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This paper evaluates the potential benefits of applying hybrid parallel propulsion architec-
tures to future turboprop aircraft that are expected to enter into service in 2030. Two baseline
aircraft models are established by infusing viable 2030 airframe and engine technologies on
state-of-the-art 19-passenger and 50-passenger aircraft models. Two parametric parallel hybrid
architectures are proposed and applied on both size classes: Architecture 1 has two propellers,
each driven by an engine and an electric motor in parallel, and allows in-flight recharging;
Architecture 2 has four propellers, each driven by either an engine or an electric motor, and
allows parallel operation during the cruise. A design space exploration is conducted on the
powertrain design variables and the electric component key performance parameters. A
constrained optimization implies that Architecture 1 and 2 can achieve fuel savings of about
2.6% and 6.6%, respectively, given 2030 electric component technology assumptions. Electric
taxi consistently results in fuel saving when battery technology is beyond the projected 2030 level.
Preliminary sensitivity studies show that the performance of Architecture 2 is more sensitive to
the battery technology compared to Architecture 1 due to its extensive use of battery energy
during the cruise.

I. Introduction

Electrified aircraft propulsion (EAP) is at the epicenter of the future of aviation. It allows not only for more
affordable and quieter flights but also for flights with a decreased or zero impact on the environment [1]. The

goal of reducing or even eliminating conventional fuel consumption can be achieved by shifting toward electrified
aircraft propulsion [2]. However, current battery technologies do not allow for fully electric large aircraft due to
the low battery specific energy [1]. Future estimations of battery specific energy, specific power, and efficiency
technological assumptions of electrified powertrain components, such as battery, electric motor, power converters,
and generators [3–5], show that large fully electric aircraft are unlikely to be feasible in the near future due to the
significant weight penalty associated with the electric powertrain, resulting in poor aircraft performance. Although full
electrification of large aircraft is unlikely in the near future, hybrid electric aircraft are promising as they allow for a
decrease in fuel consumption compared to the State of the Art (SoA) conventional aircraft [6, 7].

Hybrid-electric aircraft refer to those powered by an electric powertrain in combination with conventional gas
turbine engines. There are multiple architectures that can be employed on hybrid-electric aircraft, including series,
parallel, series-parallel, and turboelectric [8, 9], with series and parallel being more commonly seen in preceding
studies [10, 11]. Each architecture has its own advantages and disadvantages, and some architectures may have their
unique components. One of the major differences between series and parallel architectures is that series architectures
require one or more turbogenerators [12]. These additional components add weight to the overall powertrain of a series
architecture, which further constrains the hybridization. Additionally, the overall Maximum Takeoff Weight (MTOW) is
increased causing a higher fuel consumption than the parallel powertrain. On the other hand, the series architecture also
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allows for maximum thermodynamic efficiency, since the internal combustion engine operates at a constant speed and is
characterized by simple powertrain control [13]. In comparison, parallel architectures enable the capability of splitting
power demand for more power-intensive segments within the mission, while maintaining optimal propulsion system
performance [13]. Since hybrid parallel architectures are likely to be more beneficial for the purposes of a regional
turboprop aircraft due to its range and size [14], this paper will investigate the impact of parallel architectures on the
sizing and performance of turboprop aircraft.

The research objective is to create parametric and physics-based models for two hybrid-electric regional turboprop
aircraft and perform trade studies on different electrification settings. The hybrid-electric aircraft models were created
in three phases. First, Technology Reference Aircraft (TRA) models are created for a 19-passenger and a 50-passenger
aircraft based on public data. Then, viable 2030 airframe and engine technologies are infused on the TRA models
to establish Advanced Technology Aircraft (ATA) models, which are used as the baselines to assess the impact of
powertrain hybridization. Finally, The hybridized aircraft models are created by infusing two parallel hybrid-electric
powertrains into the ATA models. With the parametric hybrid vehicle models, a design space exploration is performed
to both assess the vehicle performance and investigate the impact of powertrain design variables and electric component
technologies.

The remainder of this paper is organized as follows: Sec. II provides a summary of the modeling and simulation
environment used in this study; Sec. III introduces the conventional baseline aircraft models to be integrated with
hybrid-electric powertrains; Sec. IV discusses the development of two parallel hybrid-electric architectures; Sec. V
defines the design space and shows the design space exploration results; Sec. VI draws the conclusion.

II. Modeling and Simulation Environment
Both the baseline and hybridized vehicles were evaluated in a multi-disciplinary design and analysis environment

which enables sizing and performance evaluation of both conventional and advanced aircraft concepts. Figure 1 presents
a high-level design structure matrix of the modeling and simulation (M&S) environment, generated using the pyXDSM
package [15]. The primary inputs include the following:

• A notional aircraft configuration, including the vehicle layout, propulsion system architecture, etc.
• Point performance requirements, such as field length and rate of climb, which eventually translate to a design

point described by the vehicle’s takeoff power-to-weight ratio, 𝑃𝑇𝑂/𝑊𝑇𝑂, and wing loading, 𝑊𝑇𝑂/𝑆𝑟𝑒 𝑓
• Mission performance requirements, such as the design payload, design range, and the mission profile

These inputs are parametric such that they can be varied within a range or a set in design space exploration to study the
impact of certain design variables on selected metrics of interest.

The M&S environment is implemented in MATLAB. A notable feature is that the vehicle resizing optimizer and all
disciplinary analyses are built modular as classes with object-oriented programming. Superclasses define common
interfaces to ensure compatibility between the modules, and subclasses have customized data structure and behaviors
(e.g., propulsion system sizing rules) that are specific to the tools used and aircraft system architecture of interest. In this
study, the geometry scaling, aerodynamic analysis, and weight estimation are performed by NASA Flight Optimization
System (FLOPS) [16, 17]; the integration of FLOPS as a submodule is realized by Sizing and Off-Design Mission
Analysis (SODA), an in-house tool developed by Cai et al. [18, 19]. The gas turbine engine performance data are
generated off-line from NASA Numerical Propulsion System Simulations (NPSS) [20] and are imported as look-up
tables in the propulsion module to improve run time efficiency. The electric powertrain is modeled in MATLAB, to be
discussed later in Sec. IV. The mission analysis is implemented with an energy-based approach in MATLAB, with
the capability of performing payload-range analysis in conjunction with SODA. Owing to the flexibility in subclass
implementation, the M&S environment is able to size and evaluate the performance of a variety of propulsion architecture
concepts, including electrified propulsion.

