CHAL

UNIVERSITY OF TECHNOLOGY

Structural power performance targets for future electric aircraft

Downloaded from: https://research.chalmers.se, 2025-12-06 05:10 UTC

Citation for the original published paper (version of record):

Karadotcheva, E., Nguyen, S., Greenhalgh, E. et al (2021). Structural power performance targets for
future electric aircraft. Energies, 14(19). http://dx.doi.org/10.3390/en14196006

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



energies

Article
Structural Power Performance Targets for Future
Electric Aircraft

Elitza Karadotcheva !, Sang N. Nguyen 1'%, Emile S. Greenhalgh 10, Milo S. P. Shaffer >3, Anthony R. J. Kucernak >

and Peter Linde %5

check for

updates
Citation: Karadotcheva, E.; Nguyen,
S.N.; Greenhalgh, E.S.; Shaffer, M.S.P.;
Kucernak, A.R.J.; Linde, P. Structural
Power Performance Targets for
Future Electric Aircraft. Energies 2021,
14, 6006. https://doi.org/10.3390/
en14196006

Academic Editor: Sung Kyu Ha

Received: 9 August 2021
Accepted: 12 September 2021
Published: 22 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Aeronautics, Imperial College London, South Kensington, London SW7 2AZ, UK;
elitza.karadotcheva@gmail.com (E.K.); e.greenhalgh@imperial.ac.uk (E.S.G.)

Department of Chemistry, White City Campus, Imperial College London, 82 Wood Lane,

London W12 0BZ, UK; m.shaffer@imperial.ac.uk (M.S.P.S.); anthony@imperial.ac.uk (A.R.J.K.)
Department of Materials, Imperial College London, South Kensington, London SW7 2AZ, UK

4 German Aerospace Center (DLR), Konigswinterer Strafle 522-524, Oberkassel, D-53227 Bonn, Germany;
peterlinde@chalmers.se

Department of Industrial and Materials Science, Chalmers University of Technology,

5-41296 Gothenburg, Sweden

*  Correspondence: snguyen@ic.ac.uk

Abstract: The development of commercial aviation is being driven by the need to improve efficiency
and thereby lower emissions. All-electric aircraft present a route to eliminating direct fuel burning
emissions, but their development is stifled by the limitations of current battery energy and power
densities. Multifunctional structural power composites, which combine load-bearing and energy-
storing functions, offer an alternative to higher-energy-density batteries and will potentially enable
lighter and safer electric aircraft. This study investigated the feasibility of integrating structural
power composites into future electric aircraft and assessed the impact on emissions. Using the
Airbus A320 as a platform, three different electric aircraft configurations were designed conceptually,
incorporating structural power composites, slender wings and distributed propulsion. The specific
energy and power required for the structural power composites were estimated by determining the
aircraft mission performance requirements and weight. Compared to a conventional A320, a parallel
hybrid-electric A320 with structural power composites >200 Wh/kg could potentially increase fuel
efficiency by 15% for a 1500 km mission. For an all-electric A320, structural power composites
>400 Wh/kg could halve the specific energy or mass of batteries needed to power a 1000 km flight.

Keywords: multifunctional; structural; power; composites; electric; aircraft

1. Introduction

The environmental impact of aviation has received attention because aviation accounts
for 2.4% of global CO, emissions [1] and these emissions are forecast to at least double by
2050 [2]. Adding the effects of non-CO, emissions, such as NOx, water vapour and sulphate
and carbon particulates, potentially further doubles the contribution of aviation to climate
change [3]. The non-CO; emissions per unit of fuel burn lead to far more detrimental
effects on the local air quality than on the ozone layer [4], whilst the noise has a direct
impact on human health.

To reduce the environmental impact of air travel, both the National Aeronautics and
Space Administration (NASA) and the European Commission have put forward ambitious
targets for the US and European aviation markets, respectively. The Advisory Council
for Aviation Research and innovation in Europe (ACARE) has developed the Flightpath
2050 vision to achieve a 75% reduction in CO, emissions, a 90% reduction in NOy and a
65% reduction in noise [5]. The International Civil Aviation Organization (ICAO) is also
promoting legislation targeted at regulating airline emissions internationally. The Carbon
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Offsetting and Reduction Scheme for International Aviation (CORSIA) requires airlines to
offset CO, emissions of international flights that exceed 2020 levels [6].

The projected incremental improvements in fuel efficiency of about 2% per year,
however, are not sufficient to counteract the increase in passenger volume. Disruptive
designs of propulsion systems, secondary systems and airframes will be required to reach
the emissions objectives. The ultimate aspiration for the future of “green” aviation is a
large scale all-electric aircraft (AEA) [7], as this configuration has the potential for zero
emissions directly from flight. Hence, the UK has developed an aerospace technology
strategy [8] and has launched an industry—government partnership, the Jet Zero Council [9],
aiming to deliver zero-emissions flights through innovative technologies. The approaches
toward achieving these emissions targets include improving the combustion efficiency
of jet engines, and the potential adoption of hydrogen [10] or other sustainable aviation
(bio)fuels.

Aircraft electrification has been an increasing focus of academic and industry research
over the last decade. All-electric designs have been demonstrated for small air vehicles.
However, such prototypes have not been scaled up to more than ten passengers due to the
specific energy (E¥) limitations of current battery technology. Note that in this article, all E*
values refer to useable or required pack-level values unless otherwise stated. A significant
proportion of the energy expenditure would be used to transport the mass of the batteries;
this mass would not decrease during a flight as would that of conventional fuel. Existing
state-of-the-art Li-ion batteries (=250 Wh/kg at the cell level) have E* ~ 170 Wh/kg when
packed into a battery with a suitable casing [11,12]. This E* is approximately fifty times
lower than that of kerosene, even including the fuel tank weight (E* ~ 8.9 kWh/kg [10]).
Some promising battery technologies are projected to reach cell-level E* ~ 400-700 Wh/kg
with the potential for scaling up to commercialization within five years [13]. However, high
E* values potentially introduce a host of problems for aviation related to safety concerns and
battery thermal runaway. Even current Li-ion batteries onboard conventional aircraft have
caused fires due to overheating, notably on the Boeing 787 Dreamliner [14]. Since electric
propulsion is a key aspiration for future commercial airliner designs, several concepts have
been developed in response to the engineering challenge of the electric propulsion system
(Table 1). In many of these studies, the range of the aircraft has been optimised against the
batteries’ specific energy, which has been recognised as the most critical obstacle to large
scale electric aviation. As a result, electrified aircraft concepts are typically differentiated
by their approaches to reducing the power and energy demands on the battery packs.

Table 1. Future commercial airliner concepts showing fuel savings relative to a conventional aircraft.
This table does not include smaller (typically one to four seat) electric aircraft prototypes or demon-
strators, either in development or which have flown. AEA = all-electric aircraft, HEA = hybrid-electric
aircraft, DP = distributed propulsion.

%
Concept Range (km) Passengers  Propulsion Sle::ielig B(;:Itl‘:;I}(Igf
AEA-800 [15] 926 80 AEA 100% 800
Dragon [16] 1482 150 HEA + DP 7% n/a
SUGAR Volt [17] 1666 154 HEA 10% 750
Ce-Liner [18] 1666 190 AEA 100% 2000
N3-X [19] 13,890 300 HEA + DP 70% n/a

A more immediate goal of commercial aviation is the more-electric aircraft (MEA)
which involves the electrification of only the subsystems. This configuration removes
the pneumatic and hydraulic systems and has already been introduced into service to
some extent in the Boeing 787 Dreamliner. AEA designs are based on the adoption of
fully electrified subsystems. The initial approach for many AEA projects has involved
researchers trying to recreate conventional aircraft configurations with electric propulsion
and associated electronics that would be comparable with the existing gas generator
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turbine systems [20]. Such approaches would lead to such electric aircraft designs being
handicapped by the state of electronics technology. For this reason, scaling up existing
small AEA design as a strategy towards an all-electric commercial airliner has not been
fruitful. On the other hand, electrical propulsion allows the baseline configuration of an
aircraft to change through disruptive integration strategies. Coupling different disciplines
of study during the broader conceptual design phase could lead to a fundamentally unique
vision for a future airliner.

Hybrid-electric propulsion (Figure 1) represents another strategy for combining differ-
ent systems’ capabilities. As an intermediate step in realising the fully electric propulsion
system, hybrid-electric aircraft (HEA) integrate electric motors with gas turbines into the
same designs, thereby combining combustion with electrical power to improve perfor-
mance. In the turboelectric HEA, electric motors are driven by energy from turbofans
which alleviates the need for battery energy storage. The engines can be downsized and
optimised for cruising. Thy can operate closer to their design points during cruising, where
they have maximum efficiency, than conventional engines.

gear
box

fan |

icompressor; comtustor | turbine | exhaust

@»ACIDC -+

electric )
motor structural
power

Figure 1. A hybrid-electric aircraft propulsion system with parallel architecture.

