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This paper presents a theoretical investigation into the potential use of structural power
composites in regional aircraft passenger cabins and the corresponding challenges to
widespread use, including fire-resistance, long-term cycling performance, and cost. This study
focusses on adapting sandwich floor panels with structural power composite face sheets,
designed to power the in-flight entertainment system. Using a simple mechanical model to
define the structural requirements, based on state-of-the-art laminated structural power
composites, a series of electrochemical energy storage performance targets were calculated: a
specific energy > 144 Wh/Kkg, a specific power > 0.29 kW/kg, an in-plane elastic modulus > 28
GPa and in-plane tensile and compressive strengths > 219 MPa. Significantly, the use of a
distributed energy storage system offered a significant range of other mass and cost savings,
associated with a simplified power system, and the use of ground-generated electrical energy.
For an Airbus A220-100, the analysis predicted potential mass and volume savings of
approximately 260 kg and 510 | and annual reductions in CO2 and NOx emissions of

approximately 280 tonnes and 1.2 tonnes respectively. This extended design analysis of a
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specific component highlights both the far-reaching implications of implementing structural

power materials and the potential extensive systemic benefits.

Nomenclature

D = flexural rigidity (N m?)
E = in-plane longitudinal elastic modulus (GPa)
E* = specific energy (Wh/kg)
P = power (kW)

P* = specific power (kW/kg)
t =  thickness (mm)

X =  strength (MPa)

v =  Poisson’s ratio
Subscripts

C = compressive

c = core

conv = conventional floor panel
f = face sheet

T = tensile

Introduction
M ULTIFUNCTIONAL structural systems [1] offer transformational opportunities to reduce weight, especially in
space [2], aeronautics [3], road transport [4] and portable electronic applications. In the context of this paper, the non-
structural function is electrical energy storage and this technology can be divided into two classes: ‘conventional
power structures’ (CPS) and ‘structural power composites’ (SPC). Conventional power structures comprise

conventional energy storage devices embedded within conventional load-bearing structures. The embedding process



is such that the conventional power device can contribute to the structural function, without any major alteration to
the physical or chemical form of the power device or structure; CPS are relatively simple to implement but offer
limited benefits. Typically, some of the parasitic mass associated with the device casing supports some mechanical
load through adhesion to the structure. Structural power composites on the other hand are multifunctional materials
that are intrinsically imbued with both structural and energy storing functions because one or more of the constituents
of the material simultaneously perform(s) multiple functions. For example, carbon fibres are used to carry forces, store
energy and act as current collectors to conduct electrons; similarly, structural electrolytes transfer both stresses and
ionic charge. As well as the potentially very significant mass [5] and volume benefits, SPCs enable new design
concepts that cannot be achieved using conventional monofunctional materials. For example, SPC-powered aircraft
could achieve lower drag coefficients by having more slender wings [6,7] or blended wing-body designs containing
smaller (or even no) fuel tanks. By storing energy intrinsically in large scale materials and structures, the energy and
power densities required to deliver the same total energy or power can be reduced, potentially leading to safer power
sources with reduced risks of thermal runaway compared to conventional power sources. However, the current lack
of a universally-agreed multifunctional design methodology is a barrier to adoption in industrial applications. New
approaches are needed to evaluate the systemic performance of multifunctional materials to optimise the overall mass
or volume savings, and justify their use.

The application of SPCs in the automotive sector has been investigated resulting in the fabrication of two full-
scale components for a VVolvo S80: a structural battery plenum cover and a structural supercapacitor boot lid [8]. These
demonstrators provided valuable insights into the manufacturing of such parts, as well as the lifetime performance of
the material. The approach for application of SPCs in the aerospace industry is expected to involve investigating
engineering challenges and demonstration at a similar component-level scale before applying this technology to entire
structures when it reaches a greater level of maturity.

Structural power composites are particularly attractive within the aviation sector, in which each kilogram removed
from an aircraft results in many tonnes of fuel saved over its lifetime and increases the potential flight range [9]. In
addition, there is increasing interest in the electrification of aircraft systems [10] where there is a compelling case to
explore multifunctional design using SPCs. Full electrification of aircraft propulsion systems remains extremely

challenging; existing batteries remain essentially insufficient for the replacement of current aircraft capabilities [11];



new approaches, such as the use of SPCs, are required. In the immediate future, however, structural power materials
will not replace, but instead supplement, existing power sources [12] including hydrogen fuel cells [13].

In aircraft structures, SPCs could potentially be used at two levels: at the level of primary structures or at a level
with less stringent certification requirements, such as in the cabin. To date, research has considered the implications
of the former, replacing most or all of the airframe materials with SPCs. For example, the electrical requirements for
SPCs to save weight in small all-electric aircraft (AEA), namely the Airbus E-Fan and the EcoFlyer, have been
evaluated [14]. Based on a relatively simple model, replacing the entire airframe with SPCs, it was estimated that the
minimum specific power requirements, were 0.23 kW/kg for the E-fan and 0.11 kW/kg for the EcoFlyer; the minimum
specific energy requirements were 85 Wh/kg and 52 Wh/kg, respectively.

However, the progress of larger multi-passenger all-electric aircraft faces significant challenges, including the total
energy storage demands, dissipation of thermal energy and electric motor technology. Therefore, the industry has
turned to a near-term solution: hybrid electric aircraft [15] which use a combination of conventional jet fuel and
electrical power for conventional propulsion [16] or distributed electric propulsion [17,18]. Boeing has unveiled the
Sugar Volt concept in collaboration with NASA [19], which would contain two banks of batteries located underneath
its high wing to reduce fuel burn and emissions by 70% [20]. Whilst these case studies give quantitative material
property targets for researchers investigating and developing SPCs, the technology needs to reach a much higher level
of maturity before it can be certified for use as a primary structural material. It is, therefore, important to study the
feasibility of using SPCs at smaller scales, which can act as testbeds prior to more widespread use.

