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Abstract

The aviation industry faces significant environmental challenges, prompting the implementation
of regulations to mitigate the adverse effect of carbon-based energy and associated emissions.
While electrified flight is a promising pathway, limitations in battery specific energy narrow
down the application space to commuter and regional classes. Towards that direction, this work
investigates the design and operation of a series hybrid electric 30-passenger regional aircraft. A
multi-disciplinary framework is utilized, comprising modelling approaches for multi-point en-
gine design, physics-based electrical component sizing and performance, aircraft sizing, mission
design, and environmental assessment. Electrification facilitates novel propulsion architectures
that enable the installation of propulsors in unconventional locations. In that regard, distributed
propulsion with up to three propellers per wing is evaluated for aerodynamic benefits. With op-
timal wing redesign, drag reduction benefits reach 4% for the selected aircraft class. Variable
free power turbine speed operation and one engine-off during descent are promising synergetic
concepts, delivering further electrification gains. A combination of hybridization during take-off,
climb and cruise defines the optimal design and operation guidelines for the hybrid concept. The
trade-off between applying the electrification strategy and having an integrated engine and air-
craft design, matching all top-level aircraft requirements is highlighted. Excessive battery mass
confines the favorable design space, revealing a threshold in the range of 1-1.2 kWh/kg for series
hybrid electric aircraft that outperform same Entry-Into-Service conventional configurations.
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1 Introduction

The aviation industry is assessing several technologies in or-
der to decarbonize the sector. Among those, electrification
holds potential for regional flight. Several hybrid electric con-
cepts have been investigated in the literature with varying de-
grees of fidelity in the underlying models [1-3]. This work
focuses on the series hybrid electric concept, which despite
its system complexity could lead to environmental and con-
sumption benefits through several synergetic opportunities.

Different parallel and series hybrid electric concepts were
compared for several Entry into Service (EIS) years by Na-
soulis et al. [4]. Compared to a conventional configura-
tion with EIS 2014, the 19-passenger series hybrid electric
concept overperformed the parallel one with greater block

fuel reduction for the same evaluated mission of 400 NMI.
The authors showed that the series aircraft is more efficient
in terms of life cycle costs as well. Environmental bene-
fits in the order of 60% were noted, for assumed battery cell
characteristics of 0.7 kWh/kg, paired with gas turbine per-
formance improvements in the order of 20% between the in-
vestigated EIS configurations. On the other hand, Dean et
al. concluded on the opposite outcome when comparing the
series and parallel configurations [5]. For same battery tech-
nology and simulated mission, they found that the parallel
hybrid concept offers better performance. Ludowicy et al. in-
vestigated light aircraft with the series propulsion architecture
and multiple propellers per wing for distributed propulsion
benefits [6]. They highlighted that an optimized distributed
propulsion concept can prove to be competitive with today’s



conventionally powered light aircraft, while enabling signi-
ficant fuel savings. Finally, the series configuration was in-
vestigated by Schroeter et al. for regional aviation with a 70-
passenger aircraft on a mission of 400 NMI [7]. They found
that the optimal degree of hybridization (DoH) lies in the
range of 30-40% for their specific assumptions. Those levels
of electrification led to block energy reduction, while higher
ones offered reduced advantages at higher mission lengths.

Distributed propulsion (DP) was investigated at the prelim-
inary design level by de Vries et al [§8]. They produced an
analytical method to estimate the aerodynamic benefits. They
highlighted that DP improves lift to drag ratio at cruise by
6%, however, energy consumption increases around 3% due
to added mass. In a similar study, using medium fidelity aero-
propulsive simulation, Ma et al. noted that 8 propellers show-
cased the best results with a 11% benefit in lift-to-drag ra-
tio and 6% increased mission range due to reduced drag [9].
Borer et al. investigated distributed propulsion designs for
the NASA X-57, noting that competitive cruise performance
is achievable [10]. Finally, a 3% reduction in aircraft power
requirements is reported by Keller in DP concepts, driven by
wing tip propellers installation and wing redesign [11].

There is a wide range of claimed environmental performance
benefits for the series hybrid electric concept, which is driven
by discrepancies in performance assumptions, modelling sim-
plifications, and the large number of potential synergetic con-
cepts. In an effort to provide consistent and comparable out-
comes, this work utilizes a thoroughly verified integrated con-
ceptual design approach and framework for the series hybrid
case, which has also been used for assessing all other hybrid
electric variants [1], offering a platform for fair comparisons.
At the same time, the interactions and driving design and op-
eration principles of different onboard power system are tied
to the mission-level performance, revealing the potential and
bottlenecks of series electrification. Through this structured
process of conceptual design, the technology thresholds for
competitive series regional flight are identified.