Distributed propulsion (DP) (Figure 2) represents an integration strategy that exploits
the unique characteristics of electric propulsion. Figure 2 shows a potential configuration
where the traditional jet engines under the wings are replaced with multiple smaller electric
engines towards the trailing edges of the wings. Electric motors can be scaled down without
the performance penalties that limit the scaling of gas turbines. This allows engineers
to distribute thrust along the wing and thus achieve superior aerodynamic performance.
Moreover, the freedom that electric motors permit regarding their scaling and integration
means they can also utilise boundary layer ingestion (BLI). Boundary layer ingestion
decreases the engine’s inlet flow rate. This lower flow velocity reduces the engine’s power
demands and thus reduces the energy storage requirements [21]. Distributed propulsion
with BLI is employed in the NASA N3-X concept [19]. The Dragon concept, on the other
hand, combines a turboelectric architecture with DP integrated with the wing section to
reduce drag [16].

Electric propulsion can also be coupled with aerodynamics through alternative wing
designs. The BHL Ce-Liner concept utilizes a C-wing design with long C-shaped winglets
to improve lift-to-drag ratio and thus decrease power and energy consumption [18]. Other
novel wing configurations that improve aerodynamic performance include the strut-braced
wing (SBW) (Figure 3a) and the box wing (BW) (Figure 3b). NASA’s Subsonic Ultra
Green Aircraft Research (SUGAR) Volt concept incorporates an SBW to improve drag and
minimise weight [17]. The wing-body design of the NASA N3-X is the most ambitious
wing configuration which, when combined with DP, shows the greatest improvement in
fuel efficiency [19]. Each of these novel wing configurations leads to different challenges
in terms of optimising aerodynamic and structural performance and passenger comfort.



Energies 2021, 14, 6006 4 of 30

The improvements from propulsor and airframe/wing integration highlight the potential
value in exploring energy storage and airframe integration through structural power
composites (SPCs).

@ structural

power
A

HTS —o . A

nor | >AC/DC«

v
battery

(a)

Figure 2. (a) Distributed propulsion ducted fan (adapted from [22,23], HTS = high-temperature superconducting, PMAD =
power management and distribution system). (b) An all-electric aircraft with distributed propulsion designed in OpenVSP
based on A320 design (adapted from [24]).

(a) (b)

Figure 3. (a) Strut-braced and (b) box wing configurations designed in OpenVSP based on A320 design (adapted from [24]).

Structural power composites (SPCs) [25] are multifunctional materials where one
or more of the constituents of the material simultaneously perform(s) load carrying and
energy-storing functions. For example, carbon fibres can be used to carry structural
loads, store electrical energy and act as current collectors to conduct electrons. Similarly,
structural electrolytes made from mixtures of epoxy and ionic liquid surrounding the
carbon fibres can transfer both mechanical stresses and ionic charges. SPC technology has
been developed over the last two decades, and its main advantages over existing systems
are the potential for considerable systems-level mass and volume savings [26], which are
becoming increasingly important for many applications such as surface and air transport
and consumer electronics. Structural power composites can be further categorized by the
type of electrical energy storage device. The two types which receive the greatest attention
are structural battery composites (SBC) [27,28] and structural supercapacitor composites
(SSC) [29]. SPC technology has been demonstrated in full scale automotive structures
(Figure 4a) incorporating SSCs (Figure 4b) to power the rear lighting.
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(b)

Figure 4. (a) A full scale automotive boot lid technology demonstrator and (b) a structural supercapacitor cell (adapted

from [30]).

SPCs offer an additional or alternative solution to meeting the high electrical energy
demands of AEA. Structural power reduces the parasitic weight penalty of traditional
batteries and hence mitigates the high energy density requirements. Thus, SPCs poten-
tially enable AEA which were previously considered unachievable or require alternative
fuels such as liquid hydrogen. Although the technological, economic and environmental
prospects of large AEA have been assessed in previous studies [15,31], such studies have
not considered the adoption of SPCs in the aircraft. The study reported here investigated
the potential impact that an SPC airframe would have on the design of future commercial
aircraft. The electrochemical performance requirements of the SPC were evaluated for dif-
ferent aircraft configurations, including configurations previously regarded as non-optimal.
The investigation was concluded by assessing the environmental impacts of the designs
considered.

Introducing SPCs into aviation is especially challenging due to certification issues,
including fire resistance, damage tolerance and cyclability [25]; however, the development
of predictive modelling [32] may help to address these issues. SPCs are still emerging
technology, but the prospects they can offer will have profound implications for the aviation
industry. The mass savings resulting from the integration of SPCs, as confirmed by various
studies concerning their integration in electric vehicles [33], are a very attractive feature for
aerospace applications. Electric aircraft range increases of 11% to 66% have been predicted
if a battery could be substituted with SPCs in airframes [34]. The structural electrolyte in
the SPC may mitigate issues associated with separator shrinkage and short-circuiting [35]
at low temperatures, and therefore may offer superior fire-resistance to that of batteries [34].
Distributed energy storage using SPCs may offer different thermal management options
and may self-passivate in the event of a fault or penetration. Moreover, SPCs can offer
localization of power sources, which has the potential benefits of increased safety and
further reductions in wiring and cooling system masses.

Studies on early adoption routes for SPCs in conventional aircraft have considered
powering auxiliary systems such as those in the aircraft cabin. Replacing the floor panels
of the cabin with SPCs that would power the in-flight entertainment system has been mod-
elled, demonstrating that mass saving of over 260 kg per aircraft (approximately 2% of the
maximum payload mass on the A220-100) could be achieved if the SPC could meet specific
energy, specific power and in-plane elastic modulus targets of approximately 144 Wh/kg,
300 W/kg and 28 GPa, respectively [36]. A feasibility analysis of SPC integration for small
electric aircraft focused on replacing the structures within the Airbus E-fan 1.0 and Bristol
Eco-Flyer, both two-seater AEA, with SPCs [37]. A specific energy of 52 Wh/kg and specific
power of 103 W/kg would be required for the SPC to fully power the aircraft. A higher
specific energy of 122 Wh/kg could increase endurance by 31%. A more detailed structural
analysis considering the adoption of structural batteries in a four-seater general aviation
aircraft with a serial hybrid-electric propulsion (Hybris) presented a procedure to size an
airframe based on a weight-optimal approach [38]. In contrast, the study reported here
considered such analyses on large commercial aircraft together with slender wing and
electric propulsion system configurations.
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SPCs have the potential to replace batteries and improve the system-level perfor-
mances of aircraft. However, perhaps more critically, SPCs are such a profoundly different
way to power aircraft that they warrant rethinking the traditional approach to conceptual
aircraft design. Instead of bracketing the design of different systems within the aircraft,
a more integrated approach will be essential to enable novel, disruptive aircraft configura-
tions using SPCs and slender wings to reduce drag. For internal combustion engine aircraft,
a drawback of slender wings is that there is a significant reduction in the fuel tanks’ total
volume inside the wings. For SPC airframes, there may be no (or less) need for fuel tank
(or battery pack) volume; hence these slender wing configurations both facilitate efficient
electric aircraft designs and are synergistic with an SPC airframe.

Since SPC adoption presents significant challenges, the first step is to assess the
feasibility of using SPCs for this application. The aim of this study was to adopt a system-
level approach and exploit the synergy between the airframe and the power system of
future large aircraft using SPCs. Due to the current low level of maturity of SPCs, the
performance of existing SPCs was not used as a constraint, but rather the performance
requirements were prescribed from the analysis. Ultimately, the main aim was to guide
research efforts to the performance levels that need to be reached if SPCs are to be integrated
into large commercial aircraft. A secondary aim was to provide insights into potential
adoption strategies for these materials that are unconstrained by the current performances
of existing materials.

This multifunctional design study focused specifically on the electrification of large
civil aircraft. Since both technologies, SPCs and electric propulsion for large aircraft, are
projected to mature over the next thirty years, it was fitting to analyse them in the same
context. However, we do not present comparisons against either hydrogen or alternative
fuels because there are still many unknowns regarding issues such as cryogenic storage
and carbon capture. Furthermore, SPC technology could potentially be used, not only
as an alternative, but together with other low carbon technologies, such as hydrogen
or sustainable aviation fuels, to improve fuel efficiency. Conceptual designs of future
aircraft configurations are outlined herein to identify the role structural power could have
in developing those concepts further. By outlining the potential and the limitations of
structural power for future aviation, definitive goals can be set for the further development
of the technology.

2. Materials and Methods

The modelling methodology entailed five stages. The first stage involved selecting an
appropriate reference aircraft to be redesigned with an SPC airframe and electrified propul-
sion. Secondly, a performance model was developed to estimate the power and energy
required to complete a predefined mission. Thirdly, the performance model was adapted
to hybrid-electric and all-electric propulsion systems and for various wing configurations.
Fourthly, the masses of structural composites eligible for substitution with SPCs were
estimated. Finally, the required specific energy and power density of each SPC airframe
configuration were evaluated. The results of the analysis were used to assess the economic
and environmental impacts from the adoption of an SPC airframe. The limitations and
caveats with using these materials were also evaluated.

