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Abstract

Noise and greenhouse gas emission targets set by e.g., the EU commission, NASA, and ICAO oblige the aviation industry
to reduce its environmental footprint. Battery-powered hybrid-electric aircraft are currently being investigated in this regard
as they can potentially reduce in-flight greenhouse gas emissions and noise. However, most studies to date have focused on
the CO, emission reduction potential instead of considering the total life cycle environmental impact. Hence, within this
study an environmental life cycle assessment method for a hybrid-electric aircraft is developed and applied, supplemented
by a direct operating costs analysis. This allows the simultaneous evaluation of the environmental impact reduction potential
and the economic consequences for aircraft operators. This demonstrates the faced trade-off and contributes to a meaning-
ful review process. A single-aisle transport aircraft (A320 class) serves as a use case for the established methodology. It
consists of the conceptual aircraft design, the environmental life cycle assessment, and the direct operating costs analysis
for a conventional reference aircraft and a hybrid-electric aircraft with a discrete parallel powertrain architecture. It should
be noticed that the focus of this study is the comparison of conceptual aircraft designs of the same fidelity on system level,
in lieu of the detailed modeling of a hybrid-electric aircraft. Results show that for a degree of hybridization of 0.3, the
environmental impact of the hybrid-electric configuration increased by 15.1%, while the operating costs increased by 41.0%
compared to a conventional reference aircraft. For a future scenario, favourable for hybrid-electric aircraft with i.a. renewable
electricity production, the environmental impact could be reduced by 7.0% compared to the reference aircraft. At the same
time, the operating costs gap between both configurations decreases to +26.8%. Hybrid-electric aircraft should therefore be
investigated further as a potential solution to reduce the environmental impact of aviation, if simultaneously to developing
them the expansion of renewable energies is fostered. Nevertheless, this reduction in environmental impact involves a high
direct operating costs penalty.
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DF Ducted fan 1 Introduction
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electric aircraft (HEA) are seen as a promising candidate
to achieve the specified emission and noise goals.

Previous studies have undertaken conceptual designs of
possible future hybrid-electric transport aircraft, exploiting
the different alternatives hybrid-electric configurations offer
(e.g., serial hybrid, parallel hybrid, discrete parallel hybrid,
etc.). However, so far only the CO, emissions and direct
operating costs (DOC) of the respective design missions
were evaluated (see e.g., [2-6]). Nevertheless, to establish
a meaningful review of HEA, a complete life cycle analy-
sis (LCA) regarding the environmental impact is necessary.
Furthermore, in order to be able to truly assess the DOC,
environmental airport charges (emissions and noise) should
be included. They are likely to increase for conventional jet
engine aircraft in the future, and thus might be decisive for
airlines. Hence, the aim of this paper is to undertake an envi-
ronmental LCA and a DOC analysis for a hybrid-electric,
single-aisle aircraft including the aforementioned shortcom-
ings of previous studies. The objective of the study is then to
determine if, and under which circumstances, hybrid-electric
transport aircraft are a valuable solution, from both an envi-
ronmental and an economic point of view, to reduce the cli-
mate impact of the aviation industry. Thus, the scope is the
system level assessment of conceptual aircraft designs of the
same fidelity level showcasing potential benefits/drawbacks
of HEA, rather than the detailed modeling of an HEA.

2 Methodology

The proposed methodology is outlined in Fig. 1. First, a
conventional reference aircraft (CRA) and an HEA are
designed using the in-house aircraft design environment
ADEBO [7]. In a next step, an environmental LCA model
is established to assess CRA and HEA and then applied
to the designed aircraft. Similarly, a DOC methodology
including environmental charges is developed and applied.
Trade-offs are then identified using parameter variations
for the design variables (e.g., degree of hybridization) and
technology assumptions (e.g., battery specific energy). A
future scenario is also investigated.
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Fig. 1 Established methodology

The established information is used to determine the con-
ditions under which hybrid-electric transport aircraft might
be a sensible solution to reduce the environmental footprint
of aviation, and at the same time be economically compel-
ling for aircraft operators.

In the following sections, the three main parts of the
established methodology are explained in more detail: the
aircraft design in ADEBO, the environmental life cycle anal-
ysis model, and the direct operating costs model.

2.1 Aircraft design with ADEBO

The aircraft design environment ADEBO has been devel-
oped at TU Munich and allows conceptual design studies
for all fixed-wing configurations. Besides transport aircraft,
this also includes unmanned aerial vehicles and fighter air-
craft. Both its object-oriented data model and its modular,
tool-based implementation in MATLAB permit a high flex-
ibility and extensibility for new concepts. Alongside tools
based on semi-empirical handbook methods, interfaces exist
to physics-based tools. These include in-house tools imple-
mented in MATLAB, as well as external tools such as the
aerodynamic analysis program Athena Vortex Lattice (AVL)
by Drela [8], which are run in batch mode. More detailed
information about ADEBO, its data model and capabilities
can be found in [7].

Both the design of the CRA and of the HEA are under-
taken using ADEBO. Within this study single-aisle transport
aircraft are considered. The conventional design process fol-
lows a sizing methodology similar to the one explained in
[7]. In order to establish a sizing methodology for the HEA,
its propulsion architecture first has to be chosen. Mainly
three different possibilities exist as discussed in e.g., [2,
9-12]: a series hybrid, a parallel hybrid and a discrete par-
allel hybrid architecture.

Fuel ........ Gas —_— Fan/
Turbine Propeller
——Mechanical link
Generator Electrical link
------ Fuel flow
Electric Fan/
Battery AL motor Propeller

Fig.2 Discrete parallel hybrid architecture (cross-link via generator
is optional)

In the series architecture, the coupling between the con-
ventional and the electric powertrain is achieved electrically
via a power management and distribution (PMAD) system.
Its advantage lies in the decoupling of thrust generation and
power generation. In this manner enabling a flexible loca-
tion of the gas turbine and a distributed electric propulsion.
Nevertheless, the series hybrid architecture is comparably
heavy: a gas turbine, a generator, and an electric motor are
required, each sized for the maximum power demand.

Coupling the powertrains mechanically leads to the paral-
lel hybrid architecture. No generator is required here, making
it lighter than the series architecture. However, the mechani-
cal coupling (probably a gearbox) is complex, adding to the
weight. Another major drawback arises from running the
electric motor and the gas turbine on one single shaft. This
possibly leads to a more dynamic use of the gas turbine and
hence part-load operation that decreases efficiency.

The third possible architecture is the discrete parallel
hybrid. It is a combination of the two previously described
architectures (see Fig. 2). In principle, both powertrains
are decoupled from each other and provide a share of the
required thrust. Optionally, they can be coupled via a gen-
erator to extend the systems capabilities. For example, to
provide a means to run the system like a series architecture
or charge the batteries during flight.

Within the scope of this paper, it was decided to imple-
ment a discrete parallel hybrid architecture with two turbo-
fans and two electric ducted fans, but without the optional
generator (thus no direct coupling). This architecture has
the advantage that it is relatively easy to implement in the
existing software framework. It is thus ideal to test the capa-
bilities of handling HEA in ADEBO. Nevertheless, it should
be noted here that besides the mentioned advantage for this
study, this architecture does not exploit as many possible
synergistic effects for HEA, as would be possible with other
architectures. With the series hybrid architecture, for exam-
ple, distributed electric propulsion could be realised.

