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Abstract: The growing interest in the application of the hybrid-electric concept demands a rigor-
ous method applied to balancing the energy efficiency improvement with the mass penalty. In
hybrid-electric aircraft (HEA) design, it is necessary to avoid excessive usage of energy, which is
caused by deliberate hybridising in pursuit of high electrical energy conversion efficiency. This
paper presents a design method to achieve multi-objective designs conducted within a framework of
multi-disciplinary design exploration appropriate for HEA, meeting the requirement of minimising
the maximum take-off mass (MTOM) and fuel saving. A theoretical analysis proposes the existence of
the optimum design area of HEA. This is followed by a series of demand-focused numerical design
experiments that have verified the existence and position of the optimum design area by taking the
mission of a short-range narrow-body airliner as the design target, considering the predicted tech-
nology timeline until 2050. Compared to a fuel-powered twin-turbofan aircraft, 65.56% fuel-saving,
16.4% reduction in flight operation cost, 44.58% reduction in block CO, emission, and 75% improve-
ment in the cost-specific air range (COSAR) are achieved via hybridisation using the proposed design
optimisation method.

Keywords: hybrid-electric aircraft; energy saving; design space exploration; multidisciplinary design
analysis and optimisation; multi-objective design

1. Introduction
1.1. Research on Hybrid-Electric Aircraft

Hybrid-electric aircraft (HEA) offers a potential solution to the exponentially increas-
ing aviation fuel burn and the urgent requirement to make aviation more environmentally
friendly [1-3]. The concept has already been put into practice in ground vehicles and ships.
A considerable amount of research will be required, however, if it is going to be applied
to the class of modern airliners. Thus, the growing interest in studying the potential of
HEA design has led to a number of researchers expanding the repository of knowledge
associated with HEA. Askin and researchers offered fundamental principles of hybrid
energy aircraft design based on theoretical concepts [4—6] and optimisation methods [7-10].
In addition, further relevant knowledge was soon supplemented, such as range equa-
tions [11], application to specific small unmanned vehicles [12], and detailed research on
propulsion [13,14]. These studies were based on the researchers” assumptions relating to
the morphological characteristics of the hybrid-electric propulsion (HEP) system.

The aerospace industry is showing great interest in the concept of HEA. Compared to
the all-electric airliner, HEA is recognised as having a higher level of technology readiness
than the current designs for electrical aircraft. In 2011, Boeing developed two versions
of SUGAR Volt (i.e., ‘Balanced’ and ‘Core Shutdown’) boosted turbofan concepts to meet
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the requirements of the N+3 goal proposed by NASA [15-18]. In addition, Airbus, Rolls-
Royce, and Seimens launched a hybrid-electric demonstrator E-Fan X with decarbonisation
ambitions in 2017 [19-22]. E-Fan X is a hybridised BAE-146 aircraft with one of its four
turbofans replaced by a 2 MW electric motor (EM).

In academia, researchers developed various design and assessment tools to verify
the performance advantages of HEA. The up-to-date studies show that most designers
were interested in initial sizing and the verification of the advantages of HEA [23-25].
In addition, the design and analysis environment developed for HEA mostly tends to
integrate the specific powertrain model with the performance assessment model [5,26].
However, these tools were limited to their presumed mission—propulsion architecture, or
other specific research aims [17,27-32]. As technology improves from the current state to
2050, when overall technology is confidently expected to have greatly progressed within
an ample timeframe [2], corresponding power management strategies should be varied.
Specifically, in view of the advanced technology assumed to apply in 2050—notably with
electrical power then expected to be widely applied to the propulsion system—the currently
available design space for HEA is surprisingly inadequate, despite potential benefits and
penalties being already well known. In short, although some feasible design points have
been explored and assured with given assumptions, the practical meaning and position
of the optimum design area have yet to be specified and defined, considering the relative
opportunities and challenges presented by HEA.

1.2. Classification of HEP and Power Management Strategies

With respect to the integrated design of aircraft, the method of hybridising the propul-
sion system and the degree of hybridisation are crucial factors in developing a hybrid-
electric concept. Researchers always choose a fixed set of power management methods
for their studies [33-35]. For instance, Voskuijl [36] applied two strategies: constant power
split and constant operational modes of the gas turbine. Ang [26] applied electrical taxiing,
and electrically assisted take-off and climb to his design. It is rare to have an identical
power management strategy (PMS) due to the segmented nature of flight missions, which
is a topic worthy of further study [37].

Summarising the existing studies, some common knowledge appears: (1) only aircraft
with both electric energy storage and electric power generation is defined as HEA; (2) the
unconventionality of HEA is based on its HEP, which can be characterised as the parallel
and the series HEP; (3) compared to the serial HED, the parallel HEP doesn’t require an extra
generator to convert mechanical power from the internal combustion engine (ICE), resulting
in less mass penalty and energy reconversion, but comes with more complex powerplant
design technology; (4) existing forms of the parallel HEP can be classified into two broad
categories as shown in Table 1, including the external parallel HEP and the internal parallel
HEP which is more complex in its applied hybridising technology. Table 1 shows how
researches have learned, verified, and explored various hybrid-electric architectures, and
the variations in fuel and MTOM from each study are presented albeit without any explicit
trend. Minimising MTOM is a general objective for aircraft designers as it is related to
overall advantages (i.e., the lowest manufacturing costs, the lowest operational costs, the
least flight energy consumption, etc.). However, for HEA design, minimising MTOM
is always in contradiction to minimising fuel mass because the replacement of fuel by
electricity has the potential to increase MTOM from the point of view of specific energy.
Therefore, the design space is not clear for obtaining both optimum fuel consumption and
optimum MTOM, and this needs to be specified.

