near the motors to minimise power-distribution com-
plexity and weight. Considering just a battery composed of
state-of-the-art Li-ion cells in a high-density packing, the min-
imum volume required would be between 1.5 and 2 m>. Such
a volume is comparable to a full wet wing or to four nacelles
slightly larger than those of conventional turboprops. Position-
ing the battery system in the nacelles turned out to be the most
convenient option in the case presented here. This placement
minimises the length of the high-power wiring if it is assumed
that each nacelle can also be connected directly to the recharg-
ing system while on the ground so that a centralised charging
port with its heavy cabling is not needed. However, it was
calculated that the battery mass would induce significant iner-
tial loads on the wing structure upon touchdown. Since struc-
tural weight played a more prominent role than flight speed,
wing-bracing struts were introduced as a solution to minimise
weight while keeping a high aspect ratio (AR) for optimal aer-
odynamic efficiency at low speed. While the R was indeed
limited by weight and loads, the wing area required a difficult
compromise between acceptable cruise performance and take-
off/landing field-length requirements, as shown in Fig. 10. The
landing field length at maximum take-off mass (MTOM), cal-
culated using the analytical method proposed by [40], was par-
ticularly limiting. Low-speed, natural laminar-flow aerofoils
were selected for wing and tailplanes, where the latter were

10000 15000 20000 25000

Maximum take-off mass [kg]

sized according to the tail-coefficients method [36]. Single-
slotted flaps were assumed to cover 60% of the wingspan.
The drag polar was estimated as the sum of the parasitic
drag, lift-induced drag and longitudinal-trim drag. The para-
sitic or zero-lift drag was estimated using a typical drag book-
keeping method based on the CAD-computed wetted areas, the
form-factor equations proposed by Jenkinson [25] (wing, fuse-
lage, tailplanes, struts) and Hoerner [23] (fairings, nacelles),
interference scaling factors for junctions (1.2) and struts (1.3),
and a variable extent of laminar flow on surfaces outside the
propeller wake, disregarding de-icing boots or any leading-
edge devices. The lift-induced term was estimated using the

Max T-O/LDG mass
8618 kg (100%)
Payload 1805 kg (21%)
Ferry mass
6813 kg (79%) Crew, OPS 190 kg (2%)
Battery Mission energy
3000kg 00— ————————
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Fig.9 Conceptual mass to range diagram for a 19-passenger, CS-
23-compliant fully electric commuter aeroplane
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typical span efficiency method, based on the aspect ratio and
assuming no contributions from the struts or fuselage [36].

The primary objective of the overall sizing optimisation
was to maximise mission range, cruise speed, and altitude
while meeting the above-mentioned requirements. Studying
the system sensitivities revealed that, as expected, the design
parameters were mainly dominated by the structural mass frac-
tion: every unit of structural mass that can be replaced by bat-
teries has a strong impact in the range. The design space was
explored manually due to the very limited number of possible
solutions. The chosen design point produced the following
characteristics at full payload:

Wro/Ser = 270 kg/m?
Tro/Wro = 0.45
Swet/Sref =5.6

AR=1438 (8)
Cp, = 0.0240 at M0.30, 8000 ft

L/D,,,x =20.6 at M0.22, 8000 ft

L/D e = 17.9 at M0.30, 8000 ft.
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Note that, in contrast to the traditional turboprops, the result-
ing design is optimised for very low flight speeds where
the benefits of the high aspect ratio wing outweigh the drag
penalty of the wing struts. Although the previous genera-
tions of turboprops such as the Fokker F-27 can reach a
maximum L/D of up to 18 under certain conditions [38], the
aerodynamic efficiency assumed here may still be considered
optimistic for a real-world scenario. These values are indeed
based on optimistic assumptions, and aim to represent an
upper boundary of what could be technically achieved with
a modern clean-sheet design with no stringent cost con-
straints. Due to the challenging structural mass-fraction
requirements, it is assumed that such a design would in any
case feature a full carbon-/glass fibre-reinforced plastic con-
struction with shape-optimised junctions and a smooth finish
on all surfaces. Besides the significant comfort sacrifices
already made when sizing the cabin volume, it is assumed
that the cleaner integration of the electric-propulsion sys-
tem, the simple high-lift devices, and the fixed centre of
gravity may facilitate further shape optimisation and mini-
mum interference effects at a given operating point. No
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Table 3 Assumptions for battery characteristics from cell to system level after 1000 cycles