There is a need for industry to have an insight into the potential benefits and practicalities of the application of
structural power and there are a range of opportunities where SPCs, with more modest structural and electrochemical
performance, might already provide a benefit. As yet, no research has been published on the use of SPCs at cabin level
for commercial civil aerospace applications. Applications in the cabin are particularly attractive, since the cabin has
advantages in ease of access for inspection and maintenance, and a controlled environment (relatively benign
temperature and pressure ranges which match electrochemical device requirements). The cabin electrical system
accounts for a large part of the non-safety-critical energy consumption and is a spatially distributed electrical load. In
principle, distributed energy sources might reduce some of the wiring demands that account for a significant
contribution to overall aircraft weight. The cabin electrical system is, therefore, a prime candidate to receive electrical

power from SPCs located throughout the cabin. Hence this investigation focusses on applications within aircraft



cabins, specifically cabin floor sandwich panels that power the in-flight entertainment system. This investigation takes
a widely used aircraft (A220-100) as a case study to demonstrate a methodology used to determine the mechanical,
mass specific energy (E*) and mass specific power (P*) requirements, as well as the mass, volume and emissions
savings achievable. This paper also presents a new electrical distribution system design and discusses the technical,
environmental, safety and economic implications of structural power composite cabin floor panels. The analysis
presented in this study is based on the development and availability of an alternative electrochemical energy storage
technology that is safer than existing commercial lithium ion batteries which have an unacceptable fire risk. This new
multifunctional technology would not need to have an energy density as high as that of conventional lithium ion
batteries and would pose a substantially smaller risk of fire by having a better resistance to mechanical abuse or
electrical short circuits that cause thermal runaway.

The objectives are to understand how SPCs can offer benefits over conventional systems, what performance levels
are needed to provide benefits, and how best to integrate SPCs in conceptual design. E* and P* for the SPCs can be
determined using accurate estimates of the electrical demands and structural component masses. These performance
targets indicate the feasibility of SPCs for such applications and aid benchmarking against existing technologies. Most
of the research on the use of SPCs in aircraft design has focused on the electrical requirements. This study also
determines the mechanical requirements, namely the elastic modulus and in-plane tensile and compressive strengths.

The multifunctional design methodology proposed in this paper entails five main stages:

1. define performance requirements to determine the feasibility of using multifunctional materials;

2. explore how best to integrate multifunctional materials into new systems, configurations or architectures;

3. select a multifunctional system configuration using a simplified analysis based on requirements for the proposed
application;

4. understand how integrating a multifunctional material affects the design of the associated mechanical and electrical
systems;

5. evaluate the benefits and challenges of using multifunctional materials for a given application.

Methodology
This section presents the methods used to determine the specific energy and power requirements. Firstly, the

aircraft specifications considered for this study are presented. Next, the mechanical requirements are calculated and



the mass of SPC needed to meet these requirements determined. An audit of cabin electrical demands was collated
and used to calculate the specific electrical performance values needed. Finally, a power distribution system to enable

charging and supply of the power is proposed.

Application scenario

The regional aircraft sector is predicted to be a fast-growing market segment [21] because most flights have a
duration of approximately one-hour. The modest range makes the power and energy requirements more attainable for
electrical energy storage than those for long haul flights. Certification authorities are more likely to permit new and
relatively immature materials on-board narrow body, regional aircraft than on aircraft with 15-hour flights crossing
oceans. To obtain accurate and relevant results, this investigation uses existing aircraft data on cabin system power
usage and certification requirements. The Airbus A220-100 was chosen as a case study for this investigation, as it is
the latest narrow-body aircraft currently flying. This aircraft also adopts many ‘more electric aircraft’ features,
including the very first electric braking system as standard, and extensive use of composite materials. In its standard
all-economy, configuration, the A220-100 carries 125 passengers, in a 3-2 seating configuration (Fig. 1). All
passengers have access to a seat-back screen and three power sockets per row in between the seats. This high-density
configuration was chosen as it provides an upper limit to the electrical requirements. To ensure conservative results,
it was assumed that the flight operates such that all seats are occupied. This assumption would imply a flight operating
near the maximum payload, which affects the range (down to 3700 km [10], from the maximum 5500 km) and
endurance of the aircraft (just over four hours at Mach 0.82). A four-hour-long flight is assumed to give conservative

results, since this duration is close to the maximum flight time at maximum payload.
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Fig. 1 A220-100 seating row layout [22].



To maximise the mass savings, the SPCs are assumed to be charged whilst the aircraft is on the ground. To
minimise the time the aircraft is kept on the ground and therefore maximise revenues, the charge time of this system
should be no longer than the normal on-ground time. Analysis of typical on-ground time of several A220-100 aircraft
revealed most turnarounds are between 40 to 60 minutes [22]. For this study, the selected charge time was 30 minutes
to allow flexibility for other turnaround operations.

Within the aircraft cabin, structural power composites could be adopted for several structural and electrical
functions. Three structural functions were considered through preliminary analyses before proceeding with a more
detailed study on one of the three options. The three structural options considered were seats, passenger service unit
(PSU) panels and floor panels. Other common composite applications, such as ceiling and sidewall panels, overhead
storage compartments, window surrounds, bulkheads, partitions, ducting, brackets and galley and lavatory
components could have been considered as possible candidates. The selection criteria were based on having a
significant amount of structural material within which to potentially store electrical energy; proximity of the structures
to where electricity would be used to reduce wiring; simplicity of the geometry; ease of maintenance and replacement;
and well-defined load cases to facilitate analysis of the structural requirements. After the preliminary research into the
adoption for the seats, passenger service units and floor panels [22], the latter application was selected for a more
detailed investigation. The main reasons were the large area of material, the flat geometry, and the well-defined load
cases provided in the airworthiness documentation (versus the more complex and variable load cases for the seats, for
example).