1.3. The Objective of the Present Research

Table 1 classifies a range of design cases, including a summary of the specific design
rules and assumptions under which their design missions were carried out. C. Pornet [39]
proposed the sizing method for hybrid-electric design in the scope of 180 pax narrow-
body transport aircraft, and F.Orefice [47] concluded the conceptual design method for
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19 pax within regulation constraints on commuter aircraft. However, their principle and
optimisation method was appropriate specifically to their characteristic design situation.
Therefore, a more general design philosophy and principle appropriate for most large
HEAs are still lacking. Such a philosophy should clarify the efficient boundary of benefit
realised by the hybrid-electric concept, and its optimisation so as to define the feasible
design space. Available guidance still needs to be supplemented to achieve a design of
HEA that adequately balances the positive potentials in fuel or energy saving and negative
ones in mass penalty or decreased specific energy of the battery. In order to explore the full
benefits of HEA with certain mission profiles and technologies, the key question is how to
obtain the optimum design area, which reasonably maximises the benefits of hybridisation
with minimal resultant negative effects.

Table 1. Parallel HEP systems referenced in the literature.

. Propulsion .
Broad Categories Architectures Projects Fuel MTOM
External parallel Gas turbine and [38,39] ) N
architecture distributed electric fans o
Hybridised engine Boosted turbofan [38,40] - -
/ Geared turbofan [41-43] +[41], +[42], -[43] +
Internal parallel - 1 +(7150HP)/-
architecture Hybridised turbofan [15,16] + (1380HP)
Turboprop [36,44-46] - +

+: increase -: decrease.

Meanwhile, large HEA remains at the stage of conceptual analysis, and few researchers
cover the conceptual design and energy management of HEA using multi-objective op-
timization [48]. In this study, a two-step multi-objective multi-disciplinary design and
evaluation framework for exploring the design space of HEA is constructed. The framework
considered the practical physical meaning of optimisation objectives compared to other
favoured multi-objective algorithms (e.g., equivalent consumption minimisation strategy
in which the battery’s state of charge is only just sustained due to the equivalence factor
being evaluated offline [49]). It explicitly includes design aspects such as airworthiness
requirements, design disciplines, power management options, etc. A series of computa-
tional design experiments on designing HEA is carried out by the framework. It achieves
the further objectives with four performance aspects of optimisation, while considering
the general design aim to minimise the MTOM of HEA. The effects of hybridisation on
fuel consumption, energy efficiency, cost and emissions of HEA were also quantitatively
evaluated. The research aims to offer guidance to R&D, and helps to shorten the distance
to the optimum HEA design in the long term.

2. The Framework of Design Exploration for Hybrid-Electric Aircraft

To explore the existence of the optimum design area, Section 2.1 presents a theoretical
explanation that states the analysis from the mathematical point of view, which guided the
computational design experiments that followed. The computational design experiments
are derived from Section 2.2 which clarifies their scope and process. Additionally, critical
components in the framework are introduced then, such as the design tool and the baseline
used in the experiment.

2.1. Theoretical Analysis of the Trend of Energy Consumption

The key question in designing HEA is whether fuel consumption can theoretically
be saved. This research aims to design the optimum HEA in terms of energy-saving
and emission purifying, which is expected to bring the benefits of fuel-saving, energy-
saving, cost-saving, efficiency improvement, environmental benefits, etc. This objective is
essentially to balance the benefits and possible disadvantages caused by hybridising. In
order to achieve this, Equations (1)-(8) were proposed to build the connection between
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propulsion efficiency (benefit) and mass penalty (disadvantage), based on parameters
associated with degrees of hybridisation; these parameters, which depend on Hg, were
proposed to present the effects of the degrees of hybridising on specific energy, energy mass,
propulsion efficiency, etc. Making use of these equations can help clarify the boundary
between benefits and disadvantages, so as to deduce key design principles for HEA.

The mass penalty is split into three practical parts according to the different design
disciplines, integrally connecting the hybridisation of power with mass for further design,
so that the analysis presents the effect of the degree of hybridisation on hybridised perfor-
mance such as hybridised energy efficiency and specific energy. Hybridising the aircraft
may result in increased aircraft mass (i.e., mass penalty, Mpeyqt,), which includes system-,
energy- and aerodynamics-associated mass penalties (i.e., Mgystem.penalty, ME.penalty, and
M pero.penatty), as expressed by Equation (1).

Mpenulty = MSystem.penalty + ME.penalty + MAero.penalty (1)

The system mass penalty, Msystem. penatry, is added by the electric accessory system.
The value of the energy mass penalty, Mg yenaity, depends on the weighted mean value
of hybridised specific energy of the energy storage (¢), which is defined as Equation (2),
where the specific energy of kerosene (c¢) is 11.9 kWh/kg [50], and that of the battery (cp)
is assumed as 1.5 kWh/kg [51].