2 Methodology

A 30-passenger aircraft, representative of regional and com-
muter flight, is used as the starting vessel for this investig-
ation. The reference conventional Jet-A aircraft carries two
wing mounted turboprop engines. This aircraft is derived
according to [1] and is based on Dornier 328-100. A tur-
boelectric variant with two aft mounted turboshaft engines
coupled to generators, and one electrically driven propeller
per wing is designed. Wing loading is kept constant between
the turboelectric and conventional EIS 2035 variants. The
two-propeller turboelectric configuration acts as the hybrid
electric case of reference for following relativized outcomes.
A battery system is added for series hybrid electric concepts.
Both series and turboelectric variants facilitate variable Free
Power Turbine (FPT) speed operation and Distributed Propul-
sion due to the decoupling of gas turbine and propeller shafts
and the possible installation of multiple propellers per wing.
Such a series configuration is depicted in Figure 1. Both syn-
ergetic concepts are evaluated in the respective Results Sec-
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Figure 1: Series hybrid electric configuration with distributed propulsion

tions. All hybrid electric technologies are assumed to have
an Entry-Into-Service year of 2035. Design mission is 1000
NMI, diversion 250 NMI, and loiter scheduled for 30 minutes.
Cruise altitude is 20 kft at 0.53 Mach. Reference conventional
and turboelectric aircraft assumptions and boundary condi-
tions are given in Table 1.

2.1 Turboshaft and Propeller

An engine model is developed to design and evaluate the per-
formance of the gas turbine powerplant for all evaluated con-
cepts and configurations herein. The model is built within
the aeroengine conceptual design tool EVA [12] and integ-
rated within a multidisciplinary design framework discussed
in [1]. The turboshaft engine is a 2.5-spool geared turboprop
configuration with an all-axial seven-stage gas generator com-
pressor (GGC), an axial cooled two-stage gas generator tur-
bine (GGT) and an axial uncooled three-stage free power tur-
bine, which is coupled to a generator and the respective elec-
trical branch components. A single speed propeller coupled
to an electric motor and the respective electrical branch com-
ponents completes the gas turbine and propulsor system.

A multipoint synthesis approach and design point matching
scheme have been applied for all engines. Metal temperatures
at take-off for the two-stage GGT are set to 1170K, based on
the material maturity assumptions [13]. A parametric cycle
design study was carried out to determine cruise Overall Pres-
sure Ratio (OPR) and Turbine Rotor Inlet Temperature (T41)
at 12.5 and 1250K, respectively. This choice ensured accept-
able GGC last stage blade height, and favorable cruise spe-
cific fuel consumption as well as turboshaft and propeller dry
weight. Propeller diameter and rotational speed are decided
for cruise propeller loading of 100 kW/m? and cruise pro-
peller tip speed of 220 m/s, according to Kavvalos et al. [14].
The multipoint matching scheme ensures that all targets are



Table 1: Assumptions and boundary conditions for reference aircraft

Specifications Dornier EIS 2035 EIS 2035
GENERAL 328-100 Convent. Turboelectric
Passengers, [-] 30-32 30 30
Payload, [kg] 3150 3150 3150
Range, [nmi] 1000 1000 1000
CR altitude, [kft] | 20-25 20 20
CR speed, [Ma] 0.53 0.53 0.53
WING

Area, [m?] 40 30.8 38.3
Aspect ratio, [-] 11 11 11
Wing loading,

ke /m?] 350 400 400
PERFORMANCE

MTOW, A(%) Ref. -11.8 +9.5
Block fuel, A(%) Ref -12.3 -0.1
TOP-LEVEL AIRCRAFT REQUIREMENTS
Take-off field Ref. 1350 i
length, [m]

Rate .Of climb, Ref. 1725 i
[ft/min]

Approach

speed, [ms] Ref. 52.5 -

achieved, and only feasible powertrain designs are generated.
A detailed discussion of the scheme and cycle parameters se-
lection is provided in [14-16]. Cycle design and metal tem-
peratures are constant throughout the evaluation.

2.2 Electrical Power System

The electrical component models and a dedicated investiga-
tion of trade-offs and synergies at play have been shown by
Bermperis et al. [17]. Simulated electric machines are of the
permanent magnet synchronous topology for their advantage
in terms of specific power. Analytical and physics based 1D
models are developed and utilized. An equivalent thermal res-
istance model with multiple nodes is used to calculate and
monitor operational temperatures. For power electronic con-
verter components, a lumped thermal model is combined with
sizing equations fitted to publicly available data for state-of-
the-art components and scaled for the projected EIS year.
Performance of power electronic components is estimated in
a time-average manner capturing conduction and switching
losses. DC cables are sized according to ambient conditions
and altitude of operation, taking into consideration the lower
air density. The sizing and performance model of the battery
refers to Li-ion cells. Cell characteristics are scaled to pack-
level accounting for auxiliary components and connections.
Heat exchange surfaces are designed for safe battery opera-
tion. A resistance-capacitance equivalent model is combined
with a scaled Shepherd’s model for battery system perform-
ance [18], capturing charging and discharging.