Characteristic Value Notes

Min. SOC after nominal mission 20% Based on [5] and own experimentation

Remaining capacity after 1000 cycles at 1C and 80% DOD 80% Based on [5] and own experimentation

Impedance losses at 1C discharge rate 0% Optimistic assumption

Weight overhead for ancillary, systems, and integration +30% Optimistic assumption based on predictions in [21]
Volume overhead for ancillary, systems, and integration +74% Over individual-cell volume, based on own estimations

Table 4 Mission simulation results, full payload, no wind, and battery energy used for propulsion only

Case Specific energy Specific energy Energy T-O, Energy cruise, Mission flight ~ Max. stage Energy for
cell [Wh/kg] system [Wh/kg] climb [kWh] others [kKWh] time length [km] reserve + sys-
tems [%]

A 260 128 217 167 0.45 120 (20)

B 260 160 217 263 0.61 177 0

C 260 200 217 383 0.81 248 0

D ? 300 217 683 1.31 427 0

E ? 400 217 983 1.81 605 0

aerodynamic effects from de-icing, cooling, or communica-
tion systems have been considered.

6.4 Energy storage assumptions

The battery design life was assumed to be 1 year with an
average of three flights per day, equivalent to approximately
1000 charge-discharge cycles. The discharge rate was
assumed to be 1C (available battery energy over 1 h) and
a typical DOD of 80%, as explained in Sect. 4.2. Table 3
presents the main factors used to estimate the transition from
cell to system level, as well as the remaining useable energy
after 1000 cycles. With these assumptions, a state-of-the-art
Li-ion battery with 260 Wh/kg at cell level would present a
useable energy density of 128 Wh/kg at system level after
1000 missions flown.

6.5 Mission-range analysis

The mission was defined as a simple one-leg route includ-
ing taxi, take-off, climb, cruise, descent, landing, and taxi.
Although avoiding weather phenomena completely would
require higher altitudes, the non-pressurised cabin limited
the cruise altitude to 8000 ft. The maximum-continuous-
power climb was performed at Mach 0.22 (approximately
140 kt) with an average L/D of 20.6, while cruise and
descent were performed at the required minimum cruise
speed at Mach 0.30 (approximately 200 kt) and an L/D of
17.9. Higher and faster cruise conditions could not, in any
case, outweigh the energy invested in the climb phase for

very short missions. Table 4 summarises the simulation
results obtained for different scenarios discussed below.

(A) represents the last mission of the battery design life
according to the previous assumptions. There is no
allocation for reserve or systems energy, except if
assumed that the batteries can be fully depleted (100%
DOD) in case of need or emergency. In such a situation,
the remaining 20% (96 kWh) is equivalent to 10 min or
60 km at cruise speed.

(B) is similar to (A), but it considers that all nominal mis-
sions are allowed to fully deplete the battery (100%
DOD). No allocation for reserve or systems energy.
Alternatively, it can represent improved cells and/or
integration that deliver an equivalent useable energy at
system level.

(C) is similar to (B), where all missions reach 100% DOD,
but it also considers that the batteries are new and
perform according to the nominal specifications. No
allocation for reserve or systems energy. Alternatively,
it can represent improved cells and/or integration that
deliver equivalent useable energy at system level.

(D) represents a hypothetical scenario where better cells
or better integration are able to deliver such a useable
specific energy at system level. All energy is still used
for nominal propulsion, with no allocation for reserve
or systems energy.

(E) is similar to (D) but presents an even higher useable
specific energy at system level, which may be repre-
sentative of a battery technology available from a long-
term perspective.
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6.6 Key enablers to make it work

The simulation results from the design study, shown in
Table 4, support the idea that it may be technically feasible
to realise an FAR/CS-23 compliant full-electric aircraft
capable of very short routes with the current technology—
assuming a short battery service life and that the energy
demand of on-board systems can be kept sufficiently low.
From a long-term perspective, as in case (E) with an
integrated battery system with a specific energy of 400
Wh/kg, such an aircraft could theoretically fly a 600 km
mission even by the end of the battery’s service life. How-
ever, an important obstacle to commercial flights would
arise from the current operation regulations regarding
energy (fuel) reserves on board. Even in optimum cir-
cumstances, this type of aircraft would be required to
have a minimum energy reserve for 45 min of additional
endurance [24]. It seems reasonable to believe that only a
substantial change or admissible exception to these regula-
tions would enable commercial operation with this type of
aircraft in the near future, provided that the same level of
safety can be achieved by means other than extra energy.