Selection of the electrical functions within the cabin were based on similar criteria and aiming to exploit the
distributed nature of the energy provided by structural power. These criteria identified lighting, audio and charging
functions within the PSUs and in-flight entertainment (IFE) systems as suitable candidates. Some of the largest
electrical loads in aircraft cabins come from the galleys. At peak, they can account for over a third of the total electrical
consumption of the aircraft [23] (typically immediately after take-off, when the ovens are turned on to heat up the
meals). Using SPCs to supply electrical power to the galleys faces two problems: the high power requirements (over
50 kW at peak [23]), and the localisation of the load, which is not distributed but rather positioned at either end of the
cabin. In this case, the wiring demand might be increased to collect the required energy from a large area of distributed
SPCs. Electrical heating (e.g. for meals) was deemed too energy- and power-intensive and therefore not feasible as an

application for near-term adoption of structural power. Unlike the galleys however, the IFE electrical load is



distributed throughout the cabin, with a seat-back screen and power socket available for every passenger. This
distributed demand has two clear benefits: redundancy, as each SPC component powers only part of the cabin electrical
system, and potential mass savings on wiring. The electrical system in the cabin, which comprises the IFE system and
power sockets, also represents a significant share of non-essential total electrical consumption, up to 33% [9]. The
entire IFE system on-board a wide-body airliner can weigh up to 5000 kg [22], which presents an opportunity for

significant mass savings; hence the IFE system was selected for this multifunctional design study.

Mechanical requirements
Conventional cabin floor panels typically have a sandwich construction [24] with glass fibre reinforced polymer
(GFRP) face sheets (Table 1 [25]) for low cost and an aluminium honeycomb core for its light weight. Some recent
lighter floor panels have CFRP/GFRP face sheets and a Nomex honeycomb core. Since CFRP is already used in this
application, the risks associated with adopting SPC floor panels are reduced. The primary purpose of the floor panels
is to sustain the weight of the passengers, galley carts and other loads, with limited bending deflection. For a sandwich
construction, the flexural rigidity [26] is given by
= [ e )]+ 5 ®

Table 1 Basic properties of sandwich panels used for civil aircraft cabin floors [25]

Floor panel product name 4105 4205 4322 4323
Face sheet material Woven GFRP epoxy GFRP-CFRP  GFRP phenolic  GFRP phenolic
Top face sheet thickness, mm 0.64 0.64 0.61 0.76
Bottom face sheet thickness, mm 0.64 0.64 0.56 0.51
Total thickness, mm 9.5 9.5 9.5 12.6
Areal weight, kg/m? 3.30 3.44 3.40 3.69
%r?qtrclig]ljlteeéjtizl::face load, kN at 10.9 NA 445 NA NA
Distributed surface load, kN at 17.0 NA 778 > .00 > 10.83*

mm deflection
Ultimate distributed surface load, kN 22.2 20.0 16.9 24.8

Concentrated load, kN without
permanent deformation

Impact strength, J NA NA 9.5 24.4

>0.89 >0.85 >0.89 >0.89

All panels have 4.8 mm cell 96.1 kg/m? aramid honeycomb cores bonded with modified epoxy adhesive. NA = Not applicable.

* Minimum load without permanent deformation.



The design of cabin floor panels must meet both static and dynamic requirements. The static requirements are
typically specified by the aircraft manufacturer, whilst the dynamic requirements are stated in certification
documentation. The static requirements are: 136 kg over any 0.093 m? in non-seat areas without permanent
deformation; 77 kg over any 0.093 m? in seat areas without permanent deformation; and 0.9 kN on any 12.7 mm
diameter circular area without appreciable deformation [22]. The floor panels must also withstand the emergency
landing conditions [27] governed by sustained acceleration limits of 6 g downward and 9 g forward acting on the
flooring, seats and passengers.

A traditional design approach would aim to minimise the floor panel mass by optimising the thickness and number
of cells whilst matching the conventional floor panel out-of-plane deflection and maximum load. However, the
approach taken in this study was to ensure that the SPC floor panels would maintain compatibility with the existing
cabin configuration and have the same geometry throughout the cabin to enable direct replacement and simplify
manufacturing and maintenance. Therefore, rather than optimizing the panel mass, a constraint was placed such that
the SPC floor panel thickness would be the same as that of the conventional panels. Conservative mechanical
performance requirements were determined to match the thickest floor panel type (12.6 mm) used for civil aircraft
cabin floors (product 4323 in Table 1) which already meet the requirements stated above.

It was assumed that the SPC face sheet thickness and interfacial bond strength with the core are both not less than
those for the GFRP face sheets to ensure the out-of-plane deflection and maximum load carrying capability match or
exceed those of the conventional floor panels. Whilst this design approach did not optimise the absolute mass saving
for the floor panels, it was deemed appropriate to be conservative when working with such an immature technology.
From the perspective of generating a design suitable for early applications of SPCs, another important consideration
was the feasibility of the electrochemical performance targets. Compared to the minimum mass design, using face
sheets that may be thicker than that required to match the deflection and maximum load would result in lower specific

performance requirements, which would make the design more achievable in the near term.

Mass analysis
Since more experimental data related to thickness, mass, constitutive properties and stacking sequence at a full
device level is available for structural supercapacitors [28,29] than for structural batteries, the entire analysis presented

here is based on data for the former. The basic architecture used in structural batteries is similar to that of the structural



supercapacitor architecture assumed in this analysis, i.e. spread tow carbon fibre electrodes of similar thickness and
areal density and a multifunctional polymer electrolyte which combines a structural epoxy with an ionic liquid. The
key parameters for this analysis are the cell thickness and the cell areal mass. For the purposes of preliminary
design/feasibility estimates, it was assumed that these key properties could be representative of those for structural
batteries [30], as well as structural supercapacitors. As SPC develop, this methodology can easily be applied to any
configuration of laminated [31] or 3D structural batteries [32], by altering the device thicknesses and areal weights
assumed. For laminated structural batteries and structural supercapacitors, the discrete thickness of a single cell means
that the total thickness of each face sheet is determined by the number of cells stacked together (Table 2). Note that a
two-cell device is thinner than the sum of two one-cell devices, since the former device can use a bipolar plate between

the cells if they are stacked to form a series connection.