The integrated electrical power system comprises of three
branches. A battery system and DC bus bar span the fu-
selage and connect all electrical branches together, acting as

the power management and distribution node. The branch
coupled to the propellers comprises an axial-flux perman-
ent magnet synchronous motor, cooled via an external finned
jacket. The electric motor is coupled with a SiC DC/AC
inverter for control. The electrical branch coupled to the
turboshaft comprises a radial-flux permanent magnet syn-
chronous generator. An external jacket is used for this ma-
chine as well, with liquid cooling. A SiC AC/DC recti-
fier controls the generator. A DC/DC converter connects the
branch and DC bus bar. For all branches, power is transmitted
through aluminium DC power cables.weight, and therefore
variation of thrust requirement.

2.3 Mission and Aircraft Analysis

Aircraft design and mission calculations are made withing
the EVA tool [12]. A predefined key aircraft geometry is
used for dimension modelling of any new aircraft configur-
ation based on the rubberized wing methodology [19]. Siz-
ing and analysis of each airframe component is performed to
reach an aircraft weight estimation [19-21]. Aircraft aero-
dynamics are modelled according to principles described by
Jenkinson et al [19]. Aircraft drag polar is predicted during
the mission for individual components based on aircraft geo-
metry and high lift device settings [19-21]. Aircraft perform-
ance modelling is based on methods described by Jenkinson
et al. [19] and Roskam [20]. Calculations include a main and
diversion mission. All following results refer to main mission
outcomes, however, inclusion of reserves and diversion mis-
sion in the design loop is fundamental as it impacts aircraft
weight and aerodynamics. Cruise performance is calculated
in a discretized manner to account for on-flight fuel consump-
tion, gradual reduction of carried weight, and therefore vari-
ation of thrust requirement.

CO; and NOy emissions complete the integrated framework.
CO, gaseous emissions are directly related to fuel burnt.
Complete combustion is assumed. NOy emissions are cal-
culated with a semi-empirical expression, derived for mod-
ern rich-burn quick-quench lean-burn single-annular combus-
tors [12,22]. The correlation is based on simulated data and
corresponding NOx emissions measurements from the ICAO
engine emissions databank. Noise production is also crucial
for regional aircraft. Detailed noise generation and propaga-
tion modelling is out of scope in this work, however, for isol-
ated propeller effects, a constant and acceptable propeller tip
Mach number is prescribed. Moreover, several community ef-
forts support hybrid electric and distributed propulsion design
for noise regulation [23-25].

2.4 Series Hybrid Operation and Distributed Propulsion

In the series hybrid configuration, all propulsors are driven by
electrical machines. Power is provided by turboshaft engines
and battery systems. Mechanical power is converted to elec-
trical with generators. Hence, power reaching the propulsors
comes from the battery, accounting for transmission losses
and the turboshaft, accounting for conversion losses. If bat-
tery energy is not expended, the configuration operates in tur-
boelectric mode, where all power required by the propulsors



is provided by turboshafts and fuel, taking into consideration
losses of intermediate electrical components.

Since all propulsors can be electrically driven, multiple ones
may be installed across the wing. This is not an effective
option in the conventional case, due to the associated losses
and complexity of installing multiple smaller turboprop en-
gines in the wing. The distributed propulsion concept aims to
take advantage of local flow acceleration across the wing to
enhance aircraft aerodynamic performance. Increased effect-
ive speed across a wing of given area, facilitates the genera-
tion of the same lift force with a lower lift coefficient, or can
allow for greater lift generation under unchanged angle of at-
tack. Increased effective speed also impacts wing drag, which
will increase if no wing redesign takes place. Hence, there is
a trade-off in the aircraft aerodynamics dictated by the pro-
peller jet velocity and the coverage of propulsors across the
wing. To calculate the effective wing velocity due to distrib-
uted propulsion, the following equation is used to estimate the
wingspan fraction covered by the propeller jet velocity [8].
The later is calculated via actuator disk theory. To estimate
the new average wing effective speed, AY acts as the weight
of the propeller jet velocity and (1- AY) acts as the weight of
the flight speed.

y= oD ()

(b/2-Dy/2)

AY is the wing coverage percentage, N, the number of pro-
pellers per wing, D, the propeller diameter (assumed equal
for all), b the wingspan, and Dy the fuselage diameter.

3 Results
3.1 Novel Synergies via Series Hybridization
3.1.1 Design with Distributed Propulsion

Three distributed propulsion cases are evaluated for potential
drag reduction benefits. One propeller per wing does not con-
stitute a DP concept, but it is still evaluated with the same
aerodynamic rules and equations. Nonetheless, the one pro-
peller case, with no aeropropulsive interactions accounted for,
is reported ("I-ref.") and acts as the reference for Table 2.
Under constant propeller tip speed velocity and cruise load-
ing, propeller diameter reduces for increasing number of pro-
pellers. Design speed follows the inverse trend. Wing cover-
age for the derivation of wing effective speed increases, with
a reduced rate for more installed propellers. EPS losses in-
crease, as the propeller driving motor branch is designed with
smaller and slightly less efficient components.