In order to model the hybrid propulsion architecture, the propulsion module used in this study employs unique
characteristics from Electrified Propulsion Architecture Sizing and Synthesis (E-PASS) [21, 22], which defines any
propulsion system architecture by categorizing each propulsion subsystem into three general groups:

• Thrust sources represent subsystems whose primary function is to generate thrust given input power (e.g.,
propeller, fan, etc.)

• Power sources represent subsystems which generate primary (propulsive) power (e.g., internal combustion engine,
electric motor, electric generator, etc.)

• Energy sources represent subsystems which store energy to be used by the primary power sources (e.g., fossil
fuel, battery, hydrogen, etc.)
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Fig. 1 Design structure matrix of the integrated modeling and simulation environment

The logical connectivity between these components and the power management at each mission segment can
be described using a set of matrices [21, 22]. These matrices allow the computation of thrust requirement, power
requirement, and energy consumption in power management functions, which are queried in the mission analysis module.
Such an approach of propulsion architecture modeling is generic in that it can be used to model both conventional and
hybridized propulsion systems.

III. Baseline Aircraft Models with Conventional Propulsion Architecture

A. Technology Reference Aircraft (TRA)
Two turboprop aircraft models were established as the Technology Reference Aircraft (TRA) based on public-domain

data of SoA aircraft. The 19-pax thin haul model was calibrated based on the Beechcraft 1900D with a nominal range of
382 nmi carrying 19 passengers [23, 24]. The 50-pax regional aircraft model was calibrated based on the ATR 42-600
with a nominal range of 703 nmi with 48 passengers [25, 26]. The mission profiles of both aircraft are summarized in
Tables 1 and 2. Details regarding the development of the TRA models can be found in Cai et al. [27].

B. Advanced Technology Aircraft (ATA)
To represent a target entry-into-service in the early 2030s, the advanced technology aircraft (ATA) models were

created by infusing technologies expected to be mature by 2030 into the TRA models while retaining the conventional
propulsion architecture. The selection of 2030 technologies considers the Technology Readiness Level, the effectiveness
of the technology, and the compatibility of the technology with propeller-driven regional aircraft. As shown in Table 3,
the technologies selected for advanced 19-pax and 50-pax models cover the disciplines of aerodynamics, structure,
propulsion, and subsystems [28–37]. Details regarding these technologies can be found in Cai et al.[27]. The direct
impacts of these technologies were parametrically modeled using scaling factors which act on certain aerodynamic,
weight, and propulsive characteristics.

The technologies summarized in Table 3 were applied progressively to 19-pax and 50-pax aircraft. With a constant
power-to-weight ratio, wing loading, and tail volume coefficients as the TRA, both aircraft were resized based on the
same design mission. The associated technologies infused on the 19-pax and 50-pax TRA resulted in the cumulative
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Table 1 19-pax mission profile (adapted from [27])

Segments Description

Taxi-out∗ Taxi for 6 min
Takeoff∗ Take off and initial climb from sea level to 1500 ft for 1 min
Climb Climb to 10 000 ft at 160 KEAS, then to 25 000 ft while linearly decelerating to 130 KEAS
Cruise Level cruise at 167 KEAS
Descent Descend to sea level at 200 KEAS
Approach Descend to 1500 ft while decelerating to 160 KEAS
Missed approach∗ Missed approach and climb to 5000 ft at 160 KEAS
Hold∗ Level cruise at 160 KEAS for 5 min
Reserve climb Climb to 15 000 ft using the same speed schedule as in the primary climb segment
Diversion Level cruise at 160 KEAS
Reserve∗ Level cruise at 160 KEAS for 45 min
Reserve descent Descend to 5000 ft at 200 KEAS
Reserve approach∗ Descend to 1500 ft while decelerating to 160 KEAS
Landing∗ Final approach and landing for 3 min
Taxi-in∗ Taxi for 4 min

∗ No distance credit
All descent segments are flown at a maximum flight path angle of 3 deg but may be shallower subject to idle thrust

Table 2 50-pax mission profile (adapted from [27])

Segments Description

Taxi-out∗ Taxi for 6 min
Takeoff∗ Take off and initial climb from sea level to 1500 ft for 1 min
Climb Climb to 25 000 ft at 160 KEAS
Cruise Level cruise at 200 KEAS
Descent Descend to 3000 ft at 200 KEAS
Approach∗ Descend to 1500 ft while decelerating to 160 KEAS
Reserve climb Missed approach and climb to 15 000 ft at 160 KEAS
Diversion Level cruise at 200 KEAS
Reserve∗ Level cruise at 200 KEAS for 45 min
Reserve descent Descend to 3000 ft at 200 KEAS
Reserve approach∗ Descend to 1500 ft while decelerating to 160 KEAS
Landing∗ Final approach and landing for 3 min
Taxi-in∗ Taxi for 4 min

∗ No distance credit
All descent segments are flown at a maximum flight path angle of 3 deg but may be shallower subject to idle thrust
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Table 3 Selected 2030 technologies (adapted from [27])

Technologies 19-pax 50-pax
Riblets ✓ ✓

Natural laminar flow ✓ ✓

Variable-camber continuous trailing-edge flaps ✓

Flexible skins ✓

Excrescence reduction ✓

Landing gear integration ✓

Composite technologies ✓ ✓

Advanced sandwich composites ✓ ✓

Out-of-autoclave composite fabrication ✓ ✓

Lightweight cabin furnishing ✓

Advanced engine cycle ✓ ✓

Advanced engine components ✓ ✓

impact on gross weight, operating empty weight, and block fuel outlined in Table 4. For both ATA models, a significant
block fuel reduction is achieved mostly due to the advanced engines (≈ −14.5%), natural laminar flow, and composite
technologies. The individual impacts of each technology on the key performance and geometry metrics of the ATA in
comparison to the TRA can be found in Cai et al. [27].