Considerable changes have been introduced in the design
process of the CRA to account for the hybrid-electric propul-
sion system and its architecture. The resulting HEA sizing
methodology is shown in Fig. 3.

To begin with, the top level aircraft requirements (TLARS)
(e.g. payload, range, etc.), initial assumptions and the design
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Fig. 3 HEA sizing methodology implemented in ADEBO

variable values are specified by the user. The program execu-
tion starts with the fuselage design and handbook-based, basic
aerodynamic estimations. In the point performance module,
constraints are evaluated and a required thrust-to-weight ratio
and wing loading are determined. Together with the initial
estimate of the maximum take-off mass (MTOM), the wing
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area and the sea level thrust can then be calculated. In the
mission performance and battery sizing modules, a “hybrid-
ized” version of the fuel fraction method by [13] (generally
speaking, a power fraction method) is used. It calculates ini-
tial battery mass, fuel mass, operating empty mass (OEM)
and a new MTOM based on the specified design mission and
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thrust degree of hybridization H,;,, per mission segment
(operating strategy). The first iteration loop aims to achieve a
convergence of these tools in terms of MTOM.

Once it has converged, the powertrain sizing is undertaken.
Depending on the chosen overall thrust degree of hybridization
H, the total required thrust is divided into a thrust requirement
for the electric ducted fan Tpy and for the turbofan 7.

T T;
H= pr__ _ 1ok )
Tne+Te T,

otal

In the following, the turbofan is designed and thrust tables
are calculated for off-design conditions. Similarly, the elec-
tric ducted fan is designed and the off-design points are
evaluated. Consequently, the gearbox and the electric motor
are sized for the maximum power expected during operating
conditions. Likewise, the motor controller, power electron-
ics and power transmission are sized. The respective sizing
models for these components will be described in detail in
the following sections. The second iteration loop has the
thrust-specific fuel consumption (TSFC) as convergence
criterion.

The wing and tail are then sized and the component masses
are estimated (handbook-methods, e.g., from [14, 15] are used
for structural components, systems and operating equipment,
while the powertrain component masses are estimated with
methods described in the following sections). The OEM (and
the MTOM respectively) are then updated. Next, the posi-
tions of the individual components are assigned and the wing
(and associated components) positions are iterated to obtain
a user-specified center of gravity (CG) position of the empty
aircraft [14]. In a last step, the configuration aerodynamics
are determined using (1) the vortex lattice program AVL (as
described above [8]), (2) the drag component build-up method
by Raymer to account for zero-lift drag [16], and (3) the trans-
sonic wave drag estimation by Malone and Mason [17]. In
this way, differences in wetted area of the CRA and the HEA
due to different wing sizes and the electric ducted fans of the
HEA, as well as integration effects of the electric ducted fans
(interference with the wing) are captured in the design process.

The process is repeated with this information (with a more
detailed mission performance module, including the calculated
thrust and power tables and the configuration aerodynamics)
until the MTOM converges. Finally, the top level, point per-
formance, and stability requirements are once again checked.

2.1.1 Turbofan sizing

Previously, the sizing of the turbofans in ADEBO was under-
taken by means of a so-called “rubber engine sizing”, with
sizing equations provided in [18]. However, these equations
are only valid for 0 < BPR < 6 and furthermore, are based

on 1976 data. Since the CRA of 2035 is expected to have a
higher BPR, new sizing functions were derived.

A database of turbofan engines was compiled for this
purpose that is based on the ICAO Aircraft Engine Emis-
sions Databank of the 20th of September 2019. All engines
which are out of service, are no longer produced or were
tested before the start of 2000 were deleted. For the remain-
ing engines, the EASA type-certificate data sheets were
consulted. The dry mass, length and (average) diameter
were collected. For seven of the engines, no type-certificate
could be found online, hence they were subsequently deleted
from the database. Consequently, a total of 220 turbofans is
included in the database.

A statistical regression analysis was performed for the
collected data with different independent variables to iden-
tify those with a high correlation. The resulting equations
for the radius rpp, length I, and the mass my all have a
p-value lower than 0.2:

rpplm] = 0.5150 + 0.0241 BPR + 3.2289 - 10~ T;,[kN]
@)
R>. =0.9218
adj

lye[m] = 2.2210 + 9.2589 - 10737, [kN] 3)
R, =0.7454
muglkg] = 118.5070 + 52.2266 BPR + 17.4877 T,[kN] (4)

Ri G = 0.9693

The adjusted R? values are quite large for radius and mass,
but not so large for the length. However, no greater value
could be achieved with the available independent variables
(T,, BPR, OPR). Since it is generally the diameter and not
the length of the engine that plays a crucial role for the
placement of the engine in the conceptual design, the Ri o
value was deemed acceptable for this use case. Especially
since the general trend is still depicted, as shown in Fig. 4.

Having derived equations for the dimensions and mass,
a method for the performance analysis is still required. As
the required information is not contained in the database
or in the EASA type-certificate data sheets, the method for
thrust and TSFC calculation for turbofans proposed by ([19],
Sect. 3.6) is implemented. To account for changes in TSFC
with changing BPR more precisely, the two values for the
reference TSFC suggested for low and high BPR engines in
[19] are refined. This is done by adjusting the output to the
method described in [20] for different BPR.

2.1.2 Battery sizing
As noted by many studies that consider batteries as energy

providers in aircraft, the battery specific energy (energy
content per unit mass) plays a decisive factor in the
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aircraft sizing and depends on the battery technology level.
State-of-the-art (in 2017) battery specific energy is around
0.27 kWh/kg (cell level) according to [21]. Comparing to
the traditionally used kerosene as energy provider with a
specific energy of about 12 kWh/kg [22], this leads to a
factor of about 45 of difference (this comparison is based
on the battery specific energy at cell level, making it likely
that the factor will further increase when compared at sys-
tem level). Even if the powertrain efficiencies are considered
(e.g., 40% for the conventional powertrain and 65% for the
electric powertrain), a factor of about 27 remains. Conse-
quently, this makes battery-powered aircraft (even with a
specific energy that is about four to six-times higher than
state-of-the-art as assumed in this study) comparably heavy.

As pointed out in [3], the batteries’ specific power is
equally important. It might limit the power draw and could
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therefore determine the operation strategy of the HEA. Nev-
ertheless, the main focus of the battery sizing in this study
is the specific energy, assuming that the battery allows the
respective power draw.

Designing an aircraft for entry into service (EIS) in the
next decades requires a prediction of the development of
the battery technology. As accurate technology forecasts are
difficult, a survey has been undertaken within this study.
Battery specific energy and efficiency assumptions and
predictions within aircraft design related studies have been
collected. The results are visualized in Fig. 5. The assump-
tions for the specific energy show a clear upward trend when
comparing the different studies. Even though this trend can
also be seen for the efficiency, it is not as prominent.