Distributed propulsion facilitates the increase of wing loading
via wing area reduction, because the same lift is generated
more effectively. Benefits in aerodynamic performance come
from this wing redesign [8]. The critical wing loading design
point occurs at landing conditions. Hence, the approach speed
is set as a top-level aircraft requirement (TLAR), while the
propellers per wing increase. As shown in Table 2, simply
accounting for the aeropropulsive interactions, allows for an
11.5% wing loading increase, while reaching up to three pro-
pellers leads to 20.6%. The effect of wing aeropropulsive

Table 2: Key propeller design parameters in distributed propulsion

Propellers per wing ‘ Units ‘ 1 2 3

Diameter A[%] -1.3 -30.7 -43.5
Design Speed Al%] | +1.3  +442 +77.0
Wing Coverage [%] 30.6 44.3 55.2
Wing Loading Al%] | +11.5 +16.7 +20.6
EPS losses [%] 14.2 15.0 15.2

interactions in take-off conditions is also captured by an in-
crease in CLp,x, according to the combined methodologies
of [8,26,27]. That change, along with the effect of the in-
creased wing effective speed, yield the reduction of wing area.

Key propulsion parameters are captured in Figure 2. Power
required by the propulsors is reduced up to 4.5% and it cor-
relates directly with the reduction of required thrust, which is
driven by the reduction of drag due to improved aerodynamic
performance. Drag reduction is a combined effect, dictated
by the reduction of wing area and thus mass contribution to
the total aircraft weight, reduced friction drag in wings due
to size, the snowball effect of reducing fuel and therefore car-
ried mass, and the improved lift over drag. Aspect ratio is
kept constant during wing redesign. Block fuel does not re-
duce with the same rate as the required aircraft power. This
is a direct outcome of the deteriorating conversion efficiency
of the intermediate electrical components, that comes with
the increasing number of propulsors. Hence, power generated
by the turboshafts, which dictates fuel consumption, reaches
a -3.25% change for the configuration with three propellers
compared to the conventional reference.

It is noted, that roughly half the amount of any reported bene-
fit comes from simply accounting for the aeropropulsive in-
teractions, while the rest comes from the impact of increasing
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Figure 2: Variation of power requirements and performance for different distributed
propulsion configurations with turboelectric propulsion architecture



the propulsors per wing. Greater benefits could be achieved,
for propellers of lower original power loading, hence, larger
diameter and more wing coverage.

3.1.2 Free Power Turbine Speed Selection

The series hybrid electric propulsion architecture enables full
decoupling between propeller propulsors and the free power
turbines, which usually drive them in conventional configura-
tions via direct shaft coupling and gearboxes. The turboshaft
engines are coupled with electrical generators, and the pro-
pellers with electrical motors. Through power controllers that
drive the electrical machines, operating speeds can be regu-
lated. Hence, the propulsion system designer may choose the
free power turbine speed that leads to best system perform-
ance for each phase of the mission.

Performance and sizing variations in turboshaft engines,
propellers and the electrical branch that is coupled to the
turboshaft are presented in Figure 3. Free power turbine
speed directly correlates to the coupled generator speed, since
they are connected with a fixed ratio gearbox. Therefore, this
speed choice should yield optimal performance for the tur-
bomachinery and electrical components. Given that sizing
of electrical components is based on whole mission profile
requirements, and the turboshaft and propellers are designed
with a multipoint synthesis scheme, the selection of FPT oper-
ational speeds leads to both sizing and performance changes.
Each column of Figure 3 corresponds to the respective in-
vestigated mission phase. FPT speed is varied relative to Top
of Climb design speed which is kept constant throughout this
study. Speed variation for each segment differs and is con-
strained by turbine operational limitations due to overspeed-

ing or insufficient speed for the required thrust and pressure
ratio design. The design space is also such that the turbine
loading justifies the selection of three turbine stages, and the
disk stresses are always sufficiently bellow critical limits.

Variations in turboshaft performance are directly correlated to
the position of the operating point in the turbine map with re-
spect to the efficiency islands. It is observed that a certain
overspeed percentage is advantageous in all cases but des-
cent. This indicates that those points lie to the left of the
optimal performance island in the map. The opposite is true
for descent. The specific fuel consumption depicted is the un-
installed one. Nevertheless, installed SFC coincides almost
100% with the former, given that mass changes are relatively
small due to the FPT being only a part of the engine. Given
that the design point speed is kept constant in this investig-
ation, only the variation of cruise FPT speed affects sizing,
and results in mass changes. Variation of cruise efficiency af-
fects cruise performance and the pressure ratio to achieve a
prescribed power requirement. Therefore, the mass variation
trendline follows the SFC line of that segment, which is the
invert of turbomachinery efficiency. Worse efficiency correl-
ates to larger component areas, and larger turboshaft mass.
Two performance plots are included for descent. In the bot-
tom, another novel operational concept facilitated by series
hybridization is examined. The detailed investigation is given
in Section 3.1.3. When one engine is off during descent, the
one that still operates experiences almost double the loading.
This moves the operational point in the map and affects the
speed variation impact on propulsion system performance.