2.1. Baseline Aircraft

Most of the existing AEA designs focus on smaller aircraft containing up to ten seats,
largely due to current battery technology limitations. To assess the potential of an SPC
airframe in larger scale AEA designs, a single-aisle airliner was selected. Such narrow-
bodied aircraft have substantial amounts of structural mass which could be replaced with
SPC compared to smaller configurations. Such aircraft also have lower power demands
than wide-bodied aircraft due to their lighter operational weights and shorter ranges. The
Airbus A320 was selected as a reference aircraft based on its size and widespread use in
the civil aviation industry. In their global market forecast, Airbus predicts that 76% of all
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new aircraft deliveries by 2038 will be single-aisle aircraft, which include A320, A319 and
A220 models [39]. The A320 is the most demanded configuration by airline carriers and
a 175-seat cabin is forecast to comprise 30% of the total new deliveries, representing the
largest share. In this study, the A320 was used to provide baseline values for operational
empty weight (OEW), maximum take-off weight (MTOW), dimensions and performance.
The A320-200 series with the CFM56-5A3 engine (118 kN thrust rating) was modelled, and
the parameters used in the analysis are provided in the following subsection.

2.2. Mission Profile

A mission profile for a regional jet aircraft was adopted as a foundation for the power
and energy calculations. The overall modelling methodology followed the sizing workflow
shown in Figure 5, and the mission profile and key aircraft specifications are shown in
Figure 6a and Table 2. For the loiter stage, a turbine engine airliner is required to carry
additional fuel for a flight of 30 min at holding speed and 457 m (1500 ft) altitude [40].
The payload of the mission consists of the 175-passengers, their luggage and six flight
crew members. The average passenger mass including baggage is 90 kg [41], giving a
total payload of 16.3 t. The total energy of the mission was determined by the flight range,
and the climb rate set the maximum power requirements. The A320 has a design range of
6100 km. However, over 80% of the routes the aircraft flies are equal to or less than 1500 km
long [39]. To minimize the energy requirements for the SPC airframe while maintaining
high utility of the design, 1500 km was set as the design range. Where applicable, this
model assumed an electric rather than a kerosene-driven aircraft, such that the total mass
did not change during the mission.

Wing
( Configuration
A4
Subsystems
Drag Polar ﬁ Requirements
Mission l
Top Level Performance
Requirements
Reference N « Take -off Energy and
aircraft selection « Payload o Climb Power
« Range « Cruise 5
— . Descent Requirements
« Landing
o Taxi
A4 /
- Mission
Eligible mass for S \
) MFM substitution Speciicafions Y

Propulsion System Sizing

MFM Specific
~ Energy and ¢
Power

Fuel mass Battery mass

. /

MTOW

i

Figure 5. Aircraft sizing flow diagram (MTOW = maximum take-off weight, MFM = multifunctional

material).
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Figure 6. (a) Mission profile and (b) take-off path based on conventional aircraft specifications (adapted from [42]).

Table 2. A320 specifications compiled using data from [43].

Input Value
Wingspan 341m
Wing area 122.6 m?
Aspect ratio 9.5
Cruise Mach number 0.79
Cruise altitude 11.3 km
Take-off distance 1.9 km
Landing distance 1.4 km
Operating empty weight 4221
Maximum take-off weight 780t

The power requirements and energy consumption of the design missions were evalu-
ated as a first step in assessing the SPC airframe. The performance of each mission segment
was determined from flight mechanics principles. An SPC aircraft should be able to reach,
or ideally surpass, the performance of a conventional design, in addition to providing
environmental benefits. The propulsive power, P, required for level flightis P =T x Veo
=D x Voo, where Voo is the free-stream velocity, and T and D are the thrust and drag
forces. For climbing, an additional term was added to the power equation to account for
the vertical velocity component RC x W, where W is the aircraft weight at the beginning of
the climb stage and RC is the rate of climb or the climb gradient.

The drag force was D = (1/2)pV002CDS, where the total drag coefficient could be
split into zero-lift drag and induced drag CD = CDO + CL2/(meAR). In level flight, the
lift coefficient is CL = 2W/(pV02S). The zero lift-drag; CDO, the aspect ratio, AR; and
the Oswald efficiency factor, e, are all parameters determined by the wing geometry
and baseline configuration of the A320. The value of CD0 depends on the flap and slat
configurations during the different flight stages and can be estimated using the component
build up method [42]. A more comprehensive and robust methodology for drag polar
estimation of modern aircraft [44] was used for the purposes of power calculations in this
analysis. The drag values for an A320 found by this method [44] are presented in Table 3.
The Oswald efficiency factor for the A320 was set to e = 0.78 for all flight stages [45]. The
required propulsive power needed to complete each mission segment can be expressed as:

p=l3c S—l—%—I—RCXW 1)
= 2PV T Gy S e AR '
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Table 3. Zero-lift drag values compiled using data from [44].
Flight Phase Clean Take-Off Initial Climb Approach Landing
Cpo 0.023 0.078 0.043 0.053 0.120

The final value of the power required from the propulsion system of the aircraft is
subject to the efficiency, #p, of the propulsive system, such that Preq = ypP. Turbofans
currently in service can reach propulsive efficiency up to 7p = 0.8 and an overall efficiency
of fuel to propulsor of 770 = 0.35 after fuel combustion thermal losses [46]. The energy, E, is
given by E = Pt, where t is the time taken to complete the mission segment.

The take-off (Figure 6b) is the first leg of the design mission and its performance
was analysed in accordance with EASA certification specifications for large aircraft (CS-
25) [47]. CS-25 defines the take-off as the period between acceleration from zero speed
on the ground to the point, at which the aircraft has climbed to a height of 11 m from the
runway surface. To calculate the power and energy requirements, the take-off path was
split into ground roll and transition to climb. The take-off velocity has a safety value of
V2 =1.13Vstall for a fly-by-wire aircraft [43,47]. The stall speed was estimated from level
flight force equilibrium and was subject to the value of CLmax for take-off and the MTOW.
An empirical estimation of CLmax = 2.6 [48] is used for a flat/slat configuration such as
that of an A320 wing. The resulting take-off speed was then V2 = 62.6 m/s and the typical
A320 V1 =74.6 m/s. The rotational velocity was approximately VR ~ V2. Given these
velocities, the power could be calculated from Equation (1). The take-off time was next
estimated to find the energy requirements. The ground roll time, tgr, i.e., the time for the
aircraft to accelerate to lift-off, derived from force equilibrium, is:

i W
= Jy, gD Wy @

The rolling coefficient of friction, y, for a standard dry asphalt/concrete is 0.03 [49],
and the thrust at take-off is 93% of the maximum A320 engine thrust [50]. Equation (2) was
solved numerically using the trapz function in Matlab.

The second stage of take-off starts from lift-off and ends after climbing to 11 m above
ground (Figure 6b). The time taken, ttr, was calculated as ftr = 11/(tanyV2), where the
rotation angle v was constrained to 12° to avoid tail strike [51]. The conventional A320
climb performance from empirical data and the A320 Flight Crew Operating Manual is
shown in Table 4. The second climb stage is the most demanding in terms of power and
thus governs the specific power of the energy source. The power requirements for each
of the four climb stages were estimated, and the energy was then determined based on
the climb times. The cruise and loiter segments represent the biggest portions of the total
energy consumption for a mission. There is no vertical velocity component during these
stages, and the power demand was calculated for the clean configuration at the target
cruise speed. The loitering speed of the A320 is 118.3 m/s [43].

Table 4. A320 climb parameters compiled using data from [43].

Altitude (km) Velocity (m/s) Rate of Climb (m/s)
1.52 90 12.7
4.57 149 10.2
7.32 148 7.1
11.3 230 1.2

The descent was modelled similarly to the climb stage. The descent performance of
an A320 is summarized in Table 5, where the rate of descent, RD, is -RC in Equation (1).
Only the first and last descent stages were powered due to the steep descent angle of the
second stage. To analyse the landing requirements, the landing path was split into flare
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and deceleration, mirroring the transition and ground roll phases of take-off. The flare time
is defined as the period of descent from 11 m altitude to touchdown [47]. The flare time,
tfare, was calculated as was tyrans for an A320 pitch angle at touchdown of y = 8.7° [51],
and a velocity of Vigging = 70.5 m/s [43]. Equation (2) was used to estimate the time to
decelerate to taxiing speed after touchdown. The new integral limits were then Vianding
and Vy,,; = 10.3 m/s, the A320 taxi speed limit [43]. The breaking friction coefficient was
set to 0.35 [52] and the thrust for idle engine during landing was 23% of the maximum
thrust [50].

Table 5. A320 descent parameters compiled using data from [43].