A battery specific energy at pack level of at least 800 Wh/kg
is required for a single-aisle, parallel HEA to achieve higher
reductions in CO, emissions than its conventional, kero-
sene-powered counterpart ([9], p. 56). With this in mind,
1000 Wh/kg, 1250 Wh/kg and1500 Wh/kg at pack level and
a battery efficiency of 99% are chosen for the HEA param-
eter investigations in this study. Compared to the assump-
tions and predictions of other single-aisle HEA studies
(e.g., 1400 Wh/kg for a 900 nmi mission ([29], p. 347) and
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1000 Wh/kg for a 1000 nmi mission ([2], Tab. 1), the
baseline value for the specific energy of 1000 Wh/kg seems
appropriate, yet still aggressive and optimistic. At the same
time, the values for the parameter variations anticipate an
even greater improvement in battery technology. Since the
scope of this study is the comparison of two different aircraft
concepts on system level assessing potential benefits and
drawbacks of HEA, and not a detailed realistic design of
an HEA, this is deemed suitable. For a long lifetime of the
battery, its state of charge should not fall below 20%. This
study assumed that this 20% additional electric energy could
be used for the required mission reserves.

2.1.3 Power transmission sizing

Another vital component for the electric powertrain is the
power transmission. For the scope of this study a conven-
tional, non-superconducting power transmission is chosen as
the technology readiness level of superconductivity is still
very low ([31], Fig. 14). In order to minimize the electro-
magnetic interference and weight [31, 32], a direct current
(DC) (instead of an alternating current (AC)) power distribu-
tion system is selected. The higher the system voltage level,
the lower the associated power loss; however, concerns arise
regarding safety and failures [31].

Vratny et al. studied the optimum system voltage for two
different electric power architectures and concluded that
it is in the range of 1-4 kV [33]. However, they did not
evaluate whether these voltage levels are applicable to air-
craft. Isikveren et al. in turn investigated voltage levels of
1-3 kV for the all-electric aircraft concept Ce-Liner [32] and
adopted a voltage level of 3 kV [29]. Stiickl et al. designed
the all-electric aircraft concept Voltair assuming a voltage
level of 1 kV [34]. Pornet et al. selected a system voltage
level of 3 kV for their HEA study [29], while Wroblewski
et al. opted for 1 kV for their HEA design study [4]. A volt-
age level of 1 kV has been chosen in this study.

The cable sizing in terms of mass and efficiency is real-
ized using the methodology explained in ([35], Sect. 3.1.2.1).
The only difference is the altered gravimetric density of the
isolation material XLPE of 0.923 g/cm3 [36], as the one used
in Stiickl (1.4 g/cm?®) seemed to be very high compared to
other sources. Stiickl calculates the cable mass per length in
terms of the required conductor cross-section, the isolation
and sheath thicknesses, and the respective gravimetric densi-
ties of their materials. In this study, an additional installation
weight factor of 1.15 is assumed, accounting for the extra
material to mount the cables in the aircraft. The efficiency,
or power loss per length of the cable, is calculated using the

' As outlined in Chap. 3, a single-aisle aircraft of A320/B737 class is
considered as a use case in this study.

resistivity characteristic of the chosen conductor material
and the operating temperature.

Today’s most prevalent conductor materials are alumin-
ium and copper. They differ in terms of their conductivity
(copper has a higher conductivity) and their gravimetric
density (aluminium has a lower density). Thus, depending
on the use case, one or the other is chosen. The trade study
for a parallel HEA at aircraft level in [2] concluded that
aluminium is preferable in terms of block fuel consumption.
Hence, for the HEA of this study, aluminium was chosen as a
conductor material. As suggested by Stiickl, XLPE is chosen
for the isolation material and PVC for the sheath [35].

2.1.4 Power electronics sizing

To ensure safe and reliable power conversion and distribu-
tion, power electronics such as circuit breakers, converters,
rectifiers, inverters and motor controllers are required. They
are part of the PMAD system on-board the aircraft.

One important consideration to be made when choosing
the individual components is the occurrence of electric arc-
ing, due to isolation faults of ageing cables [37], for exam-
ple. According to Paschen’s law, at sea level pressure electric
arcing can develop in air above voltages of 327 V. Reduc-
ing the pressure (i.e., by flying at a higher altitude than sea
level) means that electric arcing becomes more critical [35].
Varying temperature and moisture content during a flight
cycle and the lifetime of an aircraft add to the problem [38].
Particularly important is that no voltage zero-crossing inter-
rupts the arcing in a DC system. Consequently, a continuous
arc that is prone to cause even more damage and fire haz-
ard develops. Hence, this phenomenon has to be accounted
for when selecting the individual power electronic compo-
nents for the chosen system (DC, voltage level of 1 kV; see
Sect. 2.1.3).

However, as the goal of this study is a conceptual design
of an HEA, it was decided that a rough estimate of the per-
formance and mass of the power electronics is sufficient
here. Hence, the same specific power and efficiency for all
power electronics is chosen. A respective literature survey
considering aircraft design related studies is undertaken (see
Fig. 6).

Analyzing the results of the survey as depicted in the fig-
ure, it can be seen that despite comparing values for all kinds
of power electronics, the values still have a similar magni-
tude. The approach of “taking one value for all” can thus be
regarded as acceptable. A specific power of 15 kW/kg and
an efficiency of 97% is chosen, in-line with the literature.

2.1.5 Electric motor sizing

The electric motor is used to convert the electrical power
provided by the battery into rotational mechanical power,
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Fig.6 Assumed specific power and efficiency of power electronics in
various studies (data from: [3, 9-11, 24, 26, 27, 39])

which is in turn transformed into thrust by the electric
ducted fan (see Sect. 2.1.7).

As with the power transmission, non-superconducting
electric motors are once again chosen in this study as the ref-
erence technology. Common designs of non-superconduct-
ing, conventional motors include synchronous, asynchronous
and switched reluctance motors. State-of-the-art conven-
tional electric motors achieve continuous specific powers
of about 5 kW/kg and efficiencies of 92 — 98% [40, 41].
A review of the relevant literature has been undertaken to
compare predictions of the development of electric machine
technology within other aircraft design-related studies. The
results are shown in Fig. 7.

Assumptions for the specific power as high as 26. kW/kg
[26] and efficiency predictions of up to 99% [10] have been
found. A general upward trend can be identified for the spe-
cific power, as was expected. The efficiency data is more
scattered however, but an increase of predictions can be
observed towards 2035. For this study, values of 15 kW/kg
and 95% are used in accordance with the shown data.

2.1.6 Gearbox sizing
A gearbox might be required to drive the electric ducted fan
and account for the different rotational speeds of the electric

motor and the electric ducted fan. As pointed out in [43],
the mass of the electric motor sized for a (fixed) maximum
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Fig.7 Assumed specific power and efficiency of electric motors
(non-superconducting) in various studies (data from: [3, 9-11, 23-27,
31,39, 42])

power demand is lower if the motor has a greater rotational
speed. Hence, a gearbox is very likely required. It is mod-
elled using the methods of ([44], Fig. 10) for efficiency
and [45] for mass. As the electric motor model used in this
study does not cover rotational speed calculations, the same
gear ratio (2) as in the study of [43], which includes a more
detailed motor model, is chosen in a first approximation.