Electrical power system mass for the branch coupled to the
turboshaft engine is closely related to prescribed speed vari-
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ations. This is apparent only in changes made to take-off con-
ditions. Generator power is greatest during take-off, which
for the reference case of constant FPT speed across the en-
velop, translates to peak torque requirements. Therefore, the
branch sizing point is at take-off. When FPT speed at take-off
is reduced for constant power output, the generator torque in-
put increases, which raises design point torque requirement.
This leads to a sharp mass increase, leftwards of the reference
point. On the other side, when FPT and generator speed at
take-off are increased, the torque input at take-off conditions
is reduced. Peak torque requirement for the generator is not
at take-off conditions anymore, as other points are operated
at lower speeds with similar power requirements, therefore
greater torque. Hence, the generator mass is no longer varied
for take-off FPT speeds above the reference value. Neverthe-
less, rest of the electrical branch components are resized as a
function of the maximum voltage and current found across the
envelop, and varying losses which change the design condi-
tions of subsequent components. As take-off speed increases,
the voltage produced by the generator increases as well. This
leads to an increase of power electronic modules needed. In-
creased voltage has a positive effect on cable mass. The out-
come is a relatively smaller increase of mass for overspeed
conditions, due to the outcome of those competing factors.

With respect to performance, variation of speed at constant
design conditions leads to a movement of the operational
points around the efficiency islands of the performance map,
similarly to turbomachinery components. Efficiency is a
function of power and speed loading. The electric generator
drives branch performance trends, and the final outcome is
affected by the original placement of reference points.

Selecting the FPT operating speed, and consequently af-
fecting sizing and performance of the electrical branch and
turboshaft engine is a complex matter. Cruise is the longest
segment, and the designer aims to optimize performance
there. When a compromise between EPS and turboshaft per-
formance needs to be made, one has to consider multiple ef-
fects. Worse SFC leads to more fuel carried on board. On
the other side, worse electrical system performance results
in greater power output needed from the FPT to power the
propulsors in turboelectric mode, or less efficiently utilized
electrical energy which increases fuel dependency. Optimal
speed selection needs to be made at the aircraft level and with
respect to overall aircraft performance. However, the under-
lying propulsion system trends are necessary to be acknow-
ledged in order for the speed selection to be justified.

3.1.3 Descent One Engine-Off

During descent, low thrust is required to achieve the pre-
scribed trajectory. Hence, the turboshaft engines are pushed
to low power loading. This leads to degraded fuel perform-
ance during the segment. Decoupling the propellers and
turboshafts via the intermediate electrical power branches
allows for one of the two turboshafts and correspond-
ing generator-driven electrical branch to be disengaged and
turned off during descent. Thus, all descent power comes
from and passes through one turboshaft and connected elec-

trical branch (all motor-driven branches and propellers oper-
ate), raising the relative load and pushing operation in theor-
etically better performing regions. The analysis is presented
in Figure 4.

Reference case is the fully turboelectric configuration with
two operative engines at descent. The test case examined,
for both one engine-off and regular two engines-on concepts,
is the 10% ascend hybridization with 5% cruise hybridiza-
tion. Drawing all aircraft required power from one engine,
would presumably lead to double power output from the one
operative. However, electrical branch efficiency improves by
roughly 1%, which results in less transmission losses. Thus,
for certain thrust and power propeller requirement, less des-
cent power is needed when only one turboshaft engine oper-
ates, compared to two. This leads to an 89% increase in one
engine’s power between the two concepts. Increasing the rel-
ative loading in such a way, moves the descent operating point
closer to the design and cruise points, which have the near-
optimal performance. This is indicated by the 22% reduction
in SFC, 1% increase in electrical efficiency and, finally, 30%
decrease in descent required fuel. These benefits yield a 3.5%
drop in block fuel which is an 1.5% improvement from the
two engines-on during descent concept for the same degrees
of hybridization. It is noted that when the hybrid electric air-
craft is operated in shorter missions than the design one, the
impact of descent fuel reduction on block fuel will be more
pronounced due to the relative change in segment durations.
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Figure 4: Impact of one engine-off operation during descent

3.2 Series Hybridization Design and Operation
3.2.1 Hybridization Schemes and Propulsion Design

Bringing electrical energy on board in the form of batter-
ies comes with mass penalties. Propulsion system and air-
craft redesign to match the original aircraft’s top-level re-
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quirements are necessary. The former is usually upsized to
provide greater thrust for a heavier aircraft and the latter is
designed with larger wings which facilitate equivalent take-
off and landing performance. However, applying a hybrid-
ization scheme and tackling aircraft and propulsion system
redesign simultaneously, produces complex results with un-
derlying system dependencies.

To distinguish those effects, the impact of hybridization
through sole propulsion system design is initially evaluated.
Results are extended to the mission and aircraft level, but with
no aircraft design changes and fixed geometries. The propul-
sion system is redesigned to ensure fixed climb and descent
times in all cases. Power selection corresponds to across-the-
envelop requirements, ensuring consistent and fair outcomes
in terms of mission durations and ratings. At this section, no
propulsion and aircraft redesign take place to match the ori-
ginal top-level aircraft requirements of take-off field length,
rate of climb and approach speed. Degree of power hybrid-
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ization (DoHpower) is defined as the power generated by the
battery system, over the power produced by all power sources
(battery and turboshaft).