Table 4 Overall impact of technology infusion (adapted from [27])

Impact 19-pax 50-pax

Takeoff gross weight −10.3% −13.0%
Operating empty weight −10.3% −14.2%
Design mission block fuel −30.2% −32.9%

C. Optimized Design Point for ATA Models
Following the technology infusion, the design mission was also updated for both aircraft based on recent literature:

for the 19-pax aircraft, the weight per passenger was increased from 210 lb (95.3 kg) to 215 lb (97.5 kg) based on the
latest FAA advisory circular; for the 50-pax aircraft, the design range was reduced from 703 nmi to 500 nmi based on
historical operational data [38]. To assess the impact of technologies and mission change, a parametric sweep was
performed by varying the sea-level power-to-weight ratio and takeoff wing loading and resizing the vehicle at each point.
As presented in previous work [27], a constraint diagram was generated for both vehicles, and the new design point was
selected by minimizing the block fuel subject to the same climb and landing constraints as the TRA model. The selected
design point for the 19-pax and 50-pax aircraft and their associated key performance and geometry specifications are
summarized in Table 5. These optimized ATA models are used as the reference for comparisons with the hybrid-electric
propulsion architectures.

IV. Development of Parallel Hybrid-Electric Architectures

A. Architecture 1
Architecture 1 has been proposed in a previous study [39]. As shown in Fig. 2(a), the architecture utilizes a

configuration consisting of two propellers, each connected to a gas turbine engine and an electric motor in parallel
via a power split unit. The electric motors are connected to a universal battery pack of lithium-ion cells. Considering
different mission segments, four operational modes are defined for this architecture:
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Table 5 High-level comparison between Technology Reference Aircraft (TRA) models and Advanced Technology
Aircraft (ATA) models [27]

Item Unit 19-pax 50-pax

TRA ATA Change TRA ATA Change

Design range nmi 382 382 – 703 500 −28.9%
Design payload kg 1810 1853 +2.4% 4560 4560 –
Power-to-weight ratio kW/kg 0.2441 0.2332 −4.5% 0.1731 0.1600 −7.6%
Maximum takeoff weight kg 7815 7056 −9.7% 18 600 15 654 −15.8%
Operating empty weight kg 4932 4429 −10.2% 11 700 9846 −15.8%
Wing planform area m2 28.8 26.0 −9.7% 54.5 45.9 −15.8%
Wing span m 17.6 16.7 −5.1% 24.6 22.5 −8.5%
Engine rated power, each kW 954 823 −13.7% 1610 1252 −22.2%
Block fuel at ATA design range kg 579 402 −30.6% 1147 744 −35.1%
Cruise average BSFC kg/kW/h 0.3249 0.2867 −11.8% 0.2817 0.2488 −11.7%

lbm/hp/h 0.5341 0.4713 −11.8% 0.4631 0.4090 −11.7%
Cruise average TSFC g/N/s 0.012 65 0.011 09 −12.3% 0.013 02 0.011 58 −11.1%

lbm/lbf/h 0.4466 0.3914 −12.3% 0.4597 0.4087 −11.1%

Fig. 2 Logical connectivity of proposed parallel architectures

6



1) Hybrid-electric mode: Each propeller is driven by both the gas turbine engine and the electric motor. The
power management strategy (i.e., power split) is predetermined for the design mission profile and may not be
of constant amount, timing, and duration for a specific flight segment. This mode is only used in the takeoff
and climb segments of the primary mission. During the takeoff, all power sources are operating at their rating
powers. During the climb, turboprop engines continue to operate at the rated power while electric motors are
operating at a prescribed power code (i.e., percentage of rated power). Such boosting can occur over a prescribed
altitude interval at either the beginning or the end of the climb segment.

2) Fuel-only mode: The propellers are driven exclusively by turboprop engines, while electric motors are turned
off. This mode is primarily used in the cruise, descent, and landing of the primary mission, the unboosted part of
the climb segment of the primary mission, and the entire reserve mission.

3) Recharging mode: When the battery is not fully charged and turboprop engines have available excess power,
the electric motors may be reversely driven by the engines and behave as generators, converting mechanical
power into electric power, thus charging the battery. Note that subject to the engine’s excess power, the actual
charging rate may be lower than the predefined desired charging rate. This mode is primarily used in the cruise
and descent segments of the primary mission.

4) Full-electric mode: The propellers are driven exclusively by electric motors while turboprop engines are turned
off. This mode is only used in taxi segments if an E-taxi strategy is desired.

The sizing of the turboprop engine and electric motor is subject to the following constraints:
1) Sea-level power requirement: Given a sea-level electric power fraction (𝜆SL), the rated power of each engine

(𝑃eng,SL) and electric motor (𝑃em) must satisfy the sea-level power requirement derived from the maximum
takeoff weight (𝑊0) and power-to-weight ratio (𝑃TO/𝑊0):

𝑃eng,SL ≥ 1 − 𝜆SL
2

· 𝑃TO
𝑊0

·𝑊0 (1)

𝑃em ≥ 𝜆SL
2

· 𝑃TO
𝑊0

·𝑊0 (2)

2) Top-of-climb requirement: At the cruise altitude and climb speed, with electric motors turned off, turboprop
engines must be able to provide sufficient excess power for a climb rate of 300 ft/min. As a conservative approach,
this constraint is evaluated at the maximum takeoff weight.

3) Cruise requirement: At the cruise altitude and cruise speed, with electric motors turned off, turboprop engines
must be able to provide sufficient power to sustain a steady level flight. As a conservative approach, this constraint
is evaluated at the maximum takeoff weight.

4) E-taxi requirement: If E-taxi is desired, electric motors must satisfy the critical thrust requirement, which
accounts for the rolling friction force, a 1.5% uphill slope, and an acceleration from zero to 20 kts in 10 sec (for
runway crossing).

It is noted that if constraint 2 or 3 is active, the relevant power sources may be oversized with respect to the sea-level
power requirement. The corresponding penalty in weights and energy consumption, if any, will be reflected in the
vehicle performance.