Additionally, operating over a meaningful stage length
would require the battery-specific energy to double the
current levels while maintaining or improving the cur-
rent specific power and durability levels. With today’s
efficiencies, lithium-ion chemistries are unlikely to yield
a system-level specific energy of more than 250 Wh/kg
in the 2035 time-frame, while novel lithium-ion chem-
istries could have the potential to double this figure as
soon as 2025-2030 [17, 31]. There is also a significant
margin for improvement in the transition between battery
cell level and system level: battery integration and pack-
ing efficiency require more exploration by both developers
and regulatory organisations to evaluate future certifica-
tion standards.

Regardless of the battery technology, some design chal-
lenges are likely to remain: improving the short-field perfor-
mance of this kind of aircraft requires important sacrifices
in other areas such as cruise performance. A clear example
is the wing loading trade-off. While the effects of a high
MTOW at take-off are like those on a conventional aircraft
and can be partially compensated for by a high power-to-
weight ratio, the landing performance at such a weight is
significantly degraded.

7 Discussion
Beyond the technical feasibility, it may be questionable
whether there is a sufficiently large market to operate full-

electric aircraft profitably. On very short routes, there is
usually a direct competition with other land and water
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Fig. 11 Gartner’s technology hype cycle. Is electric-powered flight
about to follow the red line?

modes of transport offering either better economics or
shorter door-to-door times. It seems plausible that this
kind of air operations might focus on special locations
with no strong competitors due to a lack of infrastructure
or complicated geography, as in the case of some regions
in Norway [26] and the Orkney Islands in Scotland [2]. In
any case, it should be considered that on very short routes,
the operating cost of crew and personnel is usually more
significant than the energy cost, and that there may not be
strong economic reasons to prefer electric propulsion over
conventional as long as this is not politically enforced by
emission certificate costs or financial subsidies.

It may also be questionable whether these possibly
unprofitable operations should be subsidised or enforced
with the purpose of reducing civil aviation’s environmen-
tal impact in the short term. The study results indicate that
even if all short-range operations (500 km) are performed
with full-electric aircraft supplied from renewable sources,
the shift would only cover a very small fraction of the total
payload flow and affect no more than 5% of the total energy
consumed by commercial aviation. Taking into account the
low TRL of some of the enabling technologies involved
and the limited final impact, it may seem more reasonable
to prioritise other short-term measures with higher impact
potential.

7.1 Technology coexistence

Technology development can either be a steady process,
denoted as (design) evolution or a rapid change—usually
imposed by a new technology—denoted as a (design) revo-
lution. Especially in aeronautics, the technology maturity
process from low to high TRLs is a slow and costly process.



The potential of full-electric aircraft for civil transportation: from the Breguet range... 817

History shows that, even with vast investments, the slanted
TRL-wave cannot be shortened significantly. In reference
to its maturity state, the electrification of flight might actu-
ally be suffering from an excess of visibility and inflated
expectations which will probably lead to a harsh encounter
with reality, as described by the so-called Gartner technol-
ogy hype cycle [13], depicted in Fig. 11.

7.1.1 Sweden’s car energy and technology mix

An example of misguided technology application by gov-
ernmental aid is the automotive segment in Sweden. His-
torically, the overwhelming majority of cars had been petrol
cars. Then, in the 1990s, there was a great subsidy of ethanol
cars, which vanished when high-efficiency diesel cars were
promoted as the best solution and ethanol tax benefits van-
ished. Nowadays, exaggerated by the so-called diesel-gate
scandal, electric and plug-in hybrid cars (or SUVs) are sell-
ing well alongside petrol cars which are again partly replac-
ing the diesel car market. Political powers (and society) tend
to render design decisions as “black-and-white” or “yes-and-
no” technology decisions, following the technology hype
described by Gartner. However, a technology coexistence
would be the best solution to minimise the overall environ-
mental impact, selecting the best-suited propulsion tech-
nology based on the application, the specific use case, the
availability of raw materials,’ the available infrastructure,
and other stakeholder interests.