Altitude (km) Velocity (m/s) Rate of Descent (m/s)
7.32 230 5.1
3.05 149 17.8
0.46 129 7.6

In addition to this mission profile, the energy and power requirements during taxiing
were included; 7% of the maximum thrust was considered to be used during taxiing [53].
For a taxi time set to 20 min and Vtaxi = 10.3 m/s, the power and energy were calculated
from Etaxi = Ptaxi ttaxi, where Ptaxi = Ttaxi Vtaxi. Finally, the model included non-
propulsive power and energy demands from electrification of the subsystems. These
non-propulsive demands depend on the subsystem architecture. The subsystems of A320
aircraft are powered by pneumatic, hydraulic, mechanical and electrical power. For a
conventional aircraft, non-propulsive energy typically represents 5% of the total energy of
a mission [54].

2.3. Electrical Requirements

A numerical model was formulated to calculate the maximum power requirement
and total energy based on the take-off weight (TOW) and mission profile of an A320 using
a Matlab script to compute the flight mechanics analysis detailed in Section 2.2. This
model was applied to a conventional A320 design and validated against existing studies, as
follows. The take-off weight of the baseline A320 included the OEW, payload and fuel. The
fuel requirement to complete the design mission profile was approximated from empirical
weight fractions for a civil jet. The fuel consumption during cruising and loitering was
estimated for the lift-to-drag ratio, L/ D, and specific fuel consumption, C, of A320 wings
and engines, using the Breguet range equation [42], R = (V/C) (L/D) In(W;/Wj), where R
is the range, V' is the velocity, W; is the initial aircraft weight and Wy is the final aircraft
weight after the mission segment has been completed. The final fuel weight included a 5%
contingency fuel, as per ICAO regulations, resulting in a total of 5.7 t for a 1500 km mission.
The TOW for the design mission was then approximately 65 t. For the estimated take-off
weight and range, the energy and power demands are presented in Figure 7.

Model validation was performed using the overall efficiency of a turbofan and the
total mission energy. A separate study [22] has estimated a peak power demand of 21 MW
and a total energy of 32 MWh for an A320 on the same mission range; the slightly higher
peak power is attributed to a heavier take-off weight. The mission performance model
was also compared to the data in the A320 Flight Crew Operating Manual (FCOM) [43].
The mission time and fuel efficiency agreed with those from the FCOM for all flight stages.
Consequently, the outputs of the model were deemed to provide reasonably accurate values
for the A320 energy consumption and peak power demand. Following the baseline model,
the script was updated to model the energy and power demands for the MEA, HEA and
AEA configurations. Details of the design changes associated with these different electric
aircraft configurations are provided in Appendix A. The major differentiating factors were
the differing take-off weight and weight changes throughout the mission profile.
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Figure 7. Power and energy consumption of the baseline A320 (total energy = 28.4 MWh).

2.4. Structural Mass

An A320 is composed of around 20% composite materials by weight; only a small
portion of which are carbon fibre reinforced polymer (CFRP) composites. The A350 XWB
model has 53% composite materials by weight [55]. While most of the fuselage structures
are made from CFRP, heavy load frames such as the landing gear and the pylons are
still manufactured from metal alloys. Even monofunctional composite materials still
face predictive modelling issues, particularly in relation to compressive strength failure
mechanisms and damage tolerance. Certification is therefore a major challenge, and much
of the current research is focused on overcoming this hurdle.

Structural masses are shown in Table 6. The total structural masses from two inde-
pendent sources agreed to within 1% [56,57]. To determine minimum specific energy and
specific power requirements, an approximate total structural mass of 25 t was considered
as being representative of the maximum mass that could be replaced with SPC.

Table 6. Structural mass in a conventional A320 compiled using data from [56,57].

. Landing Nacelles & . Total Total
Group Wings Fuselage Gear Pylons Tail [56] [57]
Mass (t) 8.8 7.2 5.7 2.6 1.3 25.6 25.9

A fully composite A320 airframe would have a significantly different mass. Replacing
just the fuselage of an A320 with CFRP is predicted to decrease the component’s mass by
over 27% [58]. However, since the idea of this study is to replace the airframe with SPCs, the
implications for mass savings will be different. SPCs with poorer mechanical performance
relative to conventional composites could be used to make thicker structures to achieve
the required mechanical properties. For example, if an SPC has 80% of the structural
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performance of a CFRP, the thickness and energy stored in the SPC could increase by
25%. This analysis assumed that the mass savings of a composite A320 airframe would
be offset by the increased thicknesses of SPC structures. The weight of an SPC cooling
and management system was not considered. Since the energy in SPCs is more sparsely
distributed than that in batteries, the cooling required for SPCs may be less than that
needed for batteries. Ultimately, the goal was to not exceed the conventional airframe mass
significantly, to maintain the benefits of using SPCs instead of batteries.

2.5. Slender Wings

The final difference between the baseline aircraft and the SPC airframe that was
assessed in the current study involved the wing configuration—specifically, slender wings
to reduce drag. The aim of this section is to provide high-level understanding of the
relationship between novel wing configurations and the SPC airframe in terms of energy
demands. The direct impact of the MEA and HEA configurations is a lower MTOW which
allows for smaller wings. An alternative approach is to couple wing and SPC design
through modelling the energy demands for novel wing configurations whilst maintaining
the original TOW. The alternative wing configurations were sized to reach the same mass
as the conventional wing. The aspect ratio, Oswald efficiency factor and zero-lift drag were
the wing geometry factors affecting the performance.

The two slender wing configurations that were considered for the SPC airframe design
were the strut-braced wing (SBW, Figure 3a) and the box wing (BW, Figure 3b). The former
is a thinner wing of longer span or higher aspect ratio that is structurally supported by
a strut. The system-level effects of an SBW are reductions in induced drag and weight.
An alternative version of the SBW is the truss-braced wing, where several additional
structural members can be attached between the wing and the strut. The advantages
of adding structural attachments are an increase in flutter speed, a decrease in overall
wing weight and attractive fuel efficiency increases [59]. The SBW can potentially be
optimised to decrease the energy demands through improved aerodynamic performance
whilst maintaining the weight of a reference cantilever beam. This new optimisation
strategy, which does not focus on minimising weight, would relate the SPC and SBW
design. The SBW was sized based on a methodology that was verified against the SUGAR
Volt design [60]. The aspect ratio of an SBW has been shown to increase from 10 to 16.6 at
no weight penalty compared to a cantilever wing [60]. Other studies have shown similar
increases in aspect ratio [61]. Maintaining the same aspect ratio was expected to lead to
weight savings for the SBW. For the A320 wing in AEA configuration, the aspect ratio was
increased to 16 whilst maintaining the same surface area and mass.

The box wing configuration has improved structural and aerodynamic performance as
well. Distributing the load between the aft and the fore wing in the BW results in a different
moment distribution. The box wing has been shown to offer a lower bending moment and
shear force which can relieve constraints in the design of multifunctional composites for
the skins, spars, stringers and ribs of the wing [62]. In terms of aerodynamics effects, the
induced drag can be reduced by up to 20% compared to conventional wings because of the
higher aspect ratio and Oswald efficiency [60]. The box wing can be designed to be slightly
heavier or lighter than the conventional wing depending on the optimisation parameters.
The BW was sized assuming that the aerodynamic load was equally distributed between
the fore and the aft wing as per the biplane theory [62]. The two wing surfaces were sized to
be of equal surface area, and their total surface area to be equal to that of the conventional
wing. The box wing has a higher efficiency and lower zero-lift drag than the conventional
wing. Various theoretical and CFD studies have estimated an Oswald efficiency of 0.97 for
the box wing with up to 14% lower glide ratio, both dependent on the stagger ratio—that
is, the ratio of height-wise spacing of the two wings to the span [63]. For the geometry of
the A320 wing, the stagger ratio was set to 0.2 [63].

The final wing designs (Figure 3) were employed in the AEA and HEA configurations.
In both cases, further studies need to be performed to account for the overall effect on
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drag. The overall wing geometry variables (Table 7) were calculated from theory and
OpenVSP [24], and then used to calculate the energy and power consumption of the
missions. The SBW would experience penalties in zero-lift drag and Oswald efficiency due
to the decreased chord lengths [42]. A slightly larger surface area was considered for the
BW configuration due to the wingtip section.

Table 7. Strut-braced wing (SBW) and box wing (BW) parameters compiled using data from [63].

Parameter Strut-Braced Wing Box Wing
Aspect ratio 16 9.5
Oswald efficiency 0.70 0.97
Surface area (m?) 123 134
Zero-lift drag coefficient 0.025 0.023

2.6. Impact on Aviation

The motivation behind developing electric commercial aircraft is to minimise emis-
sions. Zero direct-flight emissions are a definite consequence of the AEA, but the overall
environmental impact [15,31] depends on the source of electricity. The energy supply chain
needs to be followed to assess the environmental impact of the aircraft configurations
designed. Depending on the source of electricity generation, the overall AEA emissions
can be very different. The total emissions were evaluated per flight and compared to those
of the conventional A320. The starting point was to identify the different electricity sources
and their fraction of the total electricity generated. The CO; and non-CO; emissions per
watt-hour produced were then evaluated, including any losses in energy transfer. Similarly,
the emissions per kilogram of jet fuel burnt were calculated.