U:Uf-(l—wB)—i-wB-aB 2)

Equations (3) and (4) respectively represent the weight ratio (wp) between electricity
and total energy, and the degree of hybridisation for energy (Hg). Equation (2) can be
subsequently rewritten as Equation (5), illustrating the effect of each energy source and
hybridising status on the total energy system.

Mp HE -0y
= —_— = 3
“B My op+ (05 —op) - Hg )
MB-(TB 0B * WBR
Hg = = 4
E Mo of+ (0 —0f) - wp @)
og—0¢-Hp-0o
c=op4— S E T 5)

op+ (0f —0op) - Hg

In the above equations, ¢ is the parameter that can affect the mass of the energy
system, being one of the critical indicators for HEA. Another critical indicator is the average
efficiency (1) of the whole propulsion system, which affects the amount of energy usage.
The variation in the degree of hybridisation can be reflected in both of ¢ and n for the
evaluation of the performance of HEA. It is noted that energy consumption decreases with
improving hybridised energy efficiency, expressed as Equation (6), wherein the energy
efficiency of conventional turbofans (5 ) is usually around 0.4~0.5 [52], and that of the
electrical propulsion system (77p) is normally higher than 0.9 [15].

n=1s-(1—Hg)+ Hg 1 (6)

The variation of M peqary is directly related to the ratio of the hybridised energy
mass (M) to the original energy mass (M), Ry, from which is derived Equation (7) and
whereby Ry > 1 indicates the existence of Mg penaity

i Mi/E _ (MTOM+Mpenalty)'77f " Of
~ M MTOM- &

Ry ()

By combining Equations (4)—(7), it is shown that Rys> 1 is achieved if op satisfies
Equation (8). Therefore, improving op is a promising way to improve o so as to eliminate
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ME penalty, thus promoting the light-weight design of HEA. In short, Equation (8) provides
criteria to quickly check whether the energy mass penalty can be eliminated.

> Ui ‘Tf' (MTOM + Mpenalty)

15 MTOM ®)

0B

In addition, Mgystem.penatty and ME penairy may trigger the aerodynamic mass penalty
(M Aero.penalty)- From the perspective of whole aircraft design, it is necessary to enlarge the
lifting devices (shown in Figure 1) to provide sufficient aerodynamic performance for a
heavier aircraft. Enlarging geometry also increases the mass of the aircraft, which forms an
iteration between the mass penalty and enlarging of the lift device.

Enlarging according to
intensified hybridizing

Lifting devices

Figure 1. Geometry and dimensional changes of lifting devices in accordance with aerodyna-
mic requirement.

At low hybridising levels, only a fraction of fuel consumption is replaced by electricity
(Mp). For example, taxiing alone is partially electrified to lower the noise and emissions
around the airport. It is desirable to offset some kerosene consumption (Mg ss0e) With
electricity consumption considering the growing shortage of kerosene, which is a non-
renewable energy source. However, hybridising also has the potential to consume more
(rather than less) kerosene, since extra fuel (Mg ¢yy,) is required with increasing hybridising
levels. Therefore, it is necessary to establish the boundary between those two situations
(also shown in Figure 2), indicating the fuel-saving design space to avoid unexpected
fuel wastage.

The position of the boundary describing the fuel-saving design space is determined
by various parameters including technological indicators, the mission of the aircraft, the
degree of hybridisation, etc. Numerical design experiments based on a multidisciplinary
optimisation design platform are promising as a means to help solve this problem.
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Low level Conventional Increasing level
hybridization hybridization

Figure 2. Classic hybridisation results in different degrees of hybridisation.

2.2. Framework of Process for the Numerical Experiment on Hybridisation

The purpose of this study is to provide insights into design strategies used to achieve
the balance between improved energy efficiency and the resultant mass penalty for HEA.
Based on the conditions described above, hybridisation is implemented by increasing the
installed power of the embedded EM, which is step B of the framework. As the power of
EM grows from 0 MW to 70 MW to partially replace the power of the ICE, the integrated
HEA is redesigned accordingly. The performance of these new designs is compared to the
baseline. Understanding the trend of each key indicator is essential for the design space
selection and appropriate hybridising of the target aircraft. To achieve this, a series of
hybridising design experiments were carried out.

In summary, the framework of exploring the design space of HEA is illustrated in
Figure 3, which facilitates pursuing the further benefits of HEA at the conceptual design
stage. ‘Step A’, or designing the instances of the design experiment, requires an optimisation
process (implemented using GENUS [6,53-56]) to take geometry, the propulsion system,
mass estimation, performance evaluations and their coupling situations into account in
the HEA design. For HEA, the classic HEP powertrain and power management strategies
were added to the design process. All activated modules were validated in terms of both
design and analysis [6], so it is applicable to support ‘Step A’ in the exploration framework
(Figure 3). The hybrid-electric relevant multi-objective method is restricted in the specified
research field [57]. The crucial obstacle to applying a multi-objective algorithm is that
minimum MTOM is always being set as the common objective, whose importance cannot
readily be overshadowed by others, so other objectives can only be paid attention to as
a secondary priority. To overcome this limitation, a method of multi-objective design
framework is proposed (‘Step B’) and carried out based on design method ‘Step A’. In
‘Step B’, authors process the design experiments by seeking for four key performance
optimisation goals (i.e., fuel consumption, energy consumption, cost performance and
emissions) that attract stakeholders considering the minimising MTOM. According to the
logic relationship, the whole optimisation framework avoids the ignoring of crucial design
factors (e.g., battery SoC [49]) in contrast to equivalent consumption minimisation strategies.
The positive design space of HEA can be determined from this analysis by comparing these
key aircraft performance indicators. A lighter and cheaper aircraft is always the preferred
objective of the design (Table 2). The constraints applied in the optimisation are selected to
ensure the following aspects.