The variation of power hybridization in ascending and cruise
phases is evaluated. The former is the most power demanding,
and off-loading the turboshaft engine leads to better perform-
ance. The latter is the longest mission phase, and hybridiz-
ation there holds great potential. Previous investigations in
other hybrid concepts indicated that a combination of ascend
and cruise electrification yields best aircraft performance [1].
This claim is now assessed for the series configuration.

Applied degrees of hybridization are shown in Figure 5.
Three levels of ascend hybridization are prescribed at 0%,
10% and 20%. These values correspond to the same degree
of power hybridization at take-off and climb. Battery mass
is varied under constant assumed cell characteristics. Cruise
degree of hybridization is calculated by the integrated frame-
work, for 20% end of mission battery state-of-charge. All
other main mission segments (descent, landing and taxi) are
operated in turboelectric mode with no battery depletion. Di-
version mission is operated under one energy source, there-
fore in turboelectric mode with complete fuel dependency.

The 0% hybridization and 125 kg of battery point corresponds
to a fully turboelectric configuration, where the battery is only
used to balance minor load variations. This turboelectric
configuration (Table 1) acts as the reference case and all
relative results are normalized against it.

Resulting degrees of power and energy hybridization at cruise
are shown in Figure 5. Greater ascend hybridization for given
installed electrical energy, leaves less available for cruise. A
15% cruise power hybridization results to about 5% energy
hybridization across mission. Electrical branch efficiency is
85-90%, while gas turbine is 25-30%. Hence, for the same
delivered power under a certain amount of time, more energy
is required by the gas turbines. Thus, the difference in power
and energy degrees of hybridization.

The variation of propulsion system and aircraft mass are de-
picted in Figure 6. Electrical power branches do not include
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Figure 6: Propulsion system and aircraft mass for different hybridization levels



the battery, which is a design variable. Larger cruise degrees
of hybridization correspond to heavier aircraft, as shown in
the right diagram.

A heavier aircraft requires a propulsion system of greater
thrust capabilities; hence the propellers will be upsized. Same
goes for the motor electrical branches that drive them. This
leads to an increase in propeller and electrical branch mass
for increasing cruise hybridization. Turboshaft engine design
point is at top of climb. For constant ascend electrification,
turboshaft design point power follows the propulsor trend,
which increases due to the increased thrust requirement of
the heavier aircraft. The generator electrical branches are size
in turboelectric diversion, which also scale with battery mass
and increasing power requirements. For increasing ascend hy-
bridization, aircraft mass reduces slightly for a given battery.
This corresponds to a size reduction for all propulsion sys-
tems. Turboshafts become especially lighter, given that more
battery dependency is scheduled at top of climb, therefore,
their design conditions relax. The lightest propulsion systems
are designed for high ascend and low cruise power hybridiz-
ation, which does not increase thrust and reduces turboshaft
design point requirements.

Block fuel is investigated to identify optimal power manage-
ment directions, when propulsion design is not constrained by
top-level aircraft requirements. To be able to justify resulting
trends, specific fuel consumption and thrust requirement are
studied, simultaneously. For the investigated ascend degrees
of hybridization and battery system masses, the left column of
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plots in Figure 7 shows thrust requirement and SFC variation
for climb and cruise. In cruise conditions thrust and drag are
equal. Specific fuel consumption is shown as the inverse of
itself. This allows to visually identify the battery mass and
cruise hybridization where specific fuel consumption reduces
due to hybridization relatively more than thrust requirement
increases (dashed line is above continuous line).

In all examined ascend hybridization cases, cruise SFC is be-
nefiting more from electrification, than cruise thrust require-
ment worsens. This overall thrust requirement increase is
not matched by a respective climb SFC improvement, unless
when ascend is also electrified above a certain threshold. For
0% ascend hybridization, climb fuel performance only deteri-
orates. At 10%, only designs with less than 1500 kg of battery
mass have advantageous climb fuel performance, and at 20%
the whole design space performs better during climb com-
pared to the reference case. This effect drives greater block
fuel benefits at higher ascend phase electrification.

For increasing battery mass and cruise hybridization, block
fuel improves up to a certain degree - then the slope re-
verses. This optimal cruise hybridization point shifts to more
installed battery mass for greater degrees of ascend hybrid-
ization. The adverse block fuel slope is related to the sharp
rise of climb and cruise thrust requirements for increasing in-
stalled electrical power system and aircraft mass, which reach
critical values and trigger a snowball effect above a certain
threshold.
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Figure 7: Thrust, specific fuel consumption and block fuel changes for degree of hybridization variations



3.2.2 Integrated Propulsion and Aircraft Design

The rapid increase of aircraft mass due to the electrical power
system, generates a need to design both aircraft and propul-
sion system for prescribed take-off, climb and landing per-
formance. The first two can be achieved by sole propulsion
system design choices. However, landing performance and
approach speed are also dictated by wind design. This sim-
ultaneous aircraft and propulsion system design is evaluated.
Mission-level impacts of optimal FPT speed selection, des-
cent one engine-off and distributed propulsion are also in-
cluded (denoted as "Synergies" in following figures).