2.1.7 Electric ducted fan sizing

As described before, the electric ducted fan converts the
rotational mechanical power provided by the electric motor
into thrust. The zero-dimensional thermodynamic perfor-
mance model used in [11, 43] as developed by [46] is used
to design the electric ducted fan and model its performance.
The model is based on standard compressor theory and
compressible flow relationships. These characterize stations
along the electric ducted fan with static and stagnation tem-
peratures, pressures and densities, mass flow, cross-sectional
area and Mach number. The following assumptions have
been made (Table 1):

The off-design behaviour of the electric ducted fan is pre-
dicted using the fan map from [47] as collected and edited
by Kurzke for the program GasTurb [48], which is scaled to
the actual fan design. The respective mass flow, rotational
speed, thrust, efficiency and shaft power is then determined
for each off-design point.



Environmental life cycle assessment and operating cost analysis of a conceptual battery... 223

Table 1 Electric ducted fan sizing assumptions

Variable Value
Design fan pressure ratio 1.4¢
Design polytropic efficiency 90%
Fan face Mach number 0.6*
Hub-to-tip diameter ratio 0.32
Length-to-diameter ratio 1.3

“From ([43], Sect. 4.1.2). "From ([11], Fig. 3.11)

Design and Electric energy due
Wi | testi Fligh i
Development d IS computer use ( Wind tunnel testing_J _Flight test campaign

Production | =» Use szzmil;mo" Material production
Operation of ground
handling facilities LTO cycle
Operation | = Energy production

Energy generation & Cruise flight

consumption at airports

= Reuse Jii Landfill )

Fig.8 Aircraft life cycle processes incorporated in the model,
adopted from ([50], Fig. 3.3)

The mass of the electric ducted fan is estimated using the
component built-up method as described in [49]. Its nacelle
and pylon mass is computed using the same method as for
the turbofan engines, as presented in [15].

2.2 Environmental life cycle analysis model

To be able to estimate and compare the environmental
impact of existing and future aircraft concepts, a compre-
hensive and robust environmental LCA model that can be
integrated in the aircraft design process is required. Such a
methodology has been introduced, for example, by Johan-
ning in [50]. It is taken as basis and further developed for
the application to HEA in this study.

In general, all processes from the design and develop-
ment to the end-of-life phase of an aircraft influence its
environmental impact. The most relevant processes from
each life cycle phase used in the inventory analysis by
[50] are shown in Fig. 8. The ELCD database of the EU
is consulted to undertake the inventory analysis for many
of the considered processes. For more details on the data
used in the inventory analysis, please refer to [50]. The
ReCiPe 2008 method as described in [51] is used for the
life cycle impact analysis. It is enhanced to consider the
altitude-dependent effects of NOy emissions and contrails
based on the model of [52]. The inputs and outputs of
each process resulting from the inventory analysis are
normalized with the functional unit passenger-kilometer

(PKM) for better comparability. Based on the results of the
inventory analysis, the impact of several midpoint (e.g.,
ozone depletion, terrestrial acidification, etc.) and three
endpoint categories (damage to human health, ecosystem
diversity and to resource availability) is calculated. The
overall result is presented in the form of a single score
(SS) summarizing the total environmental impact. It is
important to note that the uncertainty levels rise from
the midpoint categories up to the SS. To better deal with
uncertainties, the ReCiPe method allows to account for
different perspectives (options: hierarchist, individual-
ist, egalitarian) and regions (options: Europe and World)
grouping similar types of assumptions and choices. Differ-
ent weighting perspectives with corresponding normaliza-
tion factors are also available for the user to choose from
(options: average, hierarchist, individualist, egalitarian).
The hierarchist perspective combined with the average
weighting option for the region World is used in the under-
taken calculations. For a more complete description of the
methodology, the reader is referred to [50, 51].

Besides the analysis of conventional, kerosene-powered
aircraft, the environmental LCA model by Johanning also
allows an analysis of all-electric aircraft and hydrogen-
powered aircraft. This, in addition to its free online avail-
ability, is why it is chosen as a basis for this study. In order
to make it applicable to HEA, the calculation methods for
conventional and all-electric aircraft are combined as fol-
lows: the battery production process is incorporated in the
production phase based on the total battery energy needed.
In the operations phase, the in- and outputs from the kero-
sene production process are combined with those from
the generation of electric energy to account for the total
energy required for a flight. Since HEA require less fuel
than conventional aircraft and also produce less combus-
tion emissions due to the hybridization of the powertrain,
these effects are directly incorporated by the trip fuel on
board. It should be noted that due to the lack of precise
knowledge regarding the exact composition of future bat-
teries, a specific battery end-of-life scenario is not con-
sidered in the model. Additional adjustments to the model
include the modification of some input parameters, such as
the average load factor, to ensure that they are up-to-date,
and the correction of the fuel burn calculation during the
landing and take-off cycle to account for the number of
jet engines.

To estimate the environmental impact of an HEA, the
user is required to choose the configuration, the electric
energy production method, the parameters of both power
plants, the OEM, the fuel and battery mass, as well as the
average mission range and flight altitude. The user obtains a
complete analysis based on these inputs: life cycle inventory,
impact on midpoint categories, impact on endpoint catego-
ries, and the total SS of the respective aircraft.
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2.3 Direct operating costs model

The direct operating costs (DOC) estimation model used in
this study is based on one of the most recent DOC methods.
It has been developed at TU Berlin [53] and is implemented
in the Central Reference Aircraft Data System (CeRAS)
[54]. The reasons it was chosen as a basis for this study
include the low number of required input parameters as well
as the fact that it covers all relevant DOC elements such as
ownership, maintenance, utilization and flight-related costs.
In terms of results, a recent study of the DLR that compares
various established DOC methods (among others the meth-
ods by ATA or AEA) has shown a good comparability of
the different DOC element shares [55]. The absolute value
of the calculated DOC does not over- or underestimate the
DOC compared to the other models, but is located in a fairly
average position. This makes the TU Berlin model a sensible
choice.

However, since the TU Berlin model only considers cur-
rent conventional transport aircraft technology, modifica-
tions accounting for HEA need to be included. Among oth-
ers, these include the electricity price, capital costs for the
batteries and maintenance costs for the electric powerplant.
This work was done for regional hybrid-electric aircraft by
Hoelzen et al., who modified the TU Berlin model and pro-
vided the respective equations in their paper [3]. Together
with the original TU Berlin model for jet engine aircraft,
this adaptation has been taken and altered so that it can be
applied to commercial transport hybrid-electric aircraft.

Apart from adjusting some input parameters to better fit
the aircraft segment under consideration (such as the number
of battery sets required to cover the daily flights), an erratum
in the equations provided by [3] was found. The equations
have been revised accordingly after personal communication
with J. Hoelzen (see the corrected equations in the “Appen-
dix”’). Furthermore, the maintenance costs calculation of the
electric powertrain has been modified. As proposed in [25],
they are estimated as a fraction of the costs of maintaining
conventional engines. Kreimeier and Stumpf estimated this
fraction from a study on electric cars [25] and found it to be
25%. However, in this study the DOC analysis on all-elec-
tric aircraft by Plotner et al. was consulted. They found that
the powertrain maintenance costs of the all-electric aircraft
were about 25% lower than those of a conventional refer-
ence aircraft ([56], Fig. 2). Hence, the fraction is 75%. Due
to the uncertainty in estimating this fraction, the impact on
the overall result is investigated in a parameter study (see
“Appendix”).