The aircraft carries sufficient but not excessive amounts of fuel and battery;

The mass iteration converges within an error of 5%;

Take-off and landing distance requirements are met;

The propulsion system meets the thrust requirement in each flight segment;

The wing is sized according to a constant wing loading and aerodynamic requirements
through all flight segments;
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e  The flightpath associated criteria in C5-25 [58] for each flight segment are met;
e  The targeted flight range of the aircraft is met.

Startprocess|
Variable

Framework inputs

‘Passenger H Payload | )

I

|

|

|

[ Target Technology —_
i range level

|

I

L

HEP || PMs

| Baseline fuel-

powered aircraft
design Variables

| Size of ICE H Battery mass

Desiami MTOM Size of lifting
esign instance I—Fuel mass devices

Computing constraints i
‘ Thrust at each segment |i — g;tri)rﬁfsation1

l Take-off and landing distance |

Mass iteration converged

[ [MTOM][ fuel |[batter Step B:

| H H Y | . Optimisation 2

Fy gesture is satisfied at each
segment according to CS25.

i Pty - i
NO , - Yes | MTOM optimisation i
onverge i| Optimum instance |

,,,,,,,,, i

Optimum instance

Flight performance Cost performance

‘ Fuel mass minimisation

‘ Emission minimisation

Optimum instance

| Energy consumption minimisation ‘

I
|
Cost minimisation ‘ !
!

Figure 3. Overview of two-step optimisation framework for exploring the balancing of the hybrid-

electric aircraft design.

Table 2. Objective and design variables for optimisations in Step A.

Parameter Upper Boundary Lower Boundary
Objective Minimise MTOM [kg] 160,000 44,000
Wingspan 1 [m] 24.5 14
Wingspan 2 [m] 12.6 7.2
Wing chord 1 [m] 4.69 2.68
Variable Wing chord 2 [m] 3.78 2.16
Fuel mass fraction 0.1 0.01
Battery mass fraction 0.3 0.01
Bypass ratio 20 10

In the cost optimisation process of ‘Step B’, since electricity is cheaper energy compared
with fuel, the replacement of fuel by electricity can be reflected in the energy cost (Cg) that
can be expressed as in Equation (9), where Cy and Cjectricity are the fuel and electricity
costs respectively.

Ce = Cf'(l - HE) + Celectricity'HE 9)

The flight-operational cost (FOC) is calculated based on Equation (10), where FOC is
constituted by battery cost (Cp), energy cost (Cg), crew cost (Ccrep) and airport
cost (CAirport)-

FOC = Cp + Cg + Ccrew + CAirport (10)

Here, Cajrport depends on the total mass, in turn affected by M. The trade-off between
fuel-saving benefits and mass penalties can also be manifested in cost performance, which
is key for stakeholders.
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2.3. Scope of the Numerical Experiment on Hybridisation

The essence of hybridisation of aircraft is to gradually replace conventional power with
electrical power and to replace conventional fuel with electricity, forming a transformation
in both the power provider and the energy source. This article aims to adopt a general
architecture with a wide range of operating modes for both power splitting and energy
splitting, which allows Hp to change from zero to one as well as consume energy from pure
kerosene to pure electricity at any flight segment (0 < Hg < 1). The power flow is split
between the EM and the ICE, resulting in a parallel energy flow in Figure 4, which can realise
three powertrains: battery-kerosene powertrain, kerosene-powered powertrain and battery-
powered powertrain. Hence, the EM and the ICE are combined and mechanically connected
to the fan to guarantee that they can work either independently or collaboratively. Where
the EM has not been put to work, the powerplant is regarded as a turbofan (Figure 4a).
Alternatively, as the EM gradually replaces the ICE, the powerplant can transform into an
all-electric one (Figure 4b). When the case is between these two extremes, the powerplant
can be regarded as an EM that is embedded in the tail cone of a turbofan. In this article,
shrinking the ICE while enlarging the embedded EM is the proposed method to raise the
Hp (Figure 4c). In this way, the design prevents mass redundancy from the replaced ICE
provided that the thrust is sufficient.

propeller

S EM
N

Mo

—

battery

CE kerosene

f % kerosene

= f@’w c. battery-kerosene powertrain

El

b. battery-powered powertrain

Figure 4. Independently parallel hybrid propulsion architecture: (a) kerosene-powered powertrain,
(b) battery-powered powertrain, (c) battery-kerosene powertrain.