The future electrical grid was modelled using the European Commission (EC) ref-
erence scenario for the energy grids of the European Union members [64] and how the
electricity generation split is projected to evolve up to 2050 (Figure 8). The increase of
the renewable energy sector and the reduction of coal electricity generation is expected to
reduce the carbon intensity per unit electrical energy from the grid significantly.
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Figure 8. Electricity generation projection compiled from European Commission data [64].

The emissions per flight were estimated based on the greenhouse gas (GHG) intensity
per unit energy from the grid, which includes all greenhouse gases emissions that are
a by-product of electricity generation [15]. By the time the AEA can be introduced into
service, the emissions intensity of electricity will have dropped drastically (Figure 9a).
However, these emission intensity values would be very different depending on the region
or country where the AEA are charged. Charging in India and China would result in over
three times higher emissions [65], which thus places a strong emphasis on the efficiency of
aircraft management and operations.
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Figure 9. (a) Emissions intensity from the EU grid compiled using data from [15,64]. (b) Aviation emissions and fuel burn
projections compiled using data from [2] (BAU = business as usual).

The CO, emissions from the aviation sector as projected by ICAO [2] are shown in
Figure 9b. Under a business-as-usual scenario, with only moderate advancements in fuel
efficiency, emissions are expected to triple by 2050, whereas more optimistic assumptions
suggest emissions are significantly lower. Both scenarios emphasize the need for more
disruptive design innovations if green aviation targets are to be met. ICAO estimates
that 3.16 kg of CO, is emitted for every kg of jet fuel burned [2]. The greenhouse impact
of non-CO, aviation emissions is difficult to predict, and there is uncertainty in how to
measure this impact. The emissions per flight for the conventional A320 were calculated by
assuming that 2.58 kg of non-CO, GHGs are emitted for every 1 kg of jet fuel burned [15].
Electricity transmission efficiency and battery charging efficiency were accounted for in
the calculations.

3. Results and Discussion

This section presents the results and corresponding discussion related to five analysis
topics: (a) more-electric (Figure A1), (b) hybrid-electric (Figure 1) and (c) all-electric aircraft
(Figure 2b); (d) slender wing designs (Figure 3) and (e) environmental impact.

3.1. More-Electric Aircraft

The MEA with an SPC airframe would need 5.6% less fuel than a conventional A320
and 4.9% less fuel than an MEA using engine generators and no electrical green taxiing
system (EGTS). For comparison, fuel savings of 3.5% have been calculated for a 5556 km
mission [66]. The EGTS would result in overall fuel efficiency improvements only when
powered through structural power. For the MEA without an SPC airframe, the EGTS would
lead to a slightly larger amount of fuel being burnt during flight. If a 40 kg battery were to
power the EGTS, instead of the auxiliary power unit, that would lead to overall savings
and zero airport emissions [67]. However, such a battery would need to have an energy
density of 417 Wh/kg to power the 20-min taxi phase, which is about 2.5 times larger than
the current Li-ion battery pack-level energy density of 170 Wh/kg [11]. In addition, there
would also need to be a local supercapacitor to meet the high power demands. As the
landing gear housing is tightly packed, the volume that would be needed to accommodate
the EGTS is also a design challenge. Structural power composites could power the system
with minimal added volume and localise the power source, thereby reducing the amount
of wiring needed. Forming the panels around the landing gear housing from SPC could
also reduce high energy density requirements and enable the design of a self-contained
taxiing system that is safer and could be easier to maintain and repair.
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Removing the hydraulic system would lead to both mass savings and more available
volume within the airframe. Removing the three main hydraulic reservoirs of the A320
would free up 33 L of space and removing the largest diameter hydraulic pipes would
result in over 180 L of space saved [43]. This extra space can be used to accommodate new
systems or electrical components related to the SPC. The estimated mass, volume and fuel
burn savings that an MEA SPC airframe could achieve compared to conventional A320
were >1100 kg, >210 L and 5.6%, respectively.

The specific energy and power requirements of the MEA SPC airframe can be met by
adjusting the proportion of airframe structural mass that is substituted by SPCs (Figure 10).
For example, a 50% SPC airframe, corresponding to the composite composition of state-of-art
airliners, would need E* = 90 Wh/kg and P* = 55 W/kg. These values are approaching
feasibility for the state-of-the-art SPCs [68,69]. The maximum power requirement corresponds
to all subsystem electrical loads applied at once: for most of the flight, these power demands
are much lower. Therefore, structural battery composites could be used for most of the
operating conditions. Structural supercapacitor composites could be used in flight control
surfaces and landing gear actuators where there are high power requirements for short
periods. An integrated design of the electro-mechanical actuators and electro-hydrostatic
actuators using SSCs could minimise efficiency losses and wiring mass.
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Figure 10. Gravimetric energy and power density requirements for an MEA SPC airframe. The
marks show the percentages of the airframe mass replaced by multifunctional material (MFM) in
increments of 10%.

3.2. Hybrid-Electric Aircraft

The HEA A320 with electric subsystems, as with the MEA design, was calculated to
have a mission fuel burn of 4.0 t. The significant improvement in fuel efficiency for the HEA
(Table 8) was a result of the electric motors producing propulsive power throughout the
whole mission, excluding landing and take-off, due their much lower energy consumption
(Figure 11a). Most HEA concepts have the electric motors switched off during cruising,
as the motors would require too much additional battery power and remove any fuel
efficiency benefits. The emphasis here is on developing more powerful and efficient electric
motors that could undertake a larger portion of the power demand during take-off and
climbing and allow scaling down of the turbine. High-temperature superconducting (HTS)
motors, even at the lower spectrum of performance projections, would result in notably
higher fuel savings when employed during cruising.
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Figure 11. (a) HEA propulsive energy split. (b) SPC performance requirements for HEA with an SPC airframe together
with 400 Wh/kg and 600 Wh/kg batteries.

The required E* of a fully SPC airframe for different levels of HTS cruise power setting
(Table 9) is close to that of current Li-ion batteries. The required performance for the
SPC airframe can be lowered if the HTS motors operate at lower power settings during
cruising. Even if the HTS motors are switched off during cruising, the fuel saving with
an SPC airframe would be over double that of the 7% fuel efficiency improvements for
other A320 HEA designs in the literature [70,71]. Alternatively, batteries could be added.
Figure 11b shows how the SPC E* requirements vary for future batteries for a 1500 km
mission. Even with an additional 7.5 t of battery mass, the HEA design would have 17%
better fuel efficiency than the conventional A320. However, unless the batteries’ E* is much
higher than 400 Wh/kg, adding batteries would not significantly lower the performance
targets for the SPC airframe, whilst introducing issues with their onboard accommodation,
thermal management and safety. A potential design zone to target for 1500 km HEA might
be that shown in the red box in Figure 11b—for example, a 200 Wh/kg SPC airframe with
5 t of 600 Wh/kg batteries. The SPC E* target, which matches the performance of existing
Li-ion batteries, could be considered a plausible stretch target, given that a 131 Wh/kg [72]
(260 Wh/L, 12.1 N m? bending rigidity, 9.6 GPa elastic modulus [73]) structural battery
has been experimentally demonstrated and a 160 Wh/kg (330 Wh/L) structural battery
has been calculated to be producible by tripling the stack thickness. The battery targets
may be achievable using known, but not yet widely implemented, chemistries, such as
Li-S [74,75] or Zn-air, with which 523 Wh/kg [76] has been experimentally demonstrated
and over 700 Wh/kg has been projected [77].

Table 9. Hybrid-electric aircraft with structural power composite airframe performance requirements.

. . Specific Energy o .
HTS Cruise Setting (Whikg) Specific Power (W/kg) Fuel Saving
0% (off) 210 123 15%
50% 270 123 20%

100% 330 123 26%
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3.3. All-Electric Aircraft

Once the propulsion system had been sized, the potential impact of an SPC airframe
was assessed by calculating its effect on the E* requirements. Even with a 5 t reduction in
MTOW for the AEA due to the lighter propulsion system, an SPC airframe would require
an energy density of around 1000 Wh/kg for a 1500 km mission. Given this high value,
it would be beneficial to supply some of the energy using batteries to reduce the SPC E*
requirements. The battery mass was limited to 23 t, to keep the total mass below the MTOW
of an A320. The landing gear and control surfaces would need to be resized if a greater
battery mass is needed.

For both the 1000 km and 1500 km missions, increasing either the mass of the batteries
or the specific energy of the batteries led to a linear reduction in the SPC specific energy
requirement (Figure 12). A range of 1500 km or greater is very energy demanding and
would require a large mass of batteries, even with an SPC airframe. For the 1000 km range
(Figure 12a), the lower energy demands lead to more achievable targets. Li-air batteries
have been projected to reach cell-level specific energies of 950 Wh/kg [11], and a useable
pack-level E* has been estimated to initially be 900 Wh/kg (700 Wh/L), dropping linearly
down to 680 Wh/kg (530 Wh/L) after 200 cycles [78]. Therefore, a potential design zone to
target for 1000 km AEA might be that shown in the red box in Figure 12a—for example, a
400 Wh/kg SPC airframe with 17 t of 700 Wh/kg batteries. Assuming batteries supply two-
thirds of the power, a maximum SPC P* ~ 300 W /kg would be needed during climbing.
Power demand was not considered to be a constraint at this stage, as SSC components
could be added at later design stages to meet climbing power demands.
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Figure 12. (a) 1000 km range. (b) 1500 km range. SPC E* requirements for the AEA configuration with different battery
pack-level E*. The red box highlights a zone which aims to simultaneously minimise SPC and battery E* requirements.