B. Architecture 2
Architecture 2 also includes two turboprop engines and two electric motors. In contrast to Architecture 1, this

architecture is equipped with four propellers with each of them connected to either an engine or an electric motor,
as depicted in Fig. 2(b). Due to the lack of mechanical connection between the engines and the electric motors, this
architecture does not support in-flight recharging. Three operational modes are defined for this architecture:

1) Hybrid-electric mode: All four propellers and the corresponding power sources are operating to provide thrust
based on the thrust requirement 𝑇req and a prescribed target thrust split 𝜆𝑇 . The actual thrust distribution (𝑇1, 𝑇2,
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𝑇3, and 𝑇4) is obtained by solving the following optimization problem at every time step:

min
𝜏

(∑︁4

𝑖=1
𝑇𝑖 (𝜏) − 𝑇req

)2
(3)

s.t. 𝑇1 (𝜏) = median
{
𝑇1,min, 𝑇1,max, 𝜏 · (1 − 𝜆𝑇 )/2

}
(4)

𝑇2 (𝜏) = median
{
𝑇2,min, 𝑇2,max, 𝜏 · (1 − 𝜆𝑇 )/2

}
(5)

𝑇3 (𝜏) = median
{
𝑇3,min, 𝑇3,max, 𝜏 · 𝜆𝑇/2

}
(6)

𝑇4 (𝜏) = median
{
𝑇4,min, 𝑇4,max, 𝜏 · 𝜆𝑇/2

}
(7)

where 𝑇1 and 𝑇2 are the thrust per propeller driven by the engines, 𝑇3 and 𝑇4 are the thrust per propeller driven by
the electric motors, and subscripts “min” and “max” indicate the minimum and maximum thrust available within
the limits of the respective power sources. The hybrid-electric mode is used primarily in takeoff, climb, cruise,
and landing segments. Effectively, in the takeoff and climb segments where the desired thrust is +∞, all power
sources operate at their prescribed power codes; in cruise and landing segments with finite thrust requirements,
the optimizer will attempt to distribute the thrust based on 𝜆𝑇 while ensuring force balancing. Specifically, if 𝜆𝑇
is too low, the optimizer will command the engines to operate at full power while dynamically adjusting the
power of electric motors to satisfy the thrust requirement; similarly, if 𝜆𝑇 is too high, the electric motors will
operate at full power, while the engine power will be adjusted to satisfy the thrust requirement.

2) Fuel-only mode: The electric motors are turned off, and the respective propellers are assumed to be folded to
minimize parasite drag. This mode is used in the descent segment of the primary mission, the entire reserve
mission, and taxi segments if an E-taxi strategy is not desired.

3) Full-electric mode: The turboprop engines are turned off, and only the propellers connected to the electric
motors are operating. This mode is only used in taxi segments if an E-taxi strategy is desired.

The sizing of the turboprop engine and electric motor is subject to the following constraints:
1) Sea-level power requirement: This requirement is identical to that of the first architecture.
2) Top-of-climb requirement: At the cruise altitude and climb speed, with the electric motors operating at a

prescribed power code, the propulsion system must be able to provide sufficient excess power for a climb rate of
300 ft/min. As a conservative approach, this constraint is evaluated at the maximum takeoff weight.

3) Cruise requirement: At the cruise altitude and cruise speed, with all power sources operating, the propulsion
system must be able to provide sufficient power to sustain a steady level flight. As a conservative approach, this
constraint is evaluated at the maximum takeoff weight.

4) E-taxi requirement: This requirement is identical to that of the first architecture.

C. Electric Machine and Power Converters
As shown in Fig. 2, both electrified powertrains consist of a battery, inverters, electric motors, and cables. To be

consistent with the technologies infused in the ATA models, electrical components were modeled considering the
technological improvements projected in the 2030 to 2050 time frame. As summarized in Table 6, according to Pastra et
al. [4], in 2050, the specific power of the electric motor could reach up to 11.3 kW/kg with a conservative projection or
50 kW/kg with an aggressive projection. Additionally, the efficiency of the electric motor could reach up to 97.0% with
a conservative projection or 98.9% with an aggressive projection. The projection of the power converter specifications
can be found in Hall et al. [5], as summarized in Table 7. The specific power of the converter could reach up to 12 kW/kg
to 52.9 kW/kg depending on the conservative or aggressive projection model, and the efficiency of the converter could
reach up to 98.7% to 99.7% depending on the conservative or aggressive projection model.

D. Battery Model and Battery Sizing
The battery used in the hybridized powertrain is modeled as a battery pack in which a number of battery cells are

arranged in serial or parallel and connected by wires. As shown in Fig. 3 the pack-level specific energy is linearly
correlated to the cell-level specific energy. For both the 19-pax and 50-pax models, the linear correlation between
the battery pack-specific energy and cell-level specific energy has a 1% and 0.53% root mean squared error (RMSE),
respectively. The weight of the battery includes the weight of the battery cells but also a packaging weight that includes
the battery module housing, cooling system, battery management systems, and intra- and inter-module wires. The
weights per length of wires are determined using Tables 310.15(B)(1) and 310.15(B) in the National Electrical Code [40].
All the battery components are automatically sized with the sizing of the battery capacity at the pack level.
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Table 6 Electric machine specific power and efficiency projection [4]

Timeframe Confidence Level Specific Power (kW/kg) Efficiency
SoA - 6.0 0.960

2030
Conservative 9.2 0.963

Nominal 13.2 0.968
Aggressive 16.1 0.974

2040
Conservative 10.8 0.967

Nominal 20.4 0.975
Aggressive 33.0 0.983

2050
Conservative 11.3 0.970

Nominal 24.3 0.980
Aggressive 50.0 0.989

Table 7 Power converter specific power and efficiency projection [5]