In this investigation, the flight mission is separated into eight flight segments, from taxi
out to taxiin (Figure 5). The power operation strategy of the HEP can be manifold. The main
power management strategy adopted throughout the mission was the ‘electricity preferred
strategy’, which maximised the usage of electricity and improved the efficiency of the
propulsion system. There are two forms of expression in the airline: both throttles are in full
throttle state at the take-off, climb, and landing segments; and the ICE is supplementary—
needed only while the electric power is not enough to meet the segment requirement (e.g.,
cruise segment), but shut down during the flight when the electrical power is sufficient to
work independently (e.g., descend segment and taxi segments). This operation strategy is
considered the appropriate PMS corresponding to the technology that will have significantly
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P max

Prmotor,max

Taxi T/O

improved by 2050, as well as the closest (most ready) to transfer to the all-electric mode.
Specifically, the battery technology is anticipated to be improved to a sufficient level to
realise the ambitious degree of hybridising. If not, the usage of electrical power should be
optimised to limited periods during the whole mission.

Battery energy Fuel energy

Climb Cruise Descend Landing Taxi Loiter

Mission time

Figure 5. Definition of battery operation strategy: maximum battery energy usage depending on EM
power sizing.

In the process of aircraft design, aerodynamic devices need to be sized and redesigned
in the optimisation stage so as to meet aerodynamic requirements throughout the whole
flight. In this study, wing sizing complies with a constant wing loading of 645 kg/m? and a
wing aspect ratio of 11.6. Considering the stability and layout design of the aircraft, part of
the luggage space is replaced by the accommodation of batteries and electrical accessories,
which are distributed symmetrically around the centre of gravity. As a result, the battery
storage is constrained by the underfloor space including the luggage volume. The volume
of the battery is affected by the battery specific volume (unit: kg/m?3).

According to the airworthiness regulation for large aeroplanes (i.e., CS-25) [58], the
aeroplane is requested to meet specific requirements at each flight segment. The sizing
of the propulsion system is based on those regulations to enable the design to cope with
extreme conditions such as the ‘one engine inoperative’ condition and to complete the flight
as requested by the mission. Such a hybrid-electric, narrow-body, twin-engine aircraft is
designed in this study, targeting an entry into service year of 2050. The applied electrical
technological level is predicted and parameterised according to the predictions carried
out by Kuhn [59], Gerssen-Gondelach [60], Gogolak [51], and Delhaye [61]. Significantly,
relevant technologies are developing fast, such as supercapacitors, superconducting tech-
nology, etc. Their key associated technical indicators are classified and listed in Table 3.

Table 3. Specifications of the estimated technologies.

Technology Indicator Value
Parameter Class
Year of Entry into Service 2050
Max charging times of the battery 6000
Battery Specific energy of battery [k]/kg] 5400
Energy density of battery [k]/m°] 1,100,000
Specific power of EM [kW /kg] 20
Specific power of inverter [W/kg] 34,000
. Specific power of SSPC [kW /kg] 34,000
Electrical components Specificppowerl:;f thermal controller [%(W /kgl 34,000
Cable density [kg/m] 10

Electrical efficiency [16] 93%
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Only the state of charge (SOC), which has a significant impact on the overall mass of
the aircraft, is considered in the following design. In addition, factors affecting electrical
systems such as thermal management, charge and discharge rate, and dynamic behaviour
are not considered in the design model of this paper. This is because the major design
obstacle to the integration of the electrified aircraft is the weight penalty imposed by the
battery; while the battery SOC needs to be tracked during the performance calculation,
which needs to be kept above the safe value. In further modelling in future studies, the
detailed design aspects of the battery as described above needs to be considered to make it
more practical.

2.4. Fuel-Powered Baseline Aircraft

This part describes an advanced kerosene-powered twin-engine high aspect ratio
aircraft as the baseline for the design experiment. A variety of propulsion arrangements
and sizing tasks are conducted based on the baseline design, which includes the complete
configuration from the viewpoint of the mission, geometry, mass breakdown, propulsion,
performance, packaging, stability and cost, detailed hereafter.

The HEA designs are derived from their initial mission requirements that are shown
in Table 4, including the common requirements of large airliners and technology challenges.
The baseline aircraft (the sketch of which is shown in Figure 6) is equipped with two large-
bypass specified turbofans. All flight segments are operated under the ‘kerosene-powered
conventional’ mode and are defined according to the ICAO Annex 6 [62]. The cost-related
settings are predicted according to the current state of the market.

Table 4. Mission requirements of the baseline design.

Requirement Value Requirement Value
Take-off distance [m] 3000 Number of passengers 180
Cruise altitude [m] 10,667 Number of crew 6
Cruise Mach number 0.78 Payload mass [kg] 22,500
Landing distance [m] 3000 Technology level [year] 2050
Target range [km] 1667
£
*’.
(o]
o 3406 m
! |
4134 m

Figure 6. Three-view drawing of the baseline design.

3. Results and Discussion

Section 2 presents the thinking behind and arrangement of the exploration of the HEA
design. In this section, the exploration results are summarised and discussed, explaining the
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effects of hybridising on the key performance areas of the designed HEA, as elaborated in
Sections 3.1-3.3 respectively. In addition, the positive design area indicating the condition
of fuel-saving in the design space of HEA is elucidated, and the optimum design point
highlighted, as discussed in Section 3.4.