Having undertaken the adjustments to make the model
applicable to HEA, some input parameters like fuel and
electricity price were also updated. They are summarized
in Table 2 and used for the baseline scenario analysis. The
fuel price has been determined by averaging the jet fuel
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Table2 DOC model assumptions and their respective sources (base-
line scenario)

Variable Value Source
Fuel price 80.13 $,,9/bbl [57]

Fuel price escalation 2.0%p.a. [56]
Electricity price 0.12 €,,9/kWh [67]
Electricity price escalation 1% p.a. [56]
Battery charging efficiency 90% [58]
Battery price 220 $5y,7/kWh [62]
Battery price reduction 8%p.a. [21, 62]
Battery residual value 40% 3]

Battery cycles 1500 ([211, p. 55)
Elec. powertr. maint. factor 0.75 ([56], Fig. 2)
EM price 174 $,4,9/hp [66]

Labour rate 50 €5;9/h [53]

Unit cost rate noise 2.82 €50 /noise unit  [68]

Unit cost rate NO, 3.70 €5050/kg See text
CO, allowance price 15.48 €55/t [69]
Portion auct. emission cert. 0.15 [70]

Clim. sens. area dist. factor 0 -

Unit cost rate climate toll 0.5 $,9;9/km -

price as recorded by IATA between February 2019 and
2020 [57]. The mean value for the second half of 2019
for non-household consumers in the EU28 countries of
0.12 €/kWh has been taken for the electricity price. To
account for electric energy losses during battery charging,
a charging efficiency factor is introduced. It is based on a
recent ADAC study investigating the charging efficiencies
of electric cars [58]. The chosen 90% can be achieved with
today’s state-of-the-art, and thus represent a realistic value.
A percentage increase of the fuel and electricity prices has
been implemented: in the literature, the projection values
for the future fuel price fluctuate between 1.3 and 2.26% p.a.
[53, 56, 59, 60] and those for the future electricity price
between 0 and 1% p.a. [56, 61]. The battery price is obtained
from the cost of a battery pack in 2017 for electric cars ([62],
Fig. 3). Considering the anticipated advancements in the
field, a battery pack price reduction is implemented based
on the average projections in [21, 62]. The battery residual
value is somewhat difficult to estimate, as it depends largely
on the battery usage. Thus, the value according to [3] has
been adopted. However, the impact of this choice is exam-
ined in a parameter study (see “Appendix” and Sect. 4.2). As
for the number of battery cycles, the high, but still realistic,
value of 1500 for 2035 is taken as projected in ([21], p. 55).
Values for the labour rate vary in literature between 40 $/h
and 69 $/h [63-66]. Hence, the value of 50 €/h as suggested
in the original DOC method was deemed adequate. Never-
theless, the influence of this value on the overall DOC is ana-
lyzed in a parameter study (see “Appendix” and Sect. 4.2).
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In addition to the changes made to enhance the model
for HEA, an inflation correction based on the correspond-
ing GDP inflation factors from the years 2002 to 2035 (his-
torical values and OECD forecast for Europe) [71] is added.
Thereby, the DOC results can be provided for a user selected
year. As the HEA are designed for an EIS of 2035, this year
has been chosen as the evaluation year of the DOC.

Furthermore, to establish a meaningful comparison of
conventional and hybrid-electric aircraft, environmental
charging schemes are incorporated into the model. They
account for noise and CO, & NOy emission mitigation costs,
which are increasingly being considered at airports around
the world. The noise charges C, ;. are estimated accord-
ing to the recommended charging scheme proposed in [72],
which is currently employed at all commercial Swedish
airports.

Ly=Tq Ly-Tg

(10710 4+10710 ) (&)

C

noise

=U,

noise

where U, ;.. represents the unit noise charge, L, and L, the
ICAO-certified noise levels for arrival and departure (aver-
age of sideline and take-off values), and 7, and T, are the
corresponding threshold values for both aircraft movements.
Due to the lack of precise knowledge of the acoustic behav-
iour of the designed concepts, calculations of the L, and
L, values are difficult. They have therefore been based on
the results of a comprehensive acoustic analysis of Boe-
ing’s SUGAR Volt hybrid-electric aircraft ([23], Fig. 2.30),
although the design Mach numbers of the Boeing concepts
are lower. The noise fees showed a negligible impact of
< 1% of the total DOC, therefore this assumption is deemed
acceptable.

The ERLIG model is used to calculate the NOy emis-
sion-related charges Cyo, [73]. An analysis of the emissions
charging schemes used has shown that the majority of Euro-
pean airports use the ERLIG model to levy NOy emission-
related charges.

Cno, = Uno, * Mo,.L10 (6)

The calculation includes the unit charge rate Uyo, and the
aircraft specific myo_ 1o emission value. The latter is based
on the number of engines, fuel flow, and emissions during
the standard landing and take-off (LTO) cycle. This informa-
tion is obtained from the ICAO Aircraft Engine Emissions
Databank. The former is taken as the average charge rate at
large (> 1m passengers) airports in Germany, Switzerland,
Denmark, and Sweden that use the ERLIG method.

In Europe, commercial aviation is included in the Emis-
sions Trading Scheme (ETS) of the EU and airlines are
obliged to auction part of their CO, allowances from the
market. Thus, these costs (Cgrg) are included in the model
as well. They are the product of the CO, allowance price
(Ugrs), the produced mass of CO, emissions due to kerosene

burnt during the flight ("co, fight), and the portion of free
allocated emission certificates (fgrg)-

Cers = Ugrs * Meo, gign - (1 = fes) @)

It is important to note that within this study, it is assumed
that the aforementioned environmental charges, which are
currently levied for the most part in Europe, are imple-
mented on a global scale and not only in Europe or at cer-
tain airports.

Additionally, a climate toll charging system as proposed
in [74] is implemented in the model in order to evaluate the
monetary effect of future environmental impact mitigation
activities. The formula’s structure is based on the standard
air navigation charge, where U, , is the unit charge rate
and k; and k, are country specific parameters. The degree
of hybridization H is used to reduce the value of the toll
charge (C 1) as an incentive for the employment of more
environmentally-friendly technologies. The factor £ indi-
cates the portion of the distance R flown in a climate sensi-
tive area. It is determined by whether an airline decides to
carry out its operations in a more climate optimal or cost
optimal manner.

MTOM

1

ky
Ceron = Ugtion - < > “(I=H) R fo 01 @
Although this additional charging system is not considered
in the baseline case, it is included in the total DOC cal-

culation for the investigated future scenario described in
Sect. 4.3.

3 Use case: hybrid-electric, single-aisle
aircraft

A comparison between a conventional aircraft and a hybrid-
electric aircraft is undertaken as a use case for the previously
described methodology. Both aircraft selected are single-
aisle transport aircraft (A320 and B737 category). For rea-
sons of comparison, both aircraft will be sized for the same
requirements.