Figure 6 indicates that electrical power system introduction
increases maximum take-off mass up to 25% in the examined
design space. For the sole propulsion system design case
of Section 3.2.1, wing area was kept constant at the value
derived from the turboelectric configuration of 400 kg/m?>.
In Section 3.2.2, redesigned wings for landing and take-off
TLARs increase in size by 25-50% in area, across the design
space. This results in a further 5% increase of aircraft mass
across the design space. Consequently, thrust requirement
also raises by roughly the same amount. Keeping in mind
the SFC improvements by electrification presented in Section
3.2.1, block fuel outcomes are shown in Figure 8.

Implementing the electrification scheme via sole propulsion
system design, without considering top-level aircraft require-
ments, results in an up to 2.5% fuel benefit. This is pushed to
4% when the synergetic concepts are integrated, with the ma-
jority of additional advantages coming from turning off one
turboshaft during descent. Distributed propulsion brings be-
nefits through wing size reduction according to TLAR design
conditions. Given that those are not active in this case, DP
is not included as a synergy. The configuration with the in-
tegrated aircraft and propulsion system design, that matches
all original top-level aircraft requirements, yields a 3-6% in-
crease of block fuel across the design space, with no level of
electrification being favorable when compared to the uncon-
strained turboelectric reference case. The synergetic concepts
in the integrated design case, also include the impact of dis-
tributed propulsion, and improve fuel consumption by about
4% when accounted. The effect of the heavy electrical power
system on the design wing and thrust loading is shown by the
change of average trendlines for each examined case. When
TLARs are matched, optimal battery mass is than 1000 kg,
and more than doubles when TLARSs are relaxed.

An investigation of different aspect ratios for the new series
aircraft configurations revealed that optimal performance
comes at a value of 12. However, the extra benefit amounts to
less than 0.5% compared to the selected value of 11. Further-
more, to allow a point of commonality between the invest-
igated and reference conventional and turboelectric cases, as-
pect ratio has been kept constant at 11. Conventionally, higher
aspect ratios perform aerodynamically better, despite the ad-
ded mass. However, in distributed propulsion concepts, high
aspect ratios also inhibit the potential of having a greater frac-
tion of the wing within the propeller jet airflow. Hence, the
optimal performance aspect ratio value. Finally, while relax-
ing and not matching top-level aircraft requirements is bene-
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Figure 8: Block fuel variation for sole propulsion and integrated design approaches

ficial, wing loading ranges 400-500 kg/m?, which pushes the
structural limits at the higher end. In the redesigned wing
case, it comes at 340 kg/m?. For higher approach speeds,
even smaller and more loaded wings (also closer to the 400
kg/m? of the conventional EIS 2035 configuration) could be
designed, yielding further performance benefits.

3.3 Sensitivity to Battery Technology

All prior investigations are for 0.6 kWh/kg cell specific en-
ergy. Actual battery energy density depends on technology
advancements. Thus, the targets needed to facilitate compet-
itive regional series hybrid electric aircraft are evaluated in
Figure 9. Assumed cell specific energy is varied for 0.45-1.2
kWh/kg, for the median case of 10% ascend degree of hy-
bridization. Battery mass varies and indicates cruise hybrid-
ization. Both design approaches are shown, including their
respective synergies. Greater battery technologies result to
more installed electrical energy, therefore the degrees of hy-
bridization increase towards the top right corner, shown with
the light gray isolines. Reference for normalizing outcomes
is the unconstrained turboelectric concept.

Implementation of the hybridization scheme and propulsion
design, without any top-level aircraft requirements being
matched, yields up to 14% reduction of block fuel, account-
ing for synergies. Compared to the reference conventional
aircraft, from which all the novel designs are derived, the ref-
erence unconstrained turboelectric leads to a 12% block fuel
increase (Table 1). Hence, the relaxed TLAR series concepts
with synergies, break even with the conventional EIS coun-
terpart for assumed cell specific energy above 1.05 kWh/kg
and 20% hybridization. The integrated propulsion and air-
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Figure 9: Change in block fuel and degree of hybridization at cruise for varying battery
technology and mass

craft design approach, accounting for TLARs and synergies,
consumes on average 2-4% more block fuel, compared to the
unconstrained case. Hence, some TLAR compromise needs
to be made, if a series hybrid electric concept is to be com-
parable with the same EIS conventional counterpart. Further-
more, in Figure 9, a cell specific energy threshold is observed,
above which it is beneficial to electrify cruise further. This
is roughly 0.6 kWh/kg and 0.7 kWh/kg for the unconstrained
and integrated design approaches with synergies, respectively.

Environmental performance is investigated in Figure 10 and
shown only for the integrated design and synergies case. CO;
trends follow block fuel closely. NO, is also driven by com-
bustor inlet conditions, which depend on thrust requirements
and slightly shift the dominant trends imposed by fuel con-
sumption. NO, emissions are roughly 2% harder to bring
down with electrification, and they also diminish with a re-
duced rate compared to CO», as hybridization increases. This
is observed in the top right corner, where the relative deviation
between the two emissions expands to 4%.