Table 2 Structural supercapacitor thickness and mass for a given number of cells [22]

Number of cells 1 2 3 4
Device thickness, mm 0.36 0.68 1.00 1.32
Device areal mass, kg/m? 0.31 057 0.83 1.09

The mass of the floor panels was determined from the total panel thickness assuming a Nomex core (density 48
kg/m? [33]) and four-cell SPC devices for each face sheet. Since these quad-cell face sheets have twice the thickness
of the average thickness of the conventional panel face sheets, this configuration would improve the bending resistance
by increasing the flexural rigidity of the sandwich panel. Eight cells through the thickness of a panel connected in
series would be amenable to achieving the typical operating voltage of cabin electronics, which is discussed in the
next Section. An alternative analysis method has been developed using a Matlab script to minimise the total mass of

the floor panels as a function of the total panel thickness [22].

Electrical requirements

The IFE system can be divided in two parts (Fig. 2): the power system and the data system. The former provides
electrical power to each passenger, while the latter provides media content. IFE screens typically run at 28 V DC,
which requires converters and other electronics to be adapted from the aircraft’s 115 V AC system [23]. To improve
reliability, manufacturers have decentralised IFE systems. These traditional IFE systems rely on a plethora of

electronic boxes spread throughout the cabin to direct power and data to the seat-back screens and power sockets:



secondary power distribution boxes (SPDBs), floor disconnect boxes (FDBs), seat electronics boxes (SEBs) and in-
seat power supplies (ISPS). On wide-body airliners, this can result in hundreds of electronic modules, which often
impinge on passenger foot space, resulting in lowered satisfaction. The A220-100 requires nine secondary power
distribution boxes (one per fifteen seats?), fifty floor-disconnect boxes, fifty seat electronic boxes and fifty in-seat
power supplies; in total, there are 238 kg of electronic boxes. In this architecture, secondary power distribution boxes
distribute power to floor disconnect boxes (one per group of seats), which feed the seat electronic boxes and the in-

seat power supplies (one per group of seats for both). The in-seat power supplies operate at 110 VV AC.
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Fig. 2 The power and data connectivity for a conventional in-flight entertainment system.

Theoretically, IFE power requirements have been estimated to be between 70 and 100 W/passenger [23]. However,
actual flight data reveals a lower power consumption of 37 to 45 W/passenger [22]. The remainder can largely be
attributed to power sockets. For this study, passenger surveys and airlines statistics have been used to estimate the
number of passengers using the IFE, power sockets etc. On average, 20% of passengers flying in the UK do so for
business [22]. This study assumed that business passengers keep their laptops plugged in throughout the flight. The
remaining passengers, according to surveys [22], either access content through the built-in IFE system (44%), use
their personal electronic devices (PEDs) (46%) or switch between the two (10%). This study assumed passengers
using their PEDs keep them plugged in and charging for the duration of the flight.

The power drawn by a charging laptop varies greatly depending on the device, but is typically around 70 W.
Similarly, PEDs require anywhere from 5 W for a mobile phone to 18 W for a tablet. To ensure enough energy and
power for all passengers, the upper end of 18 W was chosen. For a seat-centric IFE system, it is reasonable to assume

that the seat-back screen is the only component using electrical power, as data is transferred wirelessly. A seat-centric

! Since the A220 and the B787 both belong roughly to the same generation of aircraft, they share many features and suppliers.
Therefore, it was considered reasonable to assume the A220 has an electrical architecture like that in the B787 (twenty-one SPDBs
for three hundred passengers).



IFE system constantly transfers content between various units throughout the cabin, which is likely to increase the
total energy consumption of the IFE system. To provide a conservative estimate, it was assumed that every unit draws
15 W [22] for the duration of the flight, regardless of whether the passenger is using it or not. To ensure adequate
margins and avoid under-capacity, a safety factor was applied to the total electrical power (Table 3). A safety factor
of 15% ensures more than 99% availability [23]. Hence, the final IFE power requirement was calculated to be 5.2 kW,
or 42 W per passenger, which correlated with actual flight data [22].

To supply enough energy for the maximum flight time of four hours, the SPC floor panels must be able to provide
21 kWh. For a full charge to be achieved in 30 minutes, the charging power requirement would be 42 kW. These

requirements do not account for losses, which are considered in the next sub-section.

Table 3 In-flight entertainment system electrical loads

Load Users Individual power, W Total power, KW

Laptop 25 70 1.75
PED 51 18 0.92
IFE 125 15 1.88

Total 4.54

Power distribution

To obtain a mass estimate of the charging system, it was necessary to know the masses of the converter units and
wiring. The mass of each converter unit (CU) (Table 4) was determined from the power requirements (Table 3). The
wiring mass was estimated by calculating the lengths of cables (Fig. 3) required: 1.5 m long wiring to seat-back screens
and 0.5 m wiring for power sockets. The required current was used to determine the wire gauge. Aluminium wires
were assumed for this study, as they are lighter and are superseding copper wires on-board airliners. A breakdown of

the total cabin wiring mass is shown in Table 5: the estimated total mass for the converters and wiring was 146 Kkg.

Table 4 Converter unit mass estimation

Device Conversion, V. Power, W Mass, kg Quantity  Total mass, kg
. 270 DC/2.7DC 5210 0.9
Converter unit 1 57 DC /270 DC 5210 0.9 2 3.6
270 DC/2.7DC 5210 0.9
. 2.7DC/270DC 5210 0.9
Converter unit 2 57 DC /28 DC 270 0.3 8 35.2

2.7DC/110AC 384 2.3




One crucial aspect of the introduction of SPC on aircraft is charging of the panels. Charging during flight through
the engine generators could be an issue if the aircraft lands with minimal energy left in the floor panels and no means
to charge on the ground. Until the aircraft is back in the air and the system is sufficiently charged, the IFE would be
inoperable. Therefore, it was considered preferable to charge the SPC panels directly on the ground, through
conventional DC ground power units (GPUs). The proposed solution presented in the following paragraphs was

chosen to minimise mass, primarily in terms of the wiring and generator masses.
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Fig. 3 Diagram of a section, showing wiring and a converter unit.