3.1. The Effects of Hybridising on Mass and Energy

The key effects of hybridising are reflected in mass and energy changes, which is
analysed in this section. Figure 7 shows the mass breakdown of all instances in this design
experiment, highlighting the variation in battery mass (Mp), fuel mass (My) and MTOM.
Apparently, Mp increases monotonously with increasing installed power of the EM (or
with increasing size of the EM). By contrast, M follows a different trend with its minimum
point (i.e., minimum fuel consumption) being observed when the installed power of the EM
equals 18 MW. The MTOW of the aircraft, which is composed of Mg, My and other types
of mass (e.g., structural, system, operational masses, etc.), increases with EM, consistent
with the theoretical prediction introduced in Section 2.1. More importantly, the experiment
answered the question proposed at the end of Section 2.1.
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Figure 7. The variation of MTOM and its breakdown (e.g., battery and fuel mass) at different
hybridising levels.

In Figure 7, the existence of the design point with minimum fuel consumption demon-
strates that the tendency of My reduction, which results from replacing fuel with electricity,
outweighs the tendency of My increase. This latter is ascribed to the requirement of extra
fuel to compensate for MTOM increase, when the EM power ranges between 0 and 18 MW.
If the EM size further increases to a power greater than 18 MW, the above trend is reversed,
hence the actual My of the HEA increases despite the application of electric power and
electricity. This phenomenon coincides well with the theoretical depiction of the potential
fuel-saving design space described in Section 2.1.

Figure 8 further presents the growth ratio of MTOM (a-MTOM) with increasing EM
size, along with that of energy efficiency y(a-y); y is calculated using Equation (11), where
t is the endurance and 1;,,; represents the instantaneous 1. It demonstrates that x--MTOM
and a-1 decrease consistently when the installed EM power ranges from 0 to 18 MW,
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implying that the required energy by HEA, Q’, remains stable at this range; the value of Q’
depends on the competition between a-MTOM and a-, where greater a-MTOM results
in increased Q’, whereas improved a-y leads to energy saving (i.e., reduced Q'). As EM
becomes greater, a-1 approximately remains 1.0, implying that y hardly changes, leading
to greater Q' required by growing MTOM (a-MTOM > 1.0); this trend of 1 is due to the
similar increasing rate between the required fuel and electricity.

_ fot Hinsdt

; (11)

1

12%
10% ++B-- a-MTOM == a-1na a-ESAR
8%
6%
4%
2%
b= ) * E"""""'

0% /3
-2%
- 4%
- 6%

Growth Ratio

0 10 20 30 40 50 60
Installed Power of Embedded EM [MW]

Figure 8. Comparison between MTOM, average efficiency and ESAR in terms of their growth ratios.

More specifically, the energy performance can be represented by the energy specific
air range (ESAR, unit: m/J), acting as a figure-of-merit for HEA optimisation [63,64]. The
obtained growth ratio of ESAR («-ESAR) with increasing EM size is also shown in Figure 8,
demonstrating that ESAR fluctuates (a-ESAR ~ 1.0) when the EM power is lower than 18
MW but is reduced (ESAR < 1.0) as larger EM is installed. ESAR stands for the capability
of energy transformation, hence the trend of its variance is opposite to that of Q.

3.2. The Effects of Hybridising on the Degree of Hybridisation for Power and Energy

The balancing design of HEA is essentially a trade-off associated with power splitting.
With the shrunken core engine and the enlarged EM, the performance of the HEP is
redesigned and optimised according to overall aircraft requirements. With the various
values of electric throttle (x-axis) and conventional GT throttle (y-axis) which separately
control the electric power usage proportion and the flow of fuel of ICE, the thrust and
specific energy consumption (SEC in J/N/s) at the condition of static sea level are compared
in Figure 9, each row representing a HEP equipped with a different size of EM (6, 12,
18 MW). The figure shows that the replacement of ICE by EM, whose installed power
changes from 6 MW (a,b) to 18 MW (e f), brings the benefit of improved (i.e., lowered) SEC.

However, In Figure 10, the ICE of HEP can provide redundant power when its size is
reduced to a certain level. The relative change of thrust and MTOM have a similar trend
between 0 and 20 MW, but split thereafter, implying the overall capability of the HEP is
increased with hybridising levels and surpasses the requirement of HEA during the latter
flight segment, because ICE cannot shrink continuously before it disappears. The idle flight
segment should be considered while replacing ICE with EM. In order to maximise the role
of ICE during the design of HEP, it is necessary to obtain the lower design boundary of ICE,
which determines the efficient upper boundary of EM.
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condition: (a,b) aircraft hybridised by 6 MW EM,; (c,d) aircraft hybridised by 12 MW EM,; (e f) aircraft
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Figure 10. Comparison of the relative change of thrust and MTOM.
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In terms of the whole mission, Figure 11 shows how the whole flight is gradually
electrified for each flight segment, with the sizes of EM enlarging (represented by the
installed power of EM increasing). The taxiing segment can be fully electrified as the
installed power increase from 1 to 2 MW because it requires less power. By contrast, the
cruise segment is not fully electrified until the installed power grows from 6 to 8 MW
because it requires larger power than the taxiing segment; while the final climb segment is
fully electrified as the installed power grows from 16 to 18 MW. Therefore, the near-field
(e.g., taxiing in and out) flight segments can be granted priority in consuming electricity.
This can potentially bring benefits in reducing the mass of the embedded battery in the plane
by replacing it with external ones on the ground. In addition, promoting electrification
during the near-field flight segments can also reduce the pollution level around the airport.
On the contrary, take-off, climbing and landing segments can be fully electrified with larger
EM (i.e., larger installed power). They are target flight segments whose power peak needs
to be shaved (i.e., shrinking the size of ICE), which is a key benefit of hybridising. Following
this trend, all flight segments are expected to be purified if sufficiently advanced technology
is available. However, the benefits of hybridising and the mass penalty are still necessary
to be balanced, considering the current technological limit on batteries. Figure 12 further
demonstrates the same trend from the perspective of the hybridisation degree for energy
(Hg). Increasing the EM size while shrinking the ICE simultaneously intends to actively
increase Hp, and consequently to affect Hg. As shown in Figure 13, although the trend of
HE was supposed to be consistent to that of Hp (i.e., having a constantly increasing trend),
the increase in Hr cannot catch up with that in Hp when the installed power becomes
larger than 8 MW, which results from the technical limitation of batteries.