For a 1000 km range AEA without an SPC airframe, 36 t of 680 Wh/kg batteries would
be needed. The volumetric fuel capacity of the current A320 is 27 kL; hence even with
530 Wh/L (pack-level) Li-air batteries [78], there would not be enough space in current
airframes for 46 kL of batteries plus their cooling system. Since SPCs could reduce the
battery mass needed, an AEA design with an SPC airframe could provide a solution to
these volume constraints. Another potential consequence of an SPC airframe is increased
safety. Carrying half the amount of high-energy-density batteries could lower the risks of
catastrophic incidents, such as explosions on the runaway.

3.4. Slender Wings

Both slender wing configurations with the AEA design significantly decreased the
energy demands on the batteries and the SPC airframe (Figure 13) compared to those for
the conventional-winged AEA A320. The BW and SBW designs led to decreases in energy
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demands of 6.7% and 11%, respectively. For the HEA A320 configuration without batteries,
the BW and SBW would result in 29% and 34% fuel efficiency improvements, respectively,
compared to the baseline conventional A320. The constraints on the SPC airframe remain
constant, as they depend on the power output of the HTS motor. The slender wing designs
enable either reductions in the mass and volume of batteries or lower E* requirements for
SPCs and/or batteries. Potential design parameters for a 1000 km AEA might be targeted
within the red boxes shown in Figure 13. For the SBW design, a 400 Wh/kg SPC airframe
with 12 t of 700 Wh/kg batteries, the batteries would occupy half of the original A320 fuel
tank’s volume.
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Figure 13. SPC E* requirements for AEA configurations over 1000 km with (a) box and (b) strut-braced wings for different

battery pack-level E*. The red box highlights a zone which aims to simultaneously minimise the volume of batteries and the

SPC E* requirements.

The drag, and therefore, the energy requirements, could be reduced by using computa-
tional fluid dynamics (CFD) as a tool to more precisely develop and refine the aerodynamic
design of the wings. The results indicated that the SBW had a more significant impact on
mission energy expenditure than the BW. However, the trade-off between structural and
aerodynamic performance may make the BW more attractive for an SPC airframe. Further
research involving a detailed structural analysis is recommended to determine which wing
configuration would be more appropriate for an SPC airframe. Additionally, a blended
wing-body configuration warrants investigation but would involve a complete redesign of
the reference aircraft, which was not within the scope of the present investigation.

An issue with both the BW and the SBW configurations is the engine mounting [63].
The large turbofans of conventional aircraft present challenges for the slender wings. For the
HEA, the two turbofans can be mounted to the back of the fuselage to avoid complicating
the design of the novel wing configurations. For the AEA, the DP configuration makes
fuselage mounting less likely. However, since the DP is much lighter, mounting would
not be such a constraint for the structural integrity of the wings. The ducted fans could be
fully integrated into the BW as in the Dragon concept [16]. There are many possibilities
for the optimal configuration; and further research into combining wing structural and
aerodynamic analysis, and engine integration with SPC design, would be very beneficial
for realising future green AEA.

The majority of past and ongoing research concentrates on the design of the SBW
through optimising the strut or attachment points and integrating that design into conven-
tional aircraft [79]. These studies are mostly short-term projects and even the multidisci-
plinary studies are limited to conventional aircraft, except for the SUGAR Volt project [17].
Considering the level of maturity of slender wing designs, it may prove more fruitful to
continue their development in the context of AEA objectives, rather than limiting their
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research to discipline-specific objectives that would then need to be adapted to the full
aircraft configuration. These wing configurations could be utilized in AEA design to reach
feasible performance requirements for cleaner energy storage systems. Future research
should investigate the mechanical performance requirements of an SPC airframe using
slender wing designs together with distributed propulsion integration strategies. Future
research could also investigate whether using SPCs to provide part of the energy storage
would enable simpler non-battery solutions to supply the remaining energy. For example,
using hydrogen fuel cells instead of developing hydrogen combustion engines and/or
using gaseous instead of liquid hydrogen [80].

3.5. Impact on Aviation

The emissions per flight were estimated for all the configurations without slender wings
(Figure 14a,b) and the emissions for slender wing configurations in AEA (Figure 14c,d). From
the configurations considered in this study, only the AEA configurations could potentially
reduce operating CO, emissions by 75% relative to the conventional A320. MEA and HEA
showed much lower impacts on GHG emissions than AEA, but their effects on local air
quality near airports are important. Depending on the mission range and the country of
charging, the advantages of an AEA over a conventional aircraft might not be exploited.
For the AEA-800 MIT design, operating a 926 km mission using the current energy grid
scenario in the US, little to no improvements in emissions have been estimated compared
to conventional A320 [15]. Depending on the battery energy density and the energy grid
scenario, the GHG emissions for the MIT design can even be higher than those of conventional
aircraft. Consequently, the environmental impacts of future aviation are not only in the hands
of aircraft and electrical engineers, but also rely on airline operations and electricity grids
transitioning towards renewable energy sources.

The full life-cycle emissions from batteries and SPCs [81] are important to consider,
as both composite and battery production and disposal have high GHG intensity. A full
life-cycle assessment is not yet possible for the SPC airframe, since the detailed chemistry,
material design and structural architecture are not yet known. The SPC airframe would
most likely consist of a variety of SBCs and SSCs, with differing lifetimes depending on the
types of load-bearing structures they represent and the types of electrical components that
they power. The production of a 121 Wh/kg Li-ion battery has been estimated to emit up to
15 kg CO, equivalent GHG per kg battery produced [82]. If the emissions per kg of battery
produced were to remain constant, around thirty-two missions would produce the CO;
equivalent GHG emissions from the production of 12 t of batteries for a SBW all-electric
A320. Since a large portion of production emissions is due to electricity consumption, the
country of production is of great significance.

At their end of their service lives on aircraft, when the charging properties have
degraded, the SPCs and batteries could be re-purposed and reused as non-structural battery
packs in less demanding stationary applications [15]. Recycling the SPC airframe could
reduce production costs, since a quarter of the production emissions of Li-ion batteries due
to electricity consumption can be reduced by recycling the anodes and cathodes [83].

Minimising noise emissions is another objective of commercial aviation. Aircraft
noise depends on the thrust rating, the speed of the propulsion system, the MTOW, the
flight controls and the landing gear [84]. Noise predictive modelling is a complex process
that requires a detailed propulsion system analysis and CFD simulations; both analyse
are outside of the scope of this study. For an all-electric A320 with six ducted fans, a
15% reduction in sound levels of take-off and landing noise contour distance has been
calculated [22]. The noise of the final baseline AEA design could be lower for the slender
designs, depending on the fan integration method. At this stage, it is unclear whether
Flightpath 2050s [5] noise goals can be achieved.
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Figure 14. A320 emissions with various SPC airframe configurations over a 1500 km mission (a,b) with conventional wings

and (c,d) the effect of slender wings.

Airline operations of AEA or even HEA would be very different to those of conven-
tional aircraft. New daily flight operations, maintenance schedules and checks need to be
developed and certified. The daily utility of a current A320 airliner translates to roughly
four flights under 1500 km a day [39]. The average turn-around time of 45 min for single-
aisle aircraft [85] would require charging of the batteries or SPC airframe at a charge rate
of (4/3)C in battery C-rate terms. This charge rate does not exceed the maximum charge
rates that are safely accepted by batteries used in existing electric vehicles of 1-1.5C [86].
Faster charge rates are expected to be achieved of around 3C [86], and recent research has
developed batteries that can recharge in 10 min [87].

The useful life of an aircraft with an SPC airframe could potentially be much lower
than that of a conventional aircraft. Composites with electrochemical properties may have
shorter lives than the materials of current aircraft due to capacity fading during storage
and during cycling. Replacement of the SPC airframe components could potentially be
costly, and therefore adoption of SPC technology is likely to begin with easily replaceable
structures. Although the production costs of an SPC airframe would be higher than those
for a conventional airframe, the costs may be lower than the total production costs for
the separate monofunctional structures and batteries, since less overall material would be
processed and only one production facility would be needed. The costs would be highly
dependent on the production scale; scaling up SPCs would reduce the costs considerably,
as with batteries. Estimated costs of the required raw materials for SPCs compared with
the costs for conventional composite materials are provided in [36] (Section IIL.G).
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The principal challenge of the SPC airframe is to develop material architectures
and compositions capable of storing and supplying the required energy and power whilst
maintaining structural integrity and minimizing weight and cost. Apart from the issues that
SPCs share with conventional composites, namely, manufacturing rate, damage tolerance
and maintenance, their electrochemical properties introduce a host of additional challenges
for airline operations. An SPC airframe might have a detrimental effect on the useful
life of an aircraft, alongside increasing capital and maintenance costs. Moreover, overall
emissions and energy costs would be dependent on the country of charging. A strong
emphasis should be placed on addressing these operational and ownership challenges to
enhance the economic viability of SPC airframes and their applications in large aircraft.
Finally, SPC research should aim to demonstrate SPCs in small scale MEA, HEA or AEA to
provide confidence to adopt SPCs in larger aircraft.