Table 5 Total cabin wiring mass estimation

Wiring Current, A Gauge Linear mass, g/m Length, m Mass, kg
Ground to converter unit 19.3 #8 40 155 6.2
Converter unit to panels 108.5 #2/0 255 240 61.2
Converter unit to IFE 0.5 #8 40 704 28.2
Converter unit to power sockets 0.7 #8 40 272 10.9
Total 106.9

It was necessary to estimate the losses associated with the transfer of energy from the ground to the SPC panels
and then to the IFE. The proposed layout (Fig. 4) comprises ten sections, each made of six 2.5 m x 0.5 m SPC panels.
Large panels are preferred to reduce the amount of wiring required. Here, it was assumed that any SPC developed to
meet the specific power requirements determined in this study would incorporate suitable current collection. The
current collection effectiveness was assumed to be such that the in-plane resistivity is small enough to minimise power
losses. For the operation current required, the internal resistance would need to be small enough to avoid excessive
resistive heating or voltage drops that would prevent proper function of the electronics. For commercial
supercapacitors, the equivalent series resistance is of the order of 10-700 mQ [34], and it is therefore anticipated that

a similarly low resistance would be needed. To achieve 10 mQ for a 0.5 m x 0.5 m panel, it was calculated that a



thickness of at least 1.7 pm of copper or 2.8 pm of aluminium foil would be required for each electrode. Copper is
preferred for corrosion resistance if passivated using a coating such as conductive carbon ink. Aluminium would have
the advantage of adding only half the mass compared to copper foil. For the subsequent mass analysis, the current
collector was taken to be 1.7 um thick passivated copper foil for each electrode. This current collection would add

0.25 kg/m? for panels containing four-cell face sheets.
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Fig. 4 Schematic showing the proposed power distribution system for structural power floor panels.

To better distribute power throughout the cabin and enable efficient charging, it is suggested that the aircraft would
be equipped with two ground sockets, one fore and one aft (Fig. 4). When the ground power units are plugged in,
power first goes to the power management electronic boxes (PMEBs), which distribute the electrical energy
throughout the cabin. Each section is equipped with a converter unit (CU) to convert high ground voltage at 270 V
DC to the panel’s working voltage of 2.7 V DC (Fig. 5). The two fore and aft sections may be located at the galleys,
and therefore not close to seats and the associated electrical loads of the IFE. These sections would act as storage-
only: they are charged on the ground and feed power back to the PMEB in flight, which redistributes power wherever
necessary. Those two sections would therefore be equipped with a primary converter unit (CU1) capable of converting
ground voltage to panel working voltage and back. The other eight sections have secondary converter units (CU2).
These CU2s not only convert ground voltage to panel working voltage, but also convert the panel working voltage to
either IFE voltage (28 VV DC) or ISPS voltage (110 V AC). To provide as much flexibility as possible, the CU2s can

also convert panel working voltage to ground voltage to feed the other sections (Fig. 5).
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Fig. 5 Schematics of the primary and secondary converter units.

To estimate the system losses due to the converter efficiencies, average efficiencies have been adopted here (Table
6). These data were used to calculate the overall efficiency of the system and to amend the power and energy targets
to account for such losses. Some power would first be stored in the foremost or aft-most panels prior to being
redistributed elsewhere in the cabin. The revised power and energy demands, accounting for losses, increased the total
electrical consumption by 25%.* Including these power losses yielded a total discharge power demand of 6.5 kW, a

total charge power demand of 52 kW and a total stored energy demand of 26 kwh.

Table 6 Efficiency and power density of electrical power conversion devices

Device type Efficiency, % Mass/power for P <5 kW, kg/kW  Mass/power for P > 5 kW, kg/kW

DC/DC 93 [35] 1 0.2
DC/AC 97 [36] 6 1.0
AC/AC 96 [37] 12 1.4
AC/DC 97 [38] 7 0.1

Results and discussion
In addition to providing minimum mechanical and electrical requirements for SPCs in aircraft cabin applications,

it is important to identify the key advantages of using such technology on-board. The results presented in this section

! For comparison, the losses in a conventional aircraft power distribution system due to the resistance of the cables alone was
estimated to be 8.8% assuming transmission line losses of 29.43 W/m [59].



combine the advantages of seat-centric IFE technology with SPC floor panels, as the two operate in conjunction to

optimise the cabin electrical system.

Performance requirements

The deflection and mechanical load requirements would be met if both the mechanical properties and thickness of
the face sheets and panel matched those of the conventional panels, since the maximum deflection and buckling load
are primarily governed by the elastic properties of the face sheets [24]. A conservative requirement assumes that Espc
> Econv. From experimental data for unidirectional (UD) GFRP laminates, E = 48 GPa [39], and for a woven GFRP
laminate, E = 31 GPa [40]. The higher value of 48 GPa was selected to provide a conservative requirement. Since the
SPC face sheet thickness (1.32 mm) is almost twice that of the top face sheet (0.76 mm) for the thickest conventional
panel, the requirement that Espc > 28 GPa was determined. The compressive strengths for UD and woven GFRP
laminates have been measured as 380 MPa [41] and 153 MPa [42]. The higher value of 380 MPa was regarded as a
conservative compressive strength requirement, which led to Xc spc > 219 MPa. The tensile strength requirement was
taken to be the same as the compressive strength requirement, since a compressive stress in one region of the panel
(e.g. in front of the seats) implies an equal tensile stress in another region (e.g. behind the seats). Both the elastic and
strength requirements were considered attainable using state-of-the-art SPCs [29,43] based on UD or woven carbon
fibre reinforcements.

The overall panel thickness and areal mass were 12.6 mm and 2.91 kg/m? respectively. The total masses of the
SPC face sheets, Nomex core and cabin floor panels were 226 kg, 37 kg and 263 kg, respectively. For comparison,
the conventional GFRP/AI honeycomb floor weighs 287 kg. Using SPC panels resulted in a mass saving because of
the lighter, carbon fibre-based SPC face sheets.