Timeframe Confidence Level Specific Power (kW/kg) Efficiency
SoA - 7.5 0.980

2030
Conservative 9.6 0.980

Nominal 13.8 0.985
Aggressive 17.3 0.988

2040
Conservative 11.4 0.985

Nominal 21.1 0.989
Aggressive 35.1 0.994

2050
Conservative 12.0 0.987

Nominal 25.2 0.992
Aggressive 52.9 0.997

The battery capacity is sized by the mission analysis, as illustrated by Fig. 4. At the starting point, an initial
estimation of battery capacity is given to run the mission analysis. In the mission analysis. the energy consumed from
the battery is determined by integrating the power required by the electric motors at each time divided by the product of
efficiencies of all electric components. In the discharging process, the energy flows from the battery to the propellers
through the energy/battery cable, HV/DC, motor cable, inverter, and electric motors. For Architecture 1, the in-flight
charging flow from the turboprop engines to the battery is the reverse of the discharging flow. The battery sizing is
subjected to two constraints: the minimum state of charge and the maximum current. If the state of charge of the battery
is lower than 20% at the end of the mission or the actual battery current exceeds the maximum limit, the battery will
be up-sized and re-run the mission analysis. If the state of charge of the battery is higher than 20% at the end of the
mission and the actual current is lower than the maximum limit, the battery will be downsized and re-run the mission
analysis. This process will keep iterated until one of the following conditions is met:

SoC = 20 & 𝐼 ≤ 𝐼𝑚𝑎𝑥 (8)
SoC ≥ 20 & 𝐼 = 𝐼𝑚𝑎𝑥 (9)

Finally, the sized battery capacity will be rounded up to a whole number of modules.

E. Gas Turbine Engine Models
The turbine engine performance, size, and weight should be considered along with the other components of the

vehicle for the optimized performance of future hybrid electric aircraft. A “scalable” engine model is used to predict the
expected performance and weight of the new centerline engines over a continuous range of design power levels.
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Fig. 3 Correlation between cell-level specific energy and pack-level specific energy for battery pack
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The NASA Numerical Propulsion System Simulation (NPSS) [20] was used to develop the scalable engine model.
The current engine data available from open literature was represented by a “baseline” scalable model, which does not
match the performance of any specific engine(s), rather it is an indication of current engines with similar design power
levels. All engines represented by this “baseline” scalable model have the same architecture and characteristics i.e. a
single spool gas generator with an axi-centrifugal compressor and a free power turbine.

To represent the expected performance and weight of future engines the scalable baseline model was adjusted
according to future performance trends from several published sources [37, 43, 44].The engine cycle is assumed to
vary with engine design power, through the design overall pressure ratio (OPR) and turbine inlet temperature (T4).
Evolutionary improvements in component aerodynamics and turbine cooling in combination with the incorporation
of new technologies such as CMC materials and 3D manufacturing lead to significant performance improvements.
An algorithm developed by Gauntner [45] is used to estimate the turbine cooling flows. Finally, the coupling of
the top-of-climb power requirement and the sea level calibration point are achieved by multiple design point (MDP)
methods [46]. The three design points are defined as follows:

• Sea level takeoff: calibration point; sets design power, OPR, and T4
• Hot day: engine power is flat-rated to a 95◦F day; sets turbine cooling and T4 limit
• Top-of-climb: engine is sized to provide required power at top-of-climb (TOC)
A guess for the sea-level takeoff power initiates the iterations in the MDP design and is also used in combination

with pre-defined correlation curved to select the design OPR and T4. Hot day conditions reused to define the maximum
T4 and to size the turbine cooling flows. Maximum climb power is maintained until T4 is limited by altitude, after
which power decreases. Convergence of the iteration on sea-level power occurs when the required top-of-climb power is
achieved. The TOC condition is also used to set all of the component efficiencies. Once the engine design is completed,
off-design performance data is generated and is fed back to the vehicle system model. This procedure is repeated for a
variety of engine design power levels, as required during the vehicle level design iteration.

F. Propeller Sizing and Performance Evaluation
For all vehicle models including the ATA, each propeller is sized to maintain the same disk power loading as in the

respective TRA model. The propeller speed (RPM) is varied following change in the diameter to maintain the same
advance ratio. The propeller mass is estimated using the adjusted Torenbeek method based on Ref. [47]:

𝑚𝑝𝑟𝑜𝑝 = 𝑘

(
𝐷 𝑝𝑃𝑚𝑎𝑥

√
𝐵

)0.52
(10)

where 𝐷 𝑝 is the propeller diameter in meters, 𝑃𝑚𝑎𝑥 is the maximum shaft power in kilowatts, 𝐵 is the number of blades,
and 𝑚𝑝𝑟𝑜𝑝 is the propeller mass in kilograms. A multiplicative factor 𝑘 is used to calibrate the propeller mass against
the TRA data.

The propeller performance is evaluated based on the Hamilton Standard database [48]. In the M&S environment,
the propeller model has the following nondimensional functional form:

𝐶𝑇 = 𝑓 (𝐽, 𝐶𝑃) |𝐵 (11)

where 𝐽 = 𝑉∞/𝑛𝐷 𝑝 is the advance ratio, 𝐶𝑃 = 𝑃𝑖𝑛/𝜌𝑛3𝐷5
𝑝 is the power coefficient, and 𝐶𝑇 = 𝑇/𝜌𝑛2𝐷4

𝑝 is the thrust
coefficient. For both the 19-pax and the 50-pax models, the nondimensional propeller model is invariant during resizing.
While the propellers operate at constant speed for most phases, the propeller speed is varied between 40% and 100% of
takeoff setting to minimize power requirements during E-taxi [39].

V. Design Space Exploration

A. Design Space Definition
A design space exploration is conducted to understand the impact of hybrid powertrain design variables and electric

component technologies on vehicle sizing and mission performance. Among the system-level design variables shared
between both architectures, “sea-level electric power fraction” (𝜆SL) describes the fraction of required sea-level takeoff
power to be provided by the electric motors, as defined in Sec. IV.A. “E-taxi switch” is a binary variable specifying
whether an electric taxi is desired for the design mission. The system design voltage determines the stack voltage of the
battery pack, affecting the sizing of the battery.
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Table 8 Ranges of the considered design variables for both hybrid parallel architectures