3.4 Flight and operational conditions

Flight boundary conditions and business flight profiles are in-
vestigated in Figure 11. The "integrated design with syn-
ergies" case is evaluated, as it is the most realistic option.
The turboelectric aircraft acts as the reference for relative out-
comes. The median case of 10% design ascend hybridization
and 1000 kg installed battery mass of 0.6 kW/kg is chosen as
the baseline aircraft design for this evaluation. Further design
details and top-level requirements are listed in Table 1.

Block specific range is defined as the distance covered per
kilogram of fuel expended from take-off until landing, while
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Figure 10: Environmental performance for varying battery technology and mass

main mission range includes climb to descent. Taxiing is
omitted as it does not contribute towards the scheduled range.
For increasing design and operation cruise altitude, aircraft
specific range improves for all hybridization schemes and
designs examined. This is attributed to the reduction of drag
components due to ambient conditions, hence the increase of
lift-over-drag ratio and reduction of required thrust. Flying
at a higher altitude also slightly favors greater cruise degrees
of hybridization, as is shown by the optimal design markers.
Due to better aerodynamics at higher altitudes, heavier bat-
teries are penalized less, hence more electrification benefits
can be accrued. Design cruise Mach number is evaluated, re-
vealing that block specific range improves for slower cruise
operation. Aerodynamics are again more favorable at lower
speeds for the turboprop aircraft. However, this dependency
does not impact hybridization trends. It is noted that majority
of these operational and flight trends are also applicable to a
conventional aircraft case.

Finally, the operational (business) range options of a series
hybrid electric aircraft with a design range of 1000 nmi are ex-
amined. For this design space, a fixed propulsion and aircraft
design are evaluated, operating in different mission ranges,
while the two previous cases of Figure 11 referred to from-
scratch designs for each data point of their design space. The
aircraft is assumed to have a fixed mass of installed batter-
ies, irrespectively of the business range selected, therefore,
all installed electrical energy needs to be used until the 20%
end-of-mission limit. For each examined business range dif-
ferent from the design one, the impact of changing the as-
cend phase is evaluated and found to have a near-zero effect.
Since the propulsion system is fixed, either choosing to elec-
trify more on ascend and less on cruise, or vice versa, intens-
ifies the hybridization benefits of one segment at the nearly
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Figure 11: Specific aircraft performance under different operational scenarios

equal cost of the other’s. Nevertheless, greater operational
ascend hybridization is marginally beneficial for block spe-
cific aircraft range. Furthermore, it reduces the operational
metal temperature of the high-pressure turbine nozzle guide
vane by roughly 15 K, which can be beneficial for the en-
gine’s life expectancy, or allow for a hotter and more efficient
cycle to be designed. Take-off and climb top-level require-
ments are matched also during business operation, hence, the
lighter aircraft of shorter mission needs to operate at lower
take-off and climb thrust ratings, thus, the reduction of en-
gine temperatures in that direction as well. Operating the de-
signed system at shorter missions, improves specific range,
since more electrification can be scheduled, thus fuel con-
sumption reduces further. Namely, at 1000 nmi range, cruise
hybridization is about 5%, while it reaches 13% at 500 nmi.
Main mission specific range is also shown to highlight that the
benefit comes mostly from the cruise specific improvement.
A conventional aircraft would not experience the parabolic
benefit in specific range for reducing business range, that is
related to the aforementioned increased cruise hybridization.
Specific range would deteriorate given that the well-designed
cruise segment mission fraction would reduce with business
range.

4 Conclusions

An integrated methodology combining turboshaft, propeller,
electrical and aircraft power system design is developed and
deployed for the assessment of the series hybrid electric ar-
chitecture. A 30-passenger regional aircraft with 1000 NMI
design mission is investigated. Distributed propulsion with
three propellers per wing provides benefits of 4% in drag re-
duction. Decoupling the propulsors and free power turbines
offers potential for specific fuel consumption benefits. Proper
speed selection can avoid performance and mass penalties
in the order of 4% across different mission phases. How-
ever, those speeds already lie close to the reference single
speed free power turbine design. Another 2% of fuel sav-
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ings is unlocked by turning off one turboshaft engine dur-
ing descent. Investigating optimal hybridization for the series
concept, highlights that best results come from a combined
ascend and cruise electrification. Cruise hybridization is fa-
vorable, up to he point where excessive battery mass trig-
gers the aircraft weight and thrust snowball effect. Battery
cell specific energy of 1-1.2 kWh/kg is the threshold for a
series hybrid electric configuration to reach the emissions and
fuel consumption savings of conventional Jet-A Entry-Into-
Service 2035 aircraft, when both are compared to the Entry-
Into-Service 2014 baseline. Shorter business range than the
design improve specific aircraft range for the series hybrid
electric configuration. Overall, it becomes apparent that some
compromise in top-level aircraft requirements is necessary for
the electrified aircraft to become one of the potential sustain-
able aviation solutions of the foreseeable future.
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