By combining and dividing the electrical requirements (including losses) by the total mass of the SPC face sheets,
the required E* and P* for the SPC floor panels were calculated to be 115 Wh/kg and 0.23 kW/kg respectively.
Comparing these results with existing state-of-the-art SPCs suggested that E* could be attained with laminated
structural batteries [43], and P* was within reach of current structural supercapacitors [29] provided their performance
values determined at lab scale can be achieved at larger component scales. These E* and P* requirements were
calculated assuming that the device can be fully discharged. However, a low state of charge is considered harmful for
Li-ion batteries, which should always maintain a state of charge above 20% [44]. For supercapacitors, the voltage

drops during discharge and the voltage needs to remain above that required for the electrical module to operate. Since



the specific energy target is too high for a supercapacitor, either structural or conventional, a structural battery or
hybrid solution is more realistic. Therefore, the minimum state of charge requirement is expected to be necessary. If
this minimum state of charge is considered, E* and P* would correspondingly rise by 25%, to 144 Wh/kg and 0.29

kW/kg, respectively.

Mass and volume savings

The use of the proposed SPC cabin floor panels was calculated to offer several major weight and volume savings
(Table 7). The overall mass saving of 261 kg represents ca. 2% of the maximum payload mass on the A220-100, or
the equivalent of three extra passengers and their luggage. To estimate approximate volume savings, an average
density for each component was assumed where applicable. For example, the density of aluminium (2.7 kg/l) was
used to estimate the volume of aluminium wiring whilst the wire insulating material volume was neglected. For the
electronic boxes and IFE data system, dimensions and masses were taken from manufacturer data sheets [45]. To
estimate the additional volume of the new convertor units, the masses of CU1 and CU2 were divided by the effective
density of an electronic box of similar function, the in-seat power supply [46].

The mass savings due to the complete removal of all IFE data servers and wiring were calculated based on data
from a retrofit of the seat-centric IFE system on their Airbus A330s [10] (200 economy seats). The total mass saving
was 600 kg, of which 185 kg could be directly attributed to the data system. Scaling this mass saving to the A220-100
(125 economy seats) would instead provide a 115 kg mass saving. The generator mass savings arise from the lowered
electrical loads due to the presence of the SPC floor panels: the generators do not have to generate the 5.4 kW now
supplied by the panels. Narrow-body aircraft generators have a mass to power ratio of around 0.67 kg/kW [22], and
therefore the total mass of the generators decreased by 3.6 kg. The fuel saved by not generating electricity through the
generators should also be calculated: since the efficiency of a turbofan is roughly 53% [22] and the energy density of
Jet A fuel is 11.9 kWh/kg, 3.4 kg of Jet A fuel can therefore be spared per flight.

Table 7 Estimated weight and volume savings achievable by adopting SPC floor panels

Component Old mass, kg New mass, kg Mass saving, kg Volume saving, |
Electronic boxes 238 39 199 363

IFE data system 115 0.0 115 172

Floor panels 287 263 24 0
Generators 108 104 3.6 0.6

Fuel 3.4 0.0 34 4.2
Wiring 23 107 -84 -31

Total 261 509




In the longer term, as SPCs improve in performance, the overall mass saving could be increased by selecting
designs with higher performance requirements. For example, the mass of the SPC face sheets could simply be reduced
by reducing the number of cells. The corresponding reduction in the thickness of the face sheets would increase the
specific electrochemical and mechanical requirements. However, since the floor panels themselves only account for a
fraction of the total mass saving, the overall mass savings do not scale linearly with the increase in SPC performance
requirements; there are diminishing returns. To mitigate the increase in performance requirements, one option would
be to modify the allowable flight time, currently fixed at four hours; for example, only allow aircraft used for shorter
flights to be equipped with SPC floor panels. Using lighter two-cell face sheets, but restricting to only two-hour flights
for instance, would maintain the specific energy targets at the same values calculated earlier, whilst achieving a mass
saving of 366 kg (40% improvement). Many other parameters could be changed (such as on-board usage, ground
charging time, etc.) which could further modify the performance targets to keep them at feasible levels and still achieve
high mass savings. For the longer flights needing relatively high E* and P*, one approach would be to develop hybrid

SPCs, which combine Faradaic energy storage with double-layer capacitance.

Economic, environmental and technological benefits

This sub-section quantifies how the mass savings calculated would affect the fuel burn, associated cost savings,
sustainability and other multifunctional system benefits. It has been estimated that the cost of carrying one extra
kilogram on-board is £242 every 500 flight hours (FH), or 0.092 kg of fuel/FH [22]. Assuming a daily usage of 10
hours (the average utilisation rate in the US [10]) results in annual fuel savings of 88 tonnes per aircraft. To this figure
can be added the fuel saved from not using the generators (at a rate of 3.4 kg for a four-hour flight), which totals an
additional 3 tonnes a year. At £0.62/1 [22], this rate yields annual cost savings of £70k per aircraft.

The annual electricity usage (23.8 MWh) to charge a single aircraft on the ground at a price of £65/MWh [22]
would cost £1550/yr. Therefore, the cost savings from fuel and mass far exceed the additional cost of ground-sourced
electricity. To put this in perspective, at the same utilisation rate, the yearly fuel bill for an A220-100 is close to £8.3M,
and therefore the fuel cost savings would be 0.84% of the total fuel expenditure. Additionally, by reducing the number
of electronic boxes, removing the IFE data system and installing the same type of floor panels throughout the cabin,

it is reasonable to expect that maintenance and associated costs could potentially be reduced.



Having determined that SPC floor panels could save 91 tonnes of fuel per year, the reduction in gas emissions was
estimated using background information that 1.00 kg of jet fuel reacts with oxygen to create 3.16 kg of CO, and 12.90
g of NOx [47]. The resulting mass and fuel savings from the installation of SPC floor panels could result in a reduction
of 288 tonnes of CO;,, and 1.2 tonnes of NOx per aircraft per year if the electricity used to charge the floor panels
comes from renewable energy generation. The emissions from the production of electricity on the ground were
determined to be 4.4 tonnes of CO,, and 0.71 kg of NOx per aircraft per year. This calculation was based on natural
gas being the most common electricity generation fuel in the UK, accounting for over 40% [22]. Furthermore, closed-
cycle gas turbines are the only type of power plant using natural gas in the UK and emit 184 kg of CO,/MWh [22]
and 30 g of NOx/MWh. These emissions values resulted in net reductions of 284 tonnes of CO; and 1.2 tonnes of NOy
per aircraft per year.