Design Variable Unit Architecture 1 Architecture 2

Sea-level electric power fraction – 0.05 - 0.25 0.10 - 0.30
Cruise target thrust split – N/A 0.05 - 0.95
Climb boosting type – High/Low N/A
Total boosting altitude ft 0 - 25 000 N/A
Electric motor power code at climb – 50 - 100 70 - 100
Recharging during cruise – On/Off N/A
Recharging speed C 0.5 - 2.0 N/A
E-taxi switch – On/Off On/Off
System design voltage V 540 - 1260 540 - 1260
Battery cell-level specific energy Wh/kg 300 - 1000 300 - 1000
Electric motor specific power kW/kg 3 - 30 3 - 30
Inverter specific power kW/kg 5 - 50 5 - 50
Electric motor efficiency – 0.95 - 1.00 0.95 - 1.00
Inverter efficiency – 0.95 - 1.00 0.95 - 1.00

During the climb boost, the electric motors in both architectures operate at a prescribed power code (i.e., percentage
of the rated power). For Architecture 1 only, since the engines alone are sized to satisfy the top-of-climb power
requirement, the climb can be partially boosted to reduce battery size; this is parameterized by a total boosting altitude,
which ranges from zero to cruise altitude, and a binary variable to indicate whether the climb boost takes places at low
altitude (as a continuation of takeoff boost) or high altitude (towards the end of the climb).

To characterize the in-flight battery recharging of the first architecture, two design variables are defined: “recharging
during cruise” and “recharging speed”. The former is a binary variable specifying whether the battery is to be recharged
at the cruise segment aside from the descent segment. The latter specifies how fast the battery is being recharged in terms
of C-rate. As described in Sec. IV.D, the actual charging speed will be limited by the engine excess power available.

Different from Architecture 1, the true-parallel nature of Architecture 2 does not allow in-flight recharging but
instead allows the use of electric motors at the cruise segment, where the design variable “target electric power fraction”
(i.e., the 𝜆𝑇 described in Sec. IV.B) specifies the desired thrust split between the engine-driven propellers and the
motor-driven propellers.

The last set of input variables is the key performance parameters of electric components, including the specific
energy of the battery cell and the specific power and efficiency of the electric motor and power inverter. These variables
are included to assess the impact of electric component technologies on vehicle-level performance and variation of the
best-performing design.

B. Design Space Exploration and Sensitivity Analysis
Since it takes approximately 2-3 min to evaluate a single design in the M&S environment on a typical personal

computer, it is prohibitive to directly run the environment for design space exploration. Instead, a Design of Experiments
(DoE) consisting of 6000 Latin hypercube sample points for each architecture and size class is created based on the
ranges defined in Table 8. This allows each sample point to be evaluated in the M&S environment in parallel. The
responses of interest include the following:

• Climb performance: This is characterized by the sea-level rate of climb in “all-engine-operating” condition and
the time to climb to cruise altitude. With hybrid-electric architectures, “all-engine-operating” means that both the
engines and the electric motors are operative. The climb performance is primarily used as a constraint to filter out
infeasible designs.

• Powertrain performance: This includes the average cruise brake specific fuel consumption (BSFC, ratio of
engine fuel flow to engine output shaft power), average cruise thrust specific fuel consumption (TSFC, ratio of
total fuel flow to total net thrust), and taxi thrust excess (log(𝑇av/𝑇req) at taxi segment). The definition of specific
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fuel consumption is generalized based on similar concepts for conventional aircraft to allow direct comparison
between the ATA and the hybridized aircraft. The taxi thrust excess serves as a constraint to filter out infeasible
designs.

• Weights and mission performance: This includes the battery pack weight, the takeoff gross weight (TOGW),
the operating empty weight (OEW, battery excluded), and the block fuel and block energy of the design mission,
where the block energy is the sum of the energy of block fuel (based on a lower heating value of 11.9 kWh) and
the effective battery energy consumed (i.e., zero if the battery is fully recharged at the end of the mission). These
metrics are primarily used as design objectives.

After the results have been collected, surrogate models are established between response metrics and design variables
to enable fast evaluation of any points within the design space. For each response, a two-layer artificial neural network
(ANN) model is created and validated using a 5-fold cross-validation method; a minimal number of neurons are selected
to achieve high R-squared values (above 0.99) and small root mean squared error (within 0.5%) for both the training set
and the validation set. Using the surrogate models, interactive prediction profilers are generated to visualize and explore
the trends between the design variables and responses of interest, where each cell is a plot showing the response of a
single output to the variation of a single input while holding all other inputs at their current settings.

The following subsections present a snapshot of the prediction profiler for each size class and architecture, where
the powertrain design variables except the system design voltage are selected to minimize the design mission block fuel,
while the system design voltage is fixed at 1080 V and the electric component technological parameters take the settings
in Table 9 to represent a nominal 2030 technology level.

Table 9 Assumptions of 2030 electrified powertrain technology levels

Parameter Value Unit Ref.

Battery cell-level specific energy 489 Wh/kg [3]
Electric motor specific power 13.2 kW/kg [4]
Inverter specific power 13.8 kW/kg [5]
Electric motor efficiency 0.968 – [4]
Inverter efficiency 0.985 – [5]

1. 19-pax Vehicle with Architecture 1
Figure 5 shows the prediction profiler for 19-pax aircraft with Architecture 1. The main hybridization benefit is

evaluated in terms of block fuel savings and a baseline value (blue line) of 402 kg for the ATA is shown for comparison
purposes. Based on the best design represented by the set of design variables shown in Fig. 5, the block fuel is reduced
by 2.78%. This reduction is achieved from a moderate level of electrification of 15% (relative to the sample range),
represented in the profiler by the sea-level electric power fraction design variable. At the aircraft level, the achieved fuel
savings are accomplished with an increase in the TOGW and OEW by 3.02% and 1.49% respectively in comparison to
the ATA, mainly due to the additional weight of the battery (157 kg). By inspecting the trends using the prediction
profiler, given the 2030 technology assumptions in Table 9, the powertrain design variables that have the most significant
impacts on vehicle sizing and performance are the sea-level electric power fraction, the climb boost strategy, the total
climb boost altitude, and the E-taxi switch.

As a direct driving factor in the sizing of engines and electric motors, the sea-level electric power fraction has
a strong impact on the time-to-climb, BSFC, battery weight, OEW, and TOGW. Since a partial climb boost is used,
downsized engines due to higher electric power fraction will lead to a longer time to climb. As the engines become
downsized, they tend to operate closer to the maximum power setting during the cruise, making them more fuel efficient,
hence lower BSFC. However, as the electric motors are upsized, more battery energy is required, resulting in a rapid
increase in battery weight, along with an increase in OEW and TOGW.