Due to the weight and volume of the batteries, the rea-
sonable and feasible design ranges of the HEA are within
900-1700 nmi, as reported in previous studies [2, 4, 11,
29]. Block fuel reductions compared to a conventional refer-
ence aircraft have been presented for ranges below 900 nmi
([2], Fig. 9) and 1300 nmi ([75], Fig. 18) for comparable
battery specific weights and energy densities as well as
degrees of hybridization. Volumetric restrictions for design
ranges above 1100 nmi (assuming a battery energy density
of 1000 Wh/I) have been described in [76].

Bearing this information in mind, and analyzing the mar-
ket of intraregional flights, a design range of 1000 nmi is
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Table 3 Key specifications of the CRA and the HEA1000

Table 4 Trip energy breakdown of the CRA and the HEA1000

Parameter CRA HEA1000 A
MTOM [kg] 60,174 85,077 +41.4%
OEM [kg] 36,443 44,587 +22.3%
Fuel mass® [kg] 5751 5377 —6.5%
Battery mass® [kg] n/a 17,133 n/a
Energy® [kWh] 69,012 81,657 +18.3%
Payload mass [kg] 17,980 17,980 0%
Wing span [m] 342 42.6 +24.4%
Wing area [m?] 93.7 144.9 +54.6%
Wing aspect ratio [-] 12.5 12.5 0%

L/D (initial cruise) [-] 18.6 20.3 +8.9%
Design range [nmi] 1000 1000 0%
Cruise Mach number [-] 0.78 0.78 0%

#Block and reserves

chosen for both the CRA and the HEA in this study. Iwanizki
et al. found that more than about 85% of all intraregional
flights within Europe, Africa and Asia & Oceania are oper-
ated below this range ([77], Fig.2) (based on OAG 2008
data). Hornung et al. concluded from their market study for
2035 that a range of 1000 nmi would cover 83% of all flights
of aircraft within the 180-200 seats category ([78], Fig.2)
(based on OAG 2010 data and air traffic growth factors).
While this design range is thus a reasonable choice from
a market analysis perspective, it should not be disregarded
that it implies a reduction in operational flexibility for the
airlines [2].

A CRA and an HEA with a battery specific energy of
1000 Wh/kg (in the following called HEA1000) are designed
for this design range, a similar wing loading during landing,
and based on the assumptions described in Sect. 2.1. Their
essential specifications are provided in Table 3.

It can be seen that the HEA1000 has a 41.4% heavier
MTOM which is the result of the carried battery mass of
17,133 kg, mass of other components of the electric pow-
ertrain, and related snowball effects. Despite the higher
efficiency of the electric powertrain (compared to the con-
ventional powertrain), the overall consumed energy of the
HEA1000 is 18.3% greater compared to the CRA. The higher
efficiency therefore does not outweigh the weight penalty.
Furthermore, the wingspan increased substantially (24.4%),
and is well beyond the 24—36 m of aircraft categorized under
ICAO Code C. Even if the battery specific energy is taken as
1500 Wh/kg and only the mission segments take-off, climb,
and cruise are flown hybridized, the resulting wingspan is
38.76 m for an MTOM of 71,602 kg. Here, of course, also
the chosen aspect ratio needs to be considered.

The influence of individual flight phases on the fuel mass
and electricity required is shown in Table 4.
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CRA HEA1000
Fuel [kg] Fuel [kg] Electric-
ity [kWh]

Taxi 90 89 283
Take-off 72 71 226
Climb 1230 1218 3866
Cruise 2488 2209 6913
Descent & App. 405 411 1303
Landing 17 17 54

It can be seen that the most energy is required in the seg-
ments climb and cruise. For all mission segments except
descent & approach and landing, the HEA1000 requires less
fuel than the CRA, although it is heavier and its turbofan
engines have a higher TSFC: The total sea-level static thrust
of the CRA is 181.3 kN (two turbofans at 90.6 kN). For the
HEAT1000 it is 218 kN (two turbofans at 79.8 kN and two
electric ducted fans at 29.3 kN). The larger turbofans of the
CRA have a lower TSFC in initial cruise than those of the
HEA1000 (1.33 1073 and 1.35 1073 kg/(sN), respectively),
accounting for the size effects of smaller gas turbines. The
higher required energy for descent & approach and land-
ing” might be attributed to the greater landing weight of the
HEAT1000, since the batteries have to be carried along the
full mission.

The required electricity in kWh can be interpreted as
battery mass required per mission segment as the specific
energy of the batteries is 1 kWh/kg. Especially in compari-
son with the required fuel mass, it becomes evident how
heavy the battery needs to be for a degree of hybridization
of 0.3 only. Adding battery (fuel) mass for loiter, diversion,
and contingency, leads to the block battery (fuel) mass stated
in Table 3.

Unfortunately, the design of HEA involves many differ-
ent assumptions (e.g., powertrain architecture, operating
strategy, degree of hybridization, component technology
assumptions, clean-sheet or retro-fit design,...), which are
often not provided to enable the reproduction of the results
of these publications. Therefore, a direct comparison of the
results with other publications is difficult. Nonetheless, two
studies on single-aisle HEA of a similar class have been
identified which were similar enough as to compare with
this study:

— Pornet conducted a clean-sheet design of a discrete
parallel HEA for a design range of 1300 nmi, a bat-

2 The identical numerical values of required fuel for landing can be
attributed to rounding differences.
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Table 5 Comparison of results with study of Pornet

Pornet ([11], Table 5.8) ADEBO
MTOM [kg] 77,730 79, 130
OEM [kg] 41, 818 42, 844
Fuel mass [kg] 5806 6539
Battery mass [kg] 11,740 11,447
Table 6 Comparison of results with study of Aigner et al

Aigneretal. ([2], p. 11) ADEBO
MTOM [kg] 73, 000 76, 829
OEM [kg] 45,900 41, 499
Fuel mass [kg] 7300 4945
Battery mass [kg] 5100 15, 766

tery specific energy of 1500 Wh/kg at cell level, and
a payload mass of 18,360 kg. A calculation for simi-
lar assumptions with the HEA design methodology of
this paper, resulted in the data provided in Table 5.
Although some differences exist and can be attributed
to different modelling assumptions, the order of mag-
nitude of the data is the same.

— Aigner et al. also undertook the conceptual design of
a discrete parallel HEA with a range of 1000 nmi, a
battery specific energy of 1000 Wh/kg, and a payload
mass of ca. 14.6 t. Unfortunately, no further design
specifications (like e.g., wing aspect ratio, turbofan
fuel efficiency, hybridized mission segments, etc.) are
given, such that a comparative calculation is difficult.
Assuming that all mission segments are hybridized,
an aspect ratio of 12.5 and a TSFC of the turbofans of
the HEA of 1.35 1075 kg/(sN), results within ADEBO
are calculated (see Table 6). A large deviation, espe-
cially of the battery mass (factor of 3), and also the
fuel mass, is found. Most probably, the underlying
assumptions of Aigner et al.’s study are different,
which unfortunately could not be verified.