Degree of hybridization for activated power Hp

Taxi in 1.00
Landing 0.88
., Descend 0.75
:,E,' 0.63
g Cruise
b 0.50
§ Climb4
2 0.38
S .
Climb1-3 0.25
Takeoff 0.13
Taxi out 0.00
0 20 40 60

Installed power of motor [MW]

Figure 11. The variation of Hp for complete flight conditions of HEA with different levels of
EM power.

In Figure 13, Hp increases rapidly to around 0.8 when the power of EM reaches 18 MW,
with the subsequent rate of increase greatly reduced until Hp approaches 1.0 when the
power of EM grows to 70 MW. By contrast, the increase of HE is restricted to the maximum
value of 0.6 due to the restriction in the applied technology. This phenomenon demonstrates
that electrical power is better able to meet the requirement of hybridisation than stored
electrical energy. Therefore, improving the level of hybridisation depends on the specific
energy (o) of the energy source, which is consistent with the theoretical analysis discussed
in Section 2.1.
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Figure 12. The variation of Hg for complete flight conditions of HEA with different levels of
EM power.
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Figure 13. The variation in installed power of each power generator, Hg and Hp with different levels
of EM power.

3.3. The Effects of Hybridising on Cost Performance

Cost performance is the most relevant performance of the aircraft to stakeholders. This
section illustrates and analyses the variation in cost performance throughout the whole
mission for all instances in the computational design experiment. The trend in Cg shown
in Figure 14 is similar to that of the block fuel mass (Figure 7), reaching the lowest value
as the aircraft is equipped with an 18 MW EM. This is attributed to the fact that Cerectriciry
(unit price: 0.03 USD/kWh) is much cheaper than C¢ (unit price: 6 USD/USG), which
therefore dominates Cg. The change in FOC with increasing EM size is also shown in
Figure 14, demonstrating that FOC is dominated by Cg. In addition, the Cost-Specific Air
Range (COSAR) proposed by C. Pornet [65] is considered in this study. It is expressed
in Equation (12), where cejecricity and ¢y represent the unit prices of electricity and fuel,
respectively. COSAR is regarded as an assistant indicator to help designers optimise the
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performance of HEA. Its variation with increasing hybridising levels is shown in Figure 15,
which will be discussed in Section 3.4.
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Figure 14. Variation in FOC with different levels of EM power.
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Figure 15. Relative change in energy consumption, energy efficiency, MTOM, fuel mass, COSAR, and
energy specific air range (ESAR) with different levels of EM power.

3.4. Determination of the Positive Design Area

Based on the results presented in the preceding sections, the relative change in the
HEA performance compared with the baseline airliner regarding mass, energy and cost
are summarised in Figure 15, which illustrates the design space of HEA. The positive
design space is defined to include design instances which achieve a considerable advantage
having paid for the cost of substitution. In the investigation of this paper, the design space
is analysed from the point of view of the relative change in critical indicators: MTOM,
My, ESAR, ', COSAR and y. This partially qualitative analysis can be widely used on
HEA with various missions. According to the trends summarised in Sections 3.1-3.3, the
design space for HEA shown in Figure 15 can be divided into the positive and negative
design areas; the positive area outlines the outstanding design space within the feasible
design space for HEA, and features benefits including high energy efficiency (represented
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by ESAR), gently increasing MTOM, decreasing fuel consumption, increasing COSAR and
fluctuating energy consumption. These benefits can be maximised at the optimum design
point (i.e., EM power equals 18 MW for the current case) for HEA. The flight performance
areas listed in Table 5 highlight and quantify the benefit of the optimised HEA in terms
of energy consumption saving (by 44.52%), fuel-saving (by 65.56%), flight cost saving
(by 16.4%), cost per seat saving (by 10.42%), and emission problem relief (by 44.58%). By
contrast, the negative design area marks the design space that needs to be avoided due to
non valuable performance: the increase of MTOM is the main penalty for hybridising, and
the excessive growth of MTOM with little performance improvement is a representative
phenomenon of the negative area.

Table 5. Performance comparison between the advanced fuel-powered aircraft with the optimum
hybridised aircraft in this study.