As for the climb boost, with downsized engines due to moderate electrification, a low-altitude boost with the electric
motors operating at 95% power is required to satisfy the sea level rate of climb requirement (no less than 2140 ft/min).
While increasing the total climb boost altitude helps reduce the time to climb, a higher battery energy requirement also
causes an increase in block fuel and TOGW.

The E-taxi switch primarily has an impact on block fuel reduction (approximately 3%). This is achieved by avoiding

13



Fig. 5 Prediction profiler for 19-pax with Architecture 1
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running the engines near idle power where the fuel efficiency is much worse than the cruise condition. The additional
battery upsizing is negligible due to the relatively short duration and low power requirement.

The in-flight charging parameters do not have a significant impact on vehicle sizing and performance since the
battery is relatively small and does not require much additional fuel burn to recharge. Their primary impacts are seen on
the BSFC and TSFC: when recharging in cruise is desired, the BSFC improves (reduces) since the engines run at higher
power settings to recharge the battery, but the TSFC becomes higher since more fuel is burned without generating more
thrust. The system voltage has a minor impact on TOGW and block fuel: as the system voltage increases, cables and
wires become lighter.

Among the electric component technology variables, the battery specific energy has the most significant impact on
weights and block fuel. The specific power and efficiency of the electric motors and inverters have a less significant
impact on vehicle sizing. Technology improvements will lead to diminishing returns, which is represented by a reduction
in the absolute value of the slopes in the profiler cells.

2. 50-pax Vehicle with Architecture 1
Figure 6 shows the prediction profiler for the 50-pax vehicle with Architecture 1. The best design achieves 2.4%

block fuel reduction compared to the ATA (744 kg) with a relatively low sea-level electric power fraction of 0.05. The
impacts of the powertrain design variables except the sea-level electric power fraction are similar to the 19-pax results.
In order to satisfy the sea-level rate of climb requirement, a low-altitude boost with electric motors operating at 89%
power is required. A total climb boost altitude of 10 500 ft minimizes the OEW, the TOGW, and the design mission
block fuel. Recharging in cruise improves the BSFC but worsens the TSFC since the engines operate at more efficient
power settings but the propellers do not generate more thrust. By avoiding operating the engines at inefficient idle power
settings, E-taxi contributes to a 2.0% fuel saving without significant impact on the TOGW and the OEW.

The impacts of sea-level electric power fraction (𝜆SL) can be seen as piecewise functions based on Fig. 6. Due to the
relatively low vehicle power-to-weight ratio (𝑃TO/𝑊0) of the 50-pax ATA, the gas turbine engines cannot be downsized
significantly in order not to violate the top-of-climb and cruise power requirements. These constraints translate to a
usable upper bound of 𝜆SL ≈ 0.1. When 𝜆SL < 0.1, the engines and the electric motors are sized such that the total
sea level power available matches exactly the takeoff power requirement, i.e., the equalities in Eq. (1) and (2). When
𝜆SL > 0.1, while the electric motors are still sized based on the equality in Eq. (2), the engines have to be oversized for
takeoff to satisfy the top-of-climb and cruise power requirements, which results in a heavier powertrain. While the
oversized engines improve the climb performance, the OEW, TOGW, and block fuel increase with steeper slopes when
𝜆SL > 0.1 as shown in Fig. 6, making such designs economically impractical.

3. 19-pax Vehicle with Architecture 2
Figure 7 shows the prediction profiler for 19-pax aircraft with Architecture 2. Unlike Architecture 1, Architecture 2

allows the use of electric motors during the cruise, therefore can support a significantly higher degree of electrification.
Within the design space, the optimal sea-level electric power fraction to minimize block fuel is 30%, and the optimal
cruise thrust split is 37%. Such a design achieves a 7.35% block fuel saving compared to the ATA. Similar to Architecture
1, E-taxi brings a fuel saving of about 5.6%. However, as indicated in Fig. 7, when E-taxi is desired, a minimum
sea-level electric power fraction of 0.135 is required to satisfy the taxi thrust requirement.

Among the powertrain design variables, the sea-level electric fraction and the cruise target thrust split have the most
significant impact on TOGW and block fuel. As in Architecture 1, the sea-level electric power fraction determines
the sizing of turboprop engines and electric motors. Unique to Architecture 2, the cruise thrust split affects the power
settings of engines and motors, thus the amount of fuel and battery energy consumed during cruise. A higher electric
power fraction and cruise thrust split tend to consume more battery energy, therefore both the battery weight and the
TOGW increase monotonically with these design variables. As the cruise thrust split increases, the engines tend to
operate at low power settings, resulting in an increase in the BSFC; meanwhile, since a higher fraction of thrust required
is generated by the motor-driven propellers, a significant decrease in the TSFC is observed.

Based on Fig. 7, a piecewise trend is observed in all responses with respect to the sea level electric power fraction and
the cruise target thrust split. When the sea-level electric power fraction is held at 0.3, the two motor-driven propellers
can provide up to approximately 65% of the cruise thrust required. Therefore, all outputs do not vary with the cruise
target thrust split beyond 0.65. Similarly, when it is desired that the electric motors generate 37% of cruise thrust,
a minimum sea-level electric power fraction of approximately 0.16 is required, below which the electric motors are
undersized, and the actual cruise thrust split will deviate from the target value.
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Fig. 6 Prediction profiler for 50-pax with Architecture 1
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Fig. 7 Prediction profiler for 19-pax with Architecture 2
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Due to a higher sea-level electric power fraction, the engines alone may not provide sufficient power during the
climb, therefore Architecture 2 always boosts the entire climb segment. In order to satisfy the climb performance
requirement, the electric motors should operate at a minimum of 75% of the rated power. However, since the climb
motor power code has negligible impacts on weights and block fuel, it may be preferred to operate the electric motors at
full power to further improve the climb performance.