4 Results and discussion

In this section the results of the application of the estab-
lished methodology are presented. It is subdivided in
three parts: (1) a comparison of the CRA and HEA1000
in terms of the SS and the DOC for the baseline scenario,
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Fig.9 Relative change of DOC components of HEA1000 compared
to CRA (baseline scenario)

(2) the parameter studies, and (3) the comparison of the
CRA and the HEA 1000 for a fictional future scenario.

4.1 Comparison of CRA and HEA1000 (baseline
scenario)

Both the designed CRA and the HEA1000 have been evalu-
ated with respect to their DOC and SS. Figure 9 shows the
relative changes to the DOC components crew, maintenance,
capital, energy, and fee.

A total increase of the DOC of about 41.0% is observed,
the greatest increase being in the capital costs. This is due to
the additional capital costs of the battery. As expected, the
crew costs remain constant. The maintenance costs increase
because of the higher OEM and the additional electric pow-
ertrain of the HEA1000. Additionally, the energy (kerosene
and electricity) costs increase by 54.7%. On the one hand
this can be attributed to the increased energy required by
the HEA for the same mission (see Table 3), but also to
the difference in costs per kWh for kerosene and electric-
ity (in these terms, electric energy is more expensive by
a factor of more than two). As airport and navigation fees
are proportional to the MTOM, they also increase for the
HEAT1000. Environmental fees, however, are reduced by
8.9%, which can be attributed to a lower fuel burn and thus
lower mcg, figh> and a lower nyq_ 1o of the HEA.

The relative DOC shares of the CRA and the HEA1000
are compared in Fig. 10. It can be observed that the relative
significance of the total capital and energy costs increases,
and of the fees decreases, as expected. Although the abso-
lute value of the maintenance costs increases, its DOC share
remains about constant. And while the absolute crew costs
remain constant, their relative share decreases.

Isikveren et al. evaluated the operating costs of an HEA
of similar size (single-aisle, 180 passengers) and architec-
ture (discrete parallel). However, they only considered the
cash operating costs and environmental charges (leaving out
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Fig. 11 Comparison of SS shares of endpoint categories for CRA and
HEA1000 (baseline scenario)

the capital costs). They found that the costs of the HEA
compared to the conventional reference aircraft increased by
10.9% ([6], Table 1). This value has been calculated within
this study as well, and was found to be 31.4%. However, a
direct comparison of both values is difficult, as the degree
of hybridization (and thus, the amount of electric energy
required) in Isikveren et al. is different to the one chosen
in this study. Since energy cost have a large share on cash
operating cost, the costs depend highly on the assumptions
for degree of hybridization, fuel cost, and electricity cost.
Nevertheless, the general tendency of HEA being more
expensive to operate is the same for both studies.

The environmental life cycle analysis results yield a SS
of 0.011125 points/PKM (CRA) and 0.012805 points/PKM
(HEA1000). This equates to a 15.1% increase of environmen-
tal impact of the HEA1000 compared to the CRA. Even with
improved battery technology (1500 Wh/kg), the relative SS
of the HEA remains 3.2% greater. Additionally, a shift in end-
point category relative importance towards resource availabil-
ity can be seen (Fig. 11). This can be attributed to the copper
ore, natural gas, crude oil, brown coal, and hard coal resources
needed for electricity and battery production, among others.

The absolute SS and the SS shares of the CRA (69.3%,
25.4%, and 5.3%) are comparable to the results for the
A320-200 presented by Johanning of 0.0176 points/
PKM and shares of 69%, 26% and 5% for human health,
resource availability and ecosystem diversity, respectively
([50], Table 3.29 & Fig. 3.11). The greater absolute SS can
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Airport energy (generated & consumed) (3%)
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Fig. 12 Comparison of SS shares of processes of CRA (a) and
HEA1000 (b) (baseline scenario). For better readability, only pro-
cesses with a share > 1% are labelled

possibly be attributed to the longer range (factor 1.5) and
thus higher fuel burn of the A320-200. The most relevant
life cycle phase is the operation of the aircraft: for the CRA,
this phase makes up 97.3% and for the HEA1000 96.6% of
the SS share. This result is in-line with the findings of other
aircraft environmental LCA studies (see e.g., [50, 79-82]).

Figure 12 displays the SS shares the different processes
make up for the CRA (a) and the HEA1000 (b).

A clear shift from cruise to energy carrier production can
be observed: 66% (cruise) and 28% (kerosene production) for
the CRA, while 51% (cruise) and 43% (kerosene and elec-
tricity production) for the HEA1000. This result is in-line
with the findings of Johanning for the analyzed all-electric
aircraft, and also for the investigated H, aircraft, and the
aircraft powered with alternative fuel ([50], p. 116). Battery
production, however, only contributes about 1% to the total
SS of the HEA1000.

4.2 Parametric studies

As discussed above, some inputs of the direct operating costs
model are subject to great uncertainties (e.g., the battery
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Fig. 13 Parameter studies of different battery specific energy levels
affecting the total DOC (a) and total SS (b) of the HEA

residual value and the electric powertrain maintenance fac-
tor). Parameter studies for these values were conducted to
analyze the potential impact on the results. Furthermore,
additional parameter studies were undertaken to identify the
main drivers of the DOC and SS results.

The results of the parameter studies show that the impact
of a +20% change in the battery residual value, the electric
powertrain maintenance factor, and the labour rate leads to
a linear response and a relative change in total DOC below
+0.3% (see Fig. 19, 20 and 21 in the “Appendix”). Due to the
minor influence on the overall results, the assumed values
are considered acceptable.

One of the main drivers for the design of HEA has been
identified as the battery specific energy, since it directly
affects the battery mass and thus the MTOM of the air-
craft. Different HEA configurations are therefore evaluated
in terms of their battery specific energy. The correspond-
ing influence on the total direct operating costs and envi-
ronmental impact is compared in Fig. 13. Due to the high
impact of the battery specific energy on the aircraft mass,
the employment of a more technologically improved battery
results in lower DOC, as expected. A relative reduction of
—7.2% in total DOC is achieved if 1500 Wh/kg batteries are
used. In terms of the environmental impact of the different
configurations, a lighter aircraft resulting from the use of
batteries with a higher specific energy requires less energy
(kerosene and electric energy) to complete its mission and
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Fig. 14 Influence of the fuel price on the total DOC (baseline sce-
nario)
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Fig. 15 Influence of the electricity price on the total DOC (baseline
scenario)

consequently produces fewer emissions. This trend is visu-
alized by the —6.3% and —10.4% relative reduction in total
SS for the 1250 Wh/kg and 1500 Wh/kg batteries. The kink
in both curves can be attributed to the fact that the hybrid-
electric aircraft design is not a linear process, but involves
snowball effects. The HEA1000 has a battery mass (block
and reserves) to OEM fraction of 38.4%. The other two
HEA derivatives with 1250 Wh/kg and 1500 Wh/kg have
lower fractions of 30.2% and 24.8%. As such, the decreas-
ing fraction makes sense (the battery is lighter for the same
amount of energy stored), but also illustrates the non-linear
behaviour of the resulting aircraft design. This is likely to
be the reason for the similar curve shapes of the DOC and
SS changes.

The influence on the total DOC of the change in fuel
price for the baseline scenario is displayed in Fig. 14. Due
to the larger portion of fuel required to operate the CRA,
its total DOC show a larger dependency on the fuel price
compared to the HEA1000. The steeper slope of the relative
DOC change curve for the CRA illustrates this dependency.