Generators on turbofans are connected to an accessory drive, which diverts mechanical power away from the
engine to power hydraulic pumps, oil pumps, etc. Lowered generator loads would likely reduce the power diverted
from the engine, and therefore improve the distance travelled for a given fuel consumption.

In completely new aircraft designs, the incorporation of SPC technology on-board could unlock much greater mass
savings than are possible in a simple retrofit to existing systems. The landing gear for instance, is a component that
largely depends on the empty weight of the aircraft, and is a heavy system itself, representing 6% of the aircraft’s
operating empty weight for a retractable system [22]. Since the mass savings determined here are not payload-related,
the landing gear could be lighter. This reduction in turn would alleviate some of the stresses on the airframe and likely
yield additional mass savings. This discussion shows the clear advantages of including SPCs early in new aircraft
designs, to fully exploit their potential benefits.

Adaptability is also a valuable attribute of SPCs, and particularly when used in floor panels. If the aircraft in
question were not equipped with IFE screens or power sockets, a simple rewiring and slight changes in the converter
units would enable the panels to power other cabin loads, such as the lighting system and the electronics in the
overhead passenger service unit.

As promising as structural power composite technology is to reduce cost, emissions and improve overall efficiency,
many challenges remain before they can be fully adopted in aircraft. The subsequent paragraphs discuss the challenges

specific to aircraft cabin applications, and not the larger obstacles in the development of such materials [29].



Flammability, smoke and toxicity (FST)

A critical set of requirements for structural materials or power sources on-board aircraft concerns their
flammability, smoke and toxicity behaviour. Both the risks of the floor being a source of fire and burning as a result
of an unconnected source of ignition need to be recognised and mitigated. Various fire incidents have plagued the
Boeing 787 and its Li-ion batteries during its early years of service. Since then, Boeing has identified a means to
contain (but not prevent) thermal runaway issues, by building a stainless-steel protective casing [22], adding
substantial mass to that of the Li-ion batteries. It is therefore critical to ensure that SPCs meet strict Federal Aviation
Administration (FAA) certification requirements [48] (or equivalent, such as European Union Aviation Safety Agency
(EASA) CS25) which specify that for cabin materials, the “average burn length must not exceed 15 cm and the average
flame time after removal of the flame may not exceed 15 seconds.” In fires involving CFRP, it is typically the resin
that vaporises and burns whilst the carbon fibres usually char upon burning, slowing down the burn rate, which can
cause self-extinguishing [49]. When CFRP burns, small ablated fragments of the fibres can be released, which present
a health risk [22]. However, since CFRP can be found in the cabin already, this risk is not an additional issue. Less is
known about the burning characteristics of a multifunctional structural electrolyte matrix. Many systems combine
epoxy resin with ionic liquid electrolytes. lonic liquid electrolytes are non-volatile and have low flammability, high
thermal stability with a high onset decomposition temperature (358 °C) [50] and have been shown to make electrolyte
mixtures self-extinguishable [51]. Furthermore, many researchers have considered the addition of ionic liquids as fire
retardants [52] and observed reductions in average heat release rates of 37% [53]. Further research is recommended
to understand, assess and mitigate the risks associated with FST of SPCs and, more pertinently, accidental penetration
/ shorting, although initial experiments show a promisingly benign response [8]. Supercapacitor-based systems, with
either ionic liquid [54] or aqueous electrolytes raise far fewer safety concerns than Li-based batteries, as they do not
involve flammable volatile components or reactive metals. Future research could incorporate recently developed fire-

proof solid polymer electrolytes [55] into SPCs.

Encapsulation and integration
Encapsulation refers to the way the SPCs are isolated from the surrounding environment, thereby providing
protecting. Encapsulation is critical to prevent moisture, dust or other substances degrading the SPC and can also be

used as containment, such as to prevent the spread of a fire from one cell to another for instance. The encapsulation



therefore needs to be a robust, reliable safety barrier and provide mechanical load transfer between the cell and the
surrounding structure.

Integration of the SPC floor panels into the cabin also must be considered. In addition to the placement of wiring
and converter units, how to mount the floor panels on the substructure needs to be investigated. With conventional
floor panels, screws are generally used to facilitate maintenance and replacement. The holes in the sandwich panels
are typically fitted with metal inserts to distribute the stresses associated with the screw head. A similar solution,
possibly using insulating PTFE inserts, may be used for SPC panels. Since the mass of energy storing SPC would
decrease due to the holes, the electrical requirements might rise slightly. Drilling holes might raise other concerns
about shorting the devices due to machining damage or debris. However, previous research found that the capacitance
of structural supercapacitors was retained when holes were drilled under carefully controlled conditions [56].
Additional research is, therefore, needed to achieve robust encapsulation of the SPC cells, while allowing for electrical
connectors [8], drill holes and fasteners. This research is essential to ensure the safety of passengers, while allowing
quick access for maintenance or replacement.

The effects of mechanical impact forces on SPC floor panels would need to be studied to obtain a comprehensive
understanding of the structural and electrical performance implications. An object falling onto a SPC panel could
potentially cause short-circuits (if the two electrodes come into contact) or affect the long-term performance of the
panel. Such impacts could have further implications on the maintenance requirements of the panels and their service

life.

Reliability and maintenance

Maintenance on-board aircraft is categorised in two types: scheduled and unscheduled. The first refers to regular
maintenance intervals, which are:
o A-check: every 850 flight hours, general inspection of interior and exterior, typically overnight [22],
e C-check: every 8500 flight hours, structural inspections and functional system checks, usually one to two weeks

long [22].

Unscheduled maintenance by contrast is any maintenance caused by a failure during flight operations. These can
be as simple as changing a wheel, but sometimes require more time, when damage is beyond allowable limits as per
aircraft documentation. In the latter, the incident is of aircraft-on-ground type, in which the aircraft cannot become

airborne until repairs are conducted.