Regarding the electrical components KPP variables, the battery cell specific energy has a more significant impact on
fuel burn, energy consumption, and aircraft weight than the specific powers of the electric motor and inverter due to the
extensive use of electric motors. This implies that the performance of Architecture 2 is very sensitive to the battery
technology level. Similar to Architecture 1, a diminishing return is observed for all the technology variables.

4. 50-pax Vehicle with Architecture 2
Figure 8 presents the prediction profiler for the 50-pax model with Architecture 2. The optimal design achieves a

fuel saving of 5.94%, featuring a high sea-level electric power fraction of 0.3 and a moderate cruise thrust split of 0.33.
Overall, the impacts of powertrain design variables are similar to the 19-pax results.

Since the electric motors do not lapse with airspeed and altitude, as the sea-level electric power fraction increases,
the sea-level rate of climb increases, and the total time-to-climb decreases. Given the 2030 battery specific energy
assumption, the battery weight, TOGW, and OEW increase monotonically due to an increasing electric energy
requirement. Meanwhile, block fuel monotonically decreases within the sample range.As the cruise target electric
power fraction increases, the motor-driven propellers tend to provide a larger fraction of thrust, while the engines tend to
operate at lower power settings. Therefore, the BSFC increases but the TSFC decreases. Due to the increased electric
energy requirement, the battery weight, TOGW, and OEW increase more significantly compared to the impact of
sea-level electric power fraction. Similar to the 19-pax results, both the sea-level electric power fraction and the cruise
target thrust split have a piece wise impact on the outputs. When the sea-level electric power fraction is held at 0.3, the
motor-driven propellers can supply no more than 55% of the cruise thrust required. When the motor-driven propellers
are required to supply 33% of the cruise thrust, a minimum sea-level electric power fraction of 0.18 is necessary.

The electric motor power code during the climb mainly affects the climb performance. With the sea-level electric
power fraction being 0.3, the electric motors need to operate at a minimum of 82% of rated power in order to satisfy the
sea-level rate of climb requirement. However, since the electric motor power code during the climb does not have a
significant impact on weights and block fuel, it may be preferred to operate the motors at full power to further improve
the climb performance.

The use of E-taxi brings a notable fuel saving of 3.9% since the engines are turned off instead of being operated
at inefficient near-idle conditions. Although E-taxi requires an upsized battery to provide additional electric energy,
the impact on TOGW and OEW is negligible. Since the motor-driven propellers are smaller than the engine-driven
propellers and the propellers in Architecture 1 (given the same TOGW), if E-taxi is desired, the 50-pax requires a
minimum sea-level electric power fraction of 0.165 in order to satisfy the taxi thrust requirement.

Regarding the component KPP variables, the battery specific energy remains the most impactful factor for weights
and block fuel, since the architecture is expected to consume more electric energy compared to the first architecture
due to a higher degree of electrification and cruise hybridization. On the other hand, increasing the specific power of
electric motors and inverters brings marginal improvements at most vehicle-level performance metrics except that the
block fuel can be improved slightly by increasing the component efficiency.

C. Optimal EAP Designs
The settings in Figs. 5 through 8 establish the optimal designs of the aforementioned EAP architectures which

minimize the design mission block fuel with the common 2030 technological assumptions in Table 9, subject to the
constraint of the sea-level rate of climb and taxi thrust requirement. Tables 10 and 11 present the vehicle-level metrics
of the optimal designs and the effects of electrification over the respective ATA models. These selected designs are
re-evaluated in the M&S environment to eliminate prediction errors from the surrogate models.

Despite an increase in both the TOGW and OEW, all EAP optimal designs exhibit fuel savings over the respective
ATA models. In general, Architecture 2 shows more fuel benefit compared to Architecture 1, since Architecture 1 only
consumes battery energy for E-taxi, takeoff boost, and partial climb boost, but recharges the battery in flight, while
Architecture 2 extends the battery usage to the entire climb, cruise, approach, and landing segments without in-flight
recharging.

A comparison of the BSFC and TSFC reveals the different fuel-saving mechanisms between the two architectures.
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Fig. 8 Prediction profiler for 50-pax with Architecture 2
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Table 10 Impacts of hybridization on the 19-pax aircraft with 2030 technology assumptions

Item Unit ATA Architecture 1 Architecture 2

Value Value Change Value Change

Maximum takeoff weight kg 7056 7269 +3.02% 10 405 +47.46%
Operating empty weight kg 4429 4495 +1.49% 5628 +27.1%
Engine rated power kW 823 720 −12.46% 849 +3.18%
Electric motor rated power kW N/A 127 N/A 146 N/A
Battery weight kg N/A 157 N/A 2130 N/A
Design mission block fuel kg 402 391 −2.78% 373 −7.35%
Design mission block energy MWh 4.820 4.688 −2.78% 5.158 +7.01%
Cruise average BSFC lbm/hp/h 0.4713 0.4645 −1.44% 0.4883 +3.61%
Cruise average TSFC lbm/lbf/h 0.3914 0.3883 +0.79% 0.2681 −31.5%

Table 11 Impacts of hybridization on the 50-pax aircraft with 2030 technology assumptions

Item Unit ATA Architecture 1 Architecture 2

Value Value Change Value Change

Maximum takeoff weight kg 15 654 15 727 +0.46% 22 488 +43.66%
Operating empty weight kg 9846 9874 +0.28% 12 020 +22.08%
Engine rated power kW 1252 1195 −4.55% 1259 +0.58%
Electric motor rated power kW N/A 63 N/A 540 N/A
Battery weight kg N/A 78 N/A 4635 N/A
Design mission block fuel kg 744 726 −2.42% 700 −5.94%
Design mission block energy MWh 8.921 8.705 −2.42% 9.799 +9.84%
Cruise average BSFC lbm/hp/h 0.4090 0.4086 −0.10% 0.4148 +1.42%
Cruise average TSFC lbm/lbf/h 0.4087 0.4101 +0.34% 0.3014 −26.25%

In Architecture 1, all cruise propulsive power is provided by the gas turbine engines. By boosting the takeoff and
climb segments, the engines are downsized and can operate near the most efficient condition during the cruise. This
improves the BSFC despite a slightly higher TSFC due to in-flight recharging, but the overall fuel benefit is small