Figure 15 depicts the relative change in total DOC as a
result of varying the electricity price. A relative total DOC
change of around +3.3% is obtained for an electricity price
variation ranging from +20% from the base value for the
HEA1000. Since the CRA is powered only by conventional
gas turbine engines, its DOC are not affected by changes
in the electricity price, resulting in the flat blue curve.
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as one of the main cost driving factors for HEA.

Another interesting observation is the influence of the
number of battery cycles of a single battery pack before it
has to be replaced. Figure 16 displays the non-linear, rela-
tive change in total DOC (a) and total SS (b) arising from an
increase/decrease in the battery operating cycles. The num-
ber of battery cycles directly influences the battery depre-
ciation and thus the battery annuity rate. Thus, an increase
in DOC resulting from a shorter battery life (lower number
of battery cycles) can be expected. A shorter battery life
affects the aircraft’s environmental impact as well, due to the
increased number of battery packs that need to be produced.
As the CRA does not use batteries, there is no dependency
regarding the number of battery cycles.

The results of further parameter studies can be found in
the “Appendix”.

4.3 Comparison of CRA and HEA1000 (future
scenario)

In addition to the baseline scenario, the DOC and SS of

the CRA and HEA1000 have also been evaluated for a fic-
tional future scenario. Following the trend of increasing
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Fig. 17 Relative change of DOC components for HEA1000 compared
to CRA (future scenario)

global environmental awareness, more stringent noise and
emissions charges as well as a higher portion of auctioned
CO, allowances have been considered. A unit cost rate of
3 $,019/km for the newly introduced climate toll charge is
adopted. Climate-optimal flying would always be less expen-
sive than business as usual for values above this threshold
according to the findings of NiklaB} in ([74], p. 106). Fur-
thermore, in order to maximize the environmental reduction
potential of HEA, only electric energy produced from renew-
able sources is considered for this scenario, as concluded by
other studies (e.g., [3—-5]). Table 7 summarizes the assump-
tions made for the future scenario.

Based on these assumptions, a total increase in the DOC of
around 26.8% is obtained for the HEA1000 configuration com-
pared to the CRA (see Fig. 17). As in the baseline scenario, an
increase in the DOC components maintenance, capital, energy,
and airport & navigation fees is observed for the HEA1000.
However, it is more moderate in this scenario. Regarding the
energy costs, the rise in fuel price is offset by the reduced elec-
tricity price in combination with the higher battery charging
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Fig. 18 Relative change of SS endpoint categories of HEA1000 com-
pared to CRA (future scenario)

efficiency. Although a longer battery life and a higher yearly
battery price reduction are assumed in this scenario, the rela-
tive capital costs change of the HEA1000 compared to the
CRA remain over 75%. A DOC advantage of the HEA1000
can be seen in the environmental fees component. Main drivers
here are the more stringent emission charges and higher ETS
expenses as well as the inclusion of the aforementioned cli-
mate toll. These contribute to the approximately —15.4% lower
environmental fees for the HEA 1000 compared to the CRA.

Figure 18 illustrates the relative changes of the total SS
and the three endpoint categories for the HEA1000 com-
pared to the CRA. The results of the environmental life cycle
analysis show a relative reduction of the total SS for the
HEA1000 of —7.0%. Compared to the baseline scenario, this
represents an environmental benefit. That can also be seen in
the relative decreases in each of the endpoint categories. An
interesting observation can be made regarding the endpoint
category resource availability. The HEA1000 has a lower
impact on resource availability than the CRA for the future
scenario, which was not the case in the baseline scenario.
On the one hand, this can be attributed to the different form
of electricity production — renewable instead of the current
European electricity production mix. This finding is in line
with the observations from other studies, e.g., [3-5]. On the
other hand, a reduced number of batteries needs to be pro-
duced due to the 33.3% increase in battery lifetime (cycles)
compared to the baseline scenario, leading to less use of
copper ore, natural gas, crude oil, and hard coal. However,
this increase in the battery lifetime has a small impact on the
overall SS reduction (see Fig. 16b).

5 Conclusion and future work

In this study, a methodology to design and evaluate hybrid-
electric, single-aisle transport aircraft with a discrete par-
allel powertrain architecture with respect to their direct

Table 8 Relative comparison of DOC and SS of HEA1000 vs. CRA

DOC SS
Baseline scenario +41.0% +15.1%
Future scenario +26.8% -7.0%

operating costs and their life cycle environmental impact
has been developed. Different scenarios and parameter stud-
ies have been calculated. By this the conditions under which
HEA might be a viable option to reduce the climate impact
of aviation have been determined. The main finding of the
study is that the environmental impact of the HEA 1000 con-
figuration (discrete parallel powertrain architecture, battery
specific energy of 1000 Wh/kg, degree of hybridization
H = 0.3) was increased by 15.1% for a baseline scenario,
while the operating costs increased by 41.0% compared to
a conventional reference aircraft. For a future scenario, the
environmental impact was reduced by 7.0% and the operat-
ing costs increase was lower. In this scenario the electricity
is produced from renewable sources, the battery lifetime is
longer, the fuel price higher, the electricity price lower, and
the environmental charges levied at airports and by authori-
ties increased, among others. Table 8§ summarizes the main
findings of this study regarding the economic (DOC) and
environmental (SS) evaluation of hybrid-electric, single-
aisle transport aircraft.

Hence, it can be concluded that discrete parallel HEA
are a potential solution to reduce the climate impact of the
aviation industry when the electricity is produced from
renewable sources. However, this comes at the expense of
increased direct operating costs in both scenarios.

Future work associated with this study should comprise
the improvement of the HEA design process with more
detailed models, especially for the electric motor and the
power electronics. Additionally to revising the HEA design
process, the DOC model assumptions should also be refined.
Special attention should hereby be paid to the certified noise
levels of the HEA. Equally important is an update of the
environmental LCA model to a new database and to the
completely revised ReCiPe 2016 method to include recent
developments in the fields of life cycle inventory and impact
assessment.

The next steps then include the optimization of an HEA
design for the SS and for the DOC, creating a Pareto front
and establishing the trade-off for different degrees of hybrid-
ization. Here it would be particularly interesting to investi-
gate the change in results when using alternative fuels in
both the CRA and the HEA. The analysis would greatly
benefit from being repeated for different future scenarios,
different mission ranges, and being applied to different
HEA architectures. One could also consider including the
operating strategy of the HEA in the analysis. Furthermore,
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benefits of using synergies offered by electric propulsion,
such as e.g., distributed electric propulsion, should be
explored. Aerodynamic performance improvements might
alleviate the DOC penalty.

Appendix
A.1 DOC model supplementary information

Revised equations of [3] after personal communication with
J. Hoelzen.
Equation A4 in [3]:

DOCy, = (DOC gy + DOC g per + DOCEng)

©)
.FC + DOCy,,

Equation A13 in [3]:

DOCCap,Bat =3 EBat *PBat - (aBat +fins) (10)

A.2 Further parameter study results

See Figs. 19, 20, 21, 22, 23, 24
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