To ensure minimal impact from the installation of SPC floor panels, their reliability, inspection intervals and
service life should all be linked to existing maintenance intervals. For instance, the service life (and therefore long-
term cycling performance) of the SPC could be based on the C-check interval of 8500 flight hours and ensure that the
panels can meet this requirement without failure. A full analysis of the failure probability would be required to gather
a good understanding of the behaviour of the material and plan preventive maintenance around it. Additionally,
positioning the converter units under the aisle floor panels would make accessing them and performing inspections
and repairs easier. This approach would not require the removal of any seats and would minimise downtime. Finally,
the lifetime of the SPC would dictate the timescale for replacement of the structure. One approach to servicing would

be to ensure the scheduled floor panel replacement does not exceed the SPC lifetime.

Cost analysis

The cost saving during operation showed a 50% reduction in recurring costs to power the IFE system. The costs
to produce SPC floor panels was evaluated assuming a panel made of two-cell face sheets with a Nomex core (Table
8). This cost analysis accounts for processing costs in addition to material costs by assuming that, as for conventional
batteries [37], the processing costs account for 45% of the total costs. A similar analysis for a modern CFRP sandwich
panel yields £722/m?, making SPC floor panels 70% more expensive. However, keeping in mind the cost savings
experienced during the service life of the aircraft, break-even for the A220-100 would be achieved in just six months.
In addition to the floor panels, the converter units would have to be designed, developed and manufactured, adding
significant costs. However, there would be cost savings associated with removing IFE system components, seat
electronic boxes and wiring. Further studies would help to quantify the cost breakdown for these electronic

components.

Table 8 SPC floor panel cost estimation based on a structural supercapacitor configuration [10, 37]

Item Cost [E/m?]
Carbon fibre fabric 156
Current collector 116
lonic liquid 14
Resin 2
Separator 14
Nomex 61
Overheads/processing 544

Total 1210




Airport electrical demands

First order estimates of the total energy and power demands at airports for charging SPC floor panels were made
using data from London Heathrow Airport [22] where at peak time, from 08:30 to 09:30, a total of 47 narrow-body
aircraft need to charge. Considering the staggering of departures, and if all narrow-body flights were equipped with
SPC floor panels and seat 180 passengers (based on an A320, which brings the power requirement to 75 kW per
aircraft), the maximum power demand would be 1.5 MW.

The annual energy requirement was calculated using the same assumptions and taking 423 narrow-body flights
per day on average (based on monthly flight logs [22]). This yielded a total of 5.8 GWh of electricity per year. For
comparison, London Heathrow Airport predicts a yearly electrical consumption of 550 GWh in 2020 [22]. The added
demand from SPC panels would therefore represent just over 1% of the total consumption. This requirement is
significantly lower and more achievable than the 1.93 TWh that London Heathrow Airport would consume if all short-

haul flights were fully electric [58].

Passenger perception

One potential hurdle to the introduction of SPCs in aircraft cabins is the reaction of the passengers. A sense of
concern could be exacerbated by the battery issues that the Boeing 787 was confronted with during its early service.
At the time of the incidents, a survey of frequent flyers revealed that 32% of respondents refused to fly on the B787,
while 35% avoided it if possible [10]. In another survey, 46% of respondents said they would wait a year or two before
flying on a B787 [22].

The automobile industry provides valuable insight on the adoption of new electric technology in vehicles. Research
to identify the main safety concerns of new electric vehicle (EV) drivers found that battery failure accounted for 20%
of safety concerns. As for aircraft, these concerns been fuelled by several incidents on EVs, some of which caught fire
following crash tests; others when the battery pack was hit by debris. It may be necessary to inform and reassure the
public about the safety and reliability of SPCs before the technology enters service.

One advantage that SPC floor panels offers passengers comes from removing SEBs. On modern airliners, there is
one SEB per group of seats (two per row in the A220), which limits foot space for passengers. With ever higher
requirements on the IFE system, SEBs have grown over time and many passengers would experience greater comfort

following the removal of SEBs.



Conclusions

This study investigated the potential integration of structural power composites in cabin applications on-board the
A220-100 narrow-body aircraft. One feasible application within the aircraft cabin was investigated in depth: structural
power floor panels that power the in-flight entertainment system. This application was considered highly suitable for
SPC integration because cabin floor panels are easily accessible for maintenance, have a simple flat geometry and are
close to the cabin electrical loads.

The mechanical requirements were determined by assuming four-cell SPC face sheets for the floor sandwich panels
with mechanical properties exceeding those of the conventional floor panel face sheets. This configuration yielded
minimum requirements of 28 GPa for the elastic modulus and 219 MPa for the tensile and compressive strengths. The
specific energy and specific power targets were determined to be 144 Wh/kg and 0.29 kW/kg respectively, accounting
for all losses in the electrical distribution system and a 20% minimum state of charge.

Mass and volume savings, in conjunction with new seat-centric IFE technology, were determined to be 261 kg and
510 I respectively. The mass savings could directly translate into significant annual fuel and cost savings well above
the cost of electricity used to charge the panels. Annual CO; and NOx emissions could also be reduced by 284 and 1.2
tonnes respectively per aircraft. Overall engine efficiency could also improve due to the reduced power drawn from
the generators. A blank-sheet aircraft system design could maximise the benefits by exploiting further mass savings
on many structures that are sized according to the aircraft empty operating weight.

To achieve the potential weight and volume savings estimated, several key topics regarding the adoption of SPCs
in the cabin need further research; the most paramount are related to addressing FST- and encapsulation-related safety
concerns and validation of the multifunctional design methodology. Other research topics that warrant investigation
include impact resistance, long-term cycling performance and public perception. Passengers may be concerned of new
technologies on-board, and appropriate reassurance of the safety of SPCs may be required.

Ultimately, it is necessary to develop a multifunctional design methodology to facilitate adoption of structural
power, such that the practical implementation fully exploits the capabilities of multifunctional materials. The outcome
of the current research is an analysis approach which enables calculation of the structural and specific energy and
power requirements for a structural power composite to perform the functions that conventional structural components
and power sources would perform. This analysis can steer SPC development by quantifying the relative balance

needed between structural and electrochemical performance characteristics. In addition, this study identified the main



advantages of using SPCs in aircraft cabins and highlighted the challenges to be addressed for SPCs to meet
airworthiness standards. The methodology presented here to determine performance targets and benefits for structural

power may be extended to many other multifunctional materials for applications in a wide range of industry sectors.
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