Class Parameter Unit Fuel-Po‘fvered Hybrld-!ilectnc Relative Change
Baseline Design
Wing loading kg/m? 645 645 0%
Wing ref. area m? 89.656 152.03 62.69%
Geometry Wing aspect ratio - 12.539 12.505 0%
Wingspan m 33.529 43.603 25.8%
Wing leading edge sweep degree 25 25 0
MTOM kg 60,950.8 98,061.018 60.89%
OEM/MTOM - 0.54 0.47 —12.96%
Mass Design payload/MTOM - 0.09 0.06 —33.3%
Fuel/MTOM - 0.09 0.031 —65.56%
Battery/MTOM - 0 0.278 -
. Design SFC /kN/s 14.42 11.91 —17.41%
Propulsion EM instaslgled power i MW 0 144 -
Energy cost £/Hr 3558.91 2118.57 —40.47%
Airport cost £/Hr 3497.69 3605.72 3.1%
Battery cost £/Hr 0 64.06 -
Cost FOC £/Hr 7731.89 6463.64 ~16.4%
COSAR m/£ 0.04 0.07 75%
Cost per seat meter £/pax/m 0.48 0.43 —10.42%
Others Trip CO; emission kg 6761.85 3747.15 —44.58%
Energy consumption MJj 236,428 131,166 —44.52%
Year of entry into service - 2050 2050 -

However, with the increasing power of the embedded EM, while electric energy
undertakes more work, it is impossible for airliners to transit from the hybrid-electric
mode to the all-electric mode at the technology level applied in this study. Conversely, it
might result in an increase in fuel consumption. Thus, hybridisation of the airliner lacks
significance if the EM size is larger than the optimum design point (i.e., the negative area),
since that is when the energy consumption and MTOM increase sharply while the energy
efficiency is hardly improved, and the consumed extra energy can barely bring any further
fuel substitution, as illustrated in Figure 15.

Overall, the design space explored in this paper reveals the way in which HEA design
advantages are applied to large airliners in the future, rather than designing for pure electric
as this is currently regarded as a much longer-term objective. This exploration not only
highlights the necessity of developing HEA, but also applies a two-steps multi-disciplinary
optimisation framework of appropriately designing it in terms of balancing the quantified
performance aspects regarding different disciplines (e.g., mass, energy consumption and
cost). For each design instance, the whole computational design experiment follows the
common philosophy of designing aircraft (i.e., minimum MTOM), while also considering
the specific objective for HEA—designing HEA in the practical design zone and with
reference to elements of practical significance.
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4. Conclusions

This study was carried out to explore the design space of hybrid-electric aircraft on
large hybrid-electric civil airliners. It focuses on the balancing design between the benefits
and penalties resulting from the hybridising of airliners, and seeks the optimum design
method for future design and demonstration. The study can be summarised as follows:

(1) A two-step multi-objectives optimisation framework is introduced to explore the
design space of HEA. The framework considers designing the lightest aircraft first
and then covers further objectives such as minimum fuel consumption, minimum
energy consumption, minimum cost, etc. It realises the multi-objective optimisation
of HEA avoiding the ignoring of crucial design factors, assuring the general objectives
alongside specified ones for HEA;

(2) A series of design experiments were carried out by applying the framework with the
installed power of the EM changing from 0 MW to 70 MW, taking a fuel-powered
narrow-body airliner as the design baseline. The design space is identified and the
positive design area for HEA can be distinguished through the analysis of performance
indicators that need to be optimised.

(3) An optimum design point is achieved and verified as the minimum fuel design
point to classify the design space into the positive and negative areas. The mass
penalty caused by hybridising can be partially compensated including by the chance
that technology improvement will minimise it, while the degree of hybridisation is
continuously intensified in the positive design area.

(4) Along with the promising performance at the critical design point—confirmed by a
fuel-saving of 65.56% in our experiment—75% COSAR improvements and 44.58%
CO, reduction is calculated with 60% Hg.

(5) The design space was classified into two areas which are helpful for the future study,
application, and exploration of HEA. Theoretically, the design should be kept in the
positive area and get close to the critical line in the design space. The optimum design
point reflects the general design requirement of aircraft as well as the specific design
goal of HEA, balancing the benefit with mass penalty.

(6) Thestudy in this paper clarifies the superiority of HEA in fuel saving, energy efficiency
improvement, and cost benefits, in addition to playing a role in the transition period
towards a zero-carbon emission future.
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Nomenclature

Acronyms

COSAR cost-specific air range [m/£]
EM electric motor

ESAR energy specific air range[m/]J]

FOC flight operational cost [£]
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HV heat value [Joule/kg]

HEA hybrid-electric aircraft

HEP hybrid-electric propulsion

ICE internal combustion engine
MDAO multidisciplinary design analysis and optimisation
MTOM maximum take-off mass [kg]

PMS power management strategy

USD United States dollar

USG United States gallon

SEC specific energy consumption
Symbols

c specific cost consumption [£/kWh]
C cost [£/Hr]

D drag [N]

L lift [N]

H degree of hybridisation

g gravitational acceleration [m/s?]
M mass of fuel-powered aircraft [kg]
M mass of hybrid-electric aircraft [kg]
Q block energy of fuel-powered aircraft [Joule]
Q' block energy of HEA [Joule]

v flight speed [m/s]

R range [m]

Ry ratio of mass comparison

Ry practical ratio of mass comparison
TSPC specific power consumption [Watt/N]
t endurance [s]

| energy efficiency

o specific energy [kWh/kg]

w weight number of kerosene

o activation ratio

Prefix/Subscripts

B battery

E energy

M mass

f fuel

m motor

P power

ins instantaneous
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