In a similar fashion, UAM and full-electric flight are
currently overhyped. Obviously, the emergence of UAM is
backed by real technology evolution (such as batteries, solid-
state electric devices, and communication devices). This is
attracting disproportionate focus in academia and R&D
investments, which is a positive side of the coin (extensive
ongoing research on electrification) but also represents a dis-
advantage in terms of the financing of other research fields.

7.2 Technology uncertainties

The greatest uncertainty predicting the (short-range) perfor-
mance of new full-electrical aircraft such as the presented
design study of an FAR/CS-23 compatible aircraft comes in
from of a lack of clarity regarding how to handle reserves
in the case of a full-electric aircraft. For short-range air-
craft, the required reserves (for the alternate airport and
loiter time) are the dimensioning requirement, and the resi-
due range would not be sufficient for commercial operation.
Here, the aircraft community has started a discussion with
the licensing authorities on how reserves should be handled

> Environmentally friendly and CO,-neutral energy sources for etha-
nol production in Sweden, such as waste and forest industry residues,
are limited.

in the case of a full-electric aircraft. Also, because of the
low cruise altitude and flight velocity, operation and use-
able range are highly susceptible to wind and weather, and
it is questionable whether this will be accepted by passen-
gers (comfort!), crew (the risk of icing), and operators (high
flight cancellation rates). Together with a sound estimation
of future battery-technology advancements, drawing up a
reasonable time-frame for technology adaption for aerospace
applications will enable a precise study of the possibilities
and operation of future full-electric air transportation.

Another remaining uncertainty is the additional
energy required for the on-board systems such as avi-
onics, lighting, infotainment system, de-icing, flight
control and high-lift system, and landing gear. Besides
these, the highest power demand comes from the
environmental control system (ECS), or, including the bat-
teries and the drivetrain, a global TMS. The basic properties
of such a centralised TMS system remain unclear, and are
subject to research.

8 Conclusion

This paper shows that electric-powered civil air transporta-
tion over relevant distances would only become feasible with
a significant increase in battery-specific energy and funda-
mental changes in operations.

While a direct comparison with jet aircraft is not possible,
the main design impacts for electric aircraft are the sizing of
the high, fixed mass, and the required battery volume. The
only positive effect here is that the designer is free to place
the batteries, because there is no weight change due to fuel
burn, and consequently no change in the centre of gravity.

To design an aircraft for the best energy efficiency, it is
not enough to focus on only optimising the overall propul-
sion system efficiency; energy efficiency is a result of the
total vehicle weight and the aerodynamic efficiency (L/D)
at cruise point. As expected, the design study revealed a
high sensitivity between total mass and the battery weight-
specific energy, while aerodynamic efficiency relates mainly
to the volume-specific energy density. Therefore, minimising
the required mission energy is necessary and the outcome
of the design process is consequently a slow and low flying
aircraft. This result can be validated with existing full-elec-
tric aircraft, where perhaps the most advanced optimisation
from an energetic point of view is the fully electric motor
glider Antares 20E which has been in series production since
2003 [27]: extreme high L/D, low velocities, and a low wing
loading, offering enough space for the batteries in the wing.

This work should not be seen as a negation of the poten-
tial for electrification in civil air transportation, but rather as
a call to keep expectations at a realistic level and to keep in
mind our ultimate goal: to create safer, greener, and cheaper
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aircraft, in this order. Electrification can play a relevant role
in different segments and systems, but it alone will not pro-
vide a paradigm shift towards the greener aviation goals in
the short-to-medium term. The natural advantages of former
technologies, as well as the natural drawbacks of new ones,
should not be forgotten. Additionally, with the advent of
hydrogen as the primary energy source, huge parts of the
propulsion system and the on-board power systems may be
electrified (e.g., using fuel cells), so that full-electric aircraft
may pave the way forward to gain experience and raise the
TRL and performance of power electric components, which
may be useful knowledge from a long-term view for upcom-
ing hydrogen, hybrid, or full-electric aircraft.
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