4. Conclusions

The adoption of structural power composite airframes in future electric aircraft con-
figurations could lead to significant reductions in energy demand and emissions. A
methodology was developed to estimate the specific energy and power requirements of an
SPC airframe according to the mission performance and aircraft mass of an A320. The role
of the SPC was assessed for three different levels of electrification: from more-electric aircraft
(MEA) having electric subsystems to hybrid-electric aircraft (HEA) to all-electric aircraft (AEA).
Finally, slender wing configurations in conjunction with AEA and SPCs, and the challenges
in terms of airline operations, were evaluated and discussed.

The required electrical performance of SPCs was within feasible limits when combined
with batteries or as a stand-alone energy source in MEA and HEA configurations. For an
MEA A320, a 5.6% fuel efficiency improvement could be achieved by a 50% SPC airframe
with specific energy and power of 90 Wh/kg and 55 W/kg, respectively, for a 1500 km
mission. The specific energies of state-of-the-art structural battery composites already
demonstrated experimentally at the laboratory scale and cell level (24 Wh/kg [68]) are
approaching the specific energy target. The cell-level specific power levels of state-of-
the-art structural supercapacitors, demonstrated experimentally at the laboratory scale
(1.1 kW /kg [69]), exceed the specific power target. For the HEA and AEA, the entire
airframe would need to be substituted with SPC to minimise the performance requirements.
In the HEA configurations, specific energy and power values exceeding 200 Wh/kg and
120 W/kg would lead to improved system-level performance. The AEA configuration
would need to incorporate novel wing design and distributed propulsion, in addition
to batteries and an SPC airframe, in order to decrease the specific energy and power
requirements to feasible levels. An AEA aircraft with an SPC airframe would require
half the battery mass and could enable increased mission ranges compared to those of a
conventional airframe.

This investigation has established that a large AEA having commercially attractive
mission profiles could become more technologically viable by coupling novel wing config-
urations with engine integration and SPC development. Combining these disciplines at the
conceptual design level would enable optimisation of performance requirements for each
component. This study has also defined quantitative electrochemical performance targets
to provide the start of the roadmap for adoption of SPCs in civil aviation. Recommended
milestones for SPC specific energy values would be approximately 100 Wh/kg for adoption
in MEA; 200 Wh/kg together with 600 Wh/kg pack-level batteries for adoption in HEA;
and 400 Wh/kg together with 700 Wh/kg pack level batteries or other sustainable energy
source for adoption in AEA. Since structural power is applicable to other vehicles, such
as cars and lorries, the methodology reported in this study could be adapted and used to
develop similar roadmaps for the adoption of SPCs in other vehicles.
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Appendix A. Electric Aircraft Configurations
Appendix A.1. More-Electric Aircraft

The first step towards aircraft electrification is electrifying the subsystems. The con-
ventional A320 design has many of its secondary systems powered non-electrically. In the
MEA design, an electrical taxiing system was added, and all subsystems were redesigned
to be powered through SPCs. The conventional A320 numerical model was adapted to
calculate MEA power and energy demands, with altered the non-propulsive energy and
taxiing stages.

The pneumatic system of the A320 currently powers the ice-protection system and
environmental control system (ECS), hydraulic pressurisation, water reservoir and engine
start [43]. These functions can all be electrically powered in a bleed-less architecture. The
787 Dreamliner has already demonstrated the many advantages of a bleed-less architecture,
including reduced maintenance costs and fuel savings. The electrical load, however, is
tripled, requiring more powerful engine generators and a more complex power manage-
ment and distribution (PMAD) system. An alternative approach is to remove the generators
altogether and power the systems through batteries or SPCs charged on the ground before
departure.

Similarly, the hydraulic system can be electrified. In the A320, the flight control surface
(FCS) actuation system, nose-wheel steering, landing gear (LG) actuation, wheel braking
and cargo doors are all hydraulically powered [43]. Two approaches have been developed
for electrical actuation: electro-hydrostatic actuators (EHA) and electro-mechanical actu-
ators (EMA) [88]. EHAs use a hydraulic cylinder that is electrically actuated, and each
actuator is a self-contained system (it is not part of system-level hydraulic power). EMAs
operate using only electric motors for actuation. Such actuators are already in service on
the Boeing 787 and Airbus A350XWB [88]. In the MEA A320 design, a combination of
both EHAs and EMAs can be used to replace all the hydraulic and pneumatic system func-
tions by following an integrated approach to sizing the MEA components for single-aisle
aircraft [66].

With the removal of the generators, the A320 electrical system will also be powered by
SPCs. The A320 electrical system powers 115 V AC and 28 V DC electric buses. The new
suggested PMAD system of the MEA is illustrated in Figure A1 with some of the electrical
loads shown. The £270 V DC buses correspond to the new electrical requirements of the
hydraulic and pneumatic systems. The MEA SPC airframe allows the architecture of the
PMAD to be optimised according to the design objectives. Safety or weight considerations
may mean a different distribution and number of the converter units, different AC and DC
buses and different wiring. A comprehensive study is needed in the future to determine
the optimal operational strategy of the structural power PMAD. We maintained the con-
ventional A320 PMAD system weight of 1 t, as we assumed that any weight savings may
be offset by additional cooling system requirements.
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Figure A1. More-electric aircraft power distribution (adapted from [66]).

The MEA subsystem power was estimated to be 365 kW on average based on conven-
tional A320 electrical demands and the additional electrical ECS and IPS loads [15,66,89].
A stable power demand was assumed through all flight stages. The maximum power
requirement was estimated to reach up to 650 kW if all systems simultaneously work at
maximum capacity. The PMAD was considered to be 94.5% efficient [15].

The final function that was electrified in the MEA design was the taxiing system. The
electrical green taxiing system (EGTS) developed by Safran and Honeywell [90] has already
been successfully tested on an A320. The 300 kg system is installed at the nose landing gear
and can accelerate the A320 to its normal taxi speed [90]. The EGTS was originally designed
to be powered by the auxiliary power unit (APU), but since it operates at 270 VDC, it can
easily be integrated into the MEA. Currently the benefits of EGTS do not out-weigh the
additional weight penalty. However, if powered by SPCs, the EGTS could yield zero direct
emissions and significantly reduce noise during taxiing. In terms of power, the EGTS can
consume up to 50 kW [67].

The masses of the conventional A320 subsystems, the new masses calculated using
this approach and the net mass changes for the MEA are shown in Table Al.

Table A1. More-electric aircraft subsystem mass savings (adapted from [66,91,92]).

Subsystem Original Mass (kg) New Mass (kg) Mass Change (kg)
Hydraulics 866 0 —866
Electrical generators and auxiliary power unit 556 0 —556
Bleed air 249 0 —249
Landing gear steering and brakes 760 661 —-99
Ice-protection system 30 95 65
Environmental control system 0 80 80
Flight control surfaces and landing gear actuation 772 996 224
Electrical taxiing system 0 300 300
Total 3233 2132 —1101

Appendix A.2. Hybrid-Electric Aircraft

The HEA combines electrical and chemical (fuel) energy sources to increase fuel
efficiency and reduce emissions. A variety of propulsion system architectures have been
developed involving different levels of integration between the internal combustion engine
and an electric motor. The main challenge of HEA design is compensating for the added
system complexity and mass. The three main designs explored by engineers are series,
parallel and turboelectric architectures [7]. In the series configuration, power from the gas
turbine is transformed via a generator to power an electric motor, which in turn drives the



Energies 2021, 14, 6006

24 of 30

fan. The electric motor can be powered by batteries, and conversely, the motor can also be
used to regeneratively produce electrical power during descent for use in other purposes,
such as charging batteries or offsetting the internal electrical load. This design, however,
suffers from the added weight and losses of the generator, and has been proven to be less
efficient than the parallel architecture [7].

In the parallel architecture (Figure 1), the fan is driven simultaneously by the gas
turbine and an electric motor powered by batteries. This concept has been the subject of
extensive research by NASA during their SUGAR project. SUGAR explored a single-aisle
HEA flying a 1667 km mission and estimated a fuel reduction of 3% to 5% [93]. However,
these results considered an energy storage system with an energy density of 1000 Wh/kg,
significantly higher than that of any current battery technology. Other studies of the parallel
configuration for such mission ranges of regional jets have also confirmed that battery
densities below 1000 Wh/kg do not result in notable fuel efficiency improvements [7].

Finally, the turboelectric architecture does not use any additional battery packs on-
board, and the electric motor is driven solely by engine generators. There is a distinction
between a partially turboelectric, where the turboshaft drives both the generator and the
fan, and a fully turboelectric configuration, where the turboshaft is only used to deliver
mechanical energy. The turboelectric concept was of no particular interest to this study, as
it does not involve electrical energy storage and makes use of generators already removed
from the MEA configuration.

The HEA SPC airframe was designed to have a parallel architecture (Figure 1). Since
there are many published studies on parallel HEA, this selection would allow for the
comparison between batteries and an SPC system. An electrically-assisted A320 propulsion
system where electrical energy is used during the take-off and climbing stages has been
estimated to deliver 14% and 25% of the power demands for those stages and decrease the
fuel consumption by 7.5% for a 1000 km mission [70]. A parallel HEA configuration for the
A320neo that also employs fully electrified subsystems (MEA) has been developed [71].
Using the electric motor to provide 15% of the take-off power and 10% of the climb power
has been estimated to decrease the fuel consumption by 7% [94]. Both these studies
considered battery energy densities of over 600 Wh/kg. In sizing the propulsion system for
a HEA SPC airframe, the goal was to deliver a greater fraction of the electrical propulsive
energy than possible through using batteries and achieve greater fuel savings by having
the electric motor operating through all the stages of flight.

The first step in sizing the propulsion system was the selection of the type and power
rating of the electric motor. High-temperature superconducting (HTS) motors are the most
promising technology for aerospace applications due to their high efficiency and power
capabilities. HTS motors utilise superconducting material to create a higher magnetic flux
than that from the permanent magnets used in conventional motors [94]. To achieve the
high power output required for aircraft propulsion applications, AC current needs to be
supplied to the HTS motors [95]. The benchmark for power output in studies demonstrating
the utility of HTS motors in aerospace is 1 MW [96]. The European Commission has
sponsored a demonstration study of such an HTS motor [95]. Some HEA concepts employ
motors of over 2 MW in a turboelectric configuration [97]. However, the more conservative
value of 1 MW was used for the HEA configuration due to weight saving considerations.

The parallel architecture (Figure 1) was adopted in the redesign of the A320. A gear
box was added to regulate the rotational speed of the fan, and a DC/AC inverter was
needed to deliver AC power to the HTS motor (Figure 2a). Due to the AC losses, the HTS
motor would need a cooling system: a cryocooler can be integrated in the HTS motor
topology to maintain the required working temperature [95]. The power from the SPC
airframe can be supplied either directly or via the PMAD (Figure 2a). Depending on the
location of the energy source, it would be more efficient to include a DC/DC converter and
transport high voltages to minimise losses due to cable resistance. However, this approach
is highly dependent on the specific SPC cells that would be developed and can only be
optimised in later stages of the design process. The values of the sizing parameters used
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in the analysis (Table A2) were chosen based on previous studies of electric propulsion
and represent more conservative projections, with the assumption that HEA would be
developed before AEA. Therefore, the more ambitious performance projections, which
should be feasible in the more distant future, were adopted in the AEA configuration.
The resulting total mass of the HEA electric propulsion components (350 kg) included an
additional 15% to account for the cryocooler and gearbox masses [98].

Table A2. Specifications for the electric components in the hybrid-electric aircraft.

Component Specific Power (kW/kg) Efficiency (%) Refs.
Electric motor 13 97 [15,92]
DC/AC inverter 19 98 [15,16]

After sizing the electric components, the turbofan was scaled down because the
HTS motors would deliver 2 MW for the whole flight duration in place of the equivalent
power from the turbofan. For the one-engine inoperative take-off case, this means that
the turbofan can be scaled down to deliver 1 MW less power. However, the characteristic
diameter of the engine needed to be scaled to achieve a constant mass flow rate scaling
parameter for the engine [71] and this design requirement limits how much down-scaling
is possible. Therefore, each turbofan was scaled down to 90% using an empirical formula
for the engine mass based on the static take-off thrust [70]. This scaling resulted in an
overall mass reduction of 370 kg. A similar mass reduction of 400 kg was estimated for
scaling A320neo engines [71].

A numerical model for the HEA configuration was formulated to update the method-
ology for the new configuration. The HEA propulsion system had a very similar mass to
the conventional A320 turboshaft configuration. However, this result is highly sensitive
to PMAD system architecture. The analysis assumed that no DC/DC converters would
be needed, as energy would be locally sourced from nearby SPC airframe components.
If additional converter units are later found necessary to achieve a more efficient power
transmission, the mass may increase by more than 500 kg.

Appendix A.3. All-Electric Aircraft

The final step in electrifying the A320 was eliminating the turboshaft altogether
and developing an AEA SPC airframe configuration. The scalability of electric motors
allows unique design opportunities, from distributed propulsion (Figure 2b) to a variety
of propulsor integration approaches. This design flexibility is exploited in sizing the new
propulsion system for the AEA. The objective was to explore how such a configuration
couples with the design of the SPC airframe.

Distributed electric propulsion decreases the electric load on the SPC airframe in three
ways: it improves aerodynamic and propulsive efficiencies and lowers system weight.
NASA’s LEAPtech project focused on developing and testing a range of electric propulsor
arrangements. Some of these investigations have concluded that having many small electric
propulsors allows for significantly higher wing loading, due to increased lift coefficient
during take-off and climbing, and cruising at two times the current lift-to-drag ratio [7,99].
The ability to size the electric motors according to cruise performance, rather than to
take-off and climbing constraints, as for air-breathing engines, can also increase propulsive
efficiency by up to 20% [20]. Moreover, mounting the propulsors at the trailing edge or at
the back of the fuselage allows for boundary layer ingestion, which additionally improves
propulsive efficiency [21]. The aerodynamic and propulsive coupling requires deeper
analysis and modelling to be performed at later design stages and is beyond the scope of
the present study.

The current conceptual design of the AEA assumed that the electric propulsors have
system-level effects, mainly through decreasing the MTOW. The effects on drag were
neglected at this stage. Another aspect of DP that was not accounted for was the effect on
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vertical tail sizing. Having DP allows for a smaller vertical tail. However, this reduced
structural weight would reduce the amount of energy-storing material and so was not
considered. The propulsion system weight and its implications on the wing configuration
were investigated instead. After gauging the baseline electrical requirements on the SPC
airframe, further improvements can be made through novel wing configurations. The
weight of the propulsion system depends on the number of propulsors that are integrated
and their size. The propulsors were assumed to be ducted fans containing a HTS motor
and an inverter, which were then connected to the PMAD system (Figure 2a). The smallest
in diameter fans that reached the thrust requirements were identified to minimise weight.
According to NASA’s N+3 concept, the distributed propulsor’s inlet fan areas, and therefore,
fan diameters, can be modelled as roughly equal the inlet area of a conventional turbofan
and can be treated as such in terms of their system-level performance [23]. Using this
methodology, a minimum diameter of 0.36 m was calculated for the A320, constrained
additionally by certification and performance requirements [22]. NASA’s N+3 concept, for
comparison, constrains the minimum fan diameter to 1 m, or to twice the electric motor
diameter/length. Since there are conceptual designs of HTS motors with 0.15-0.30 m
diameters and up to 5 MW power [100], the fan was assumed to have a minimum diameter
of 0.36 m, in agreement with previous work [22].

A gear box can also be incorporated to control the fan speed as with the HEA case.
The PMAD can supply energy to both structural power and a monofunctional battery pack
if they are needed due to the high demands of AEA. The ducted fan can also be used to
recharge the batteries during the non-powered descent phases, though not by a significant
amount. A proposed configuration of the DP AEA is shown in Figure 2b. The ducted fans
are mounted at the trailing edge for improved circulation and near the fuselage to take
advantage of BLI and minimise flow disturbance. Such integration was explored by ONERA
and showed additional improvements in the bending moment of the wings which would
lower constraints on the mechanical performance of the SPC airframe. This integration
strategy would decrease the parasitic drag but might be challenging to design structurally.
Many alternative integration strategies are possible, and a separate study is required to
determine the best configuration to minimise drag whilst maximizing propulsive efficiency.
The ducted fan weight was estimated by Wayctedfans = Wran + Wiacette + Wino + Weimot [22,23].
The fan weight, Wf,m, was calculated based on the fan diameter [22], and the weight of the
nacelle and lining, W,;1., Wwas estimated based on the area and length of the ducted fan [2].
Finally, the inverter weight, W;,,,, and electric motor weight, W,,,,;, were calculated as for
the HEA design. However, their power densities (Table A3) would require more significant
technological improvements than those for the HEA (Table A2). The final weight of the
twelve-ducted-fan electric propulsion system was calculated to be 3.3 t.

Table A3. Specifications for the electric components in the all-electric aircraft.

Component Specific Power (kW/kg) Efficiency (%) Refs.
Electric motor 25 99.7 [16,98]
DC/AC inverter 25 99.5 [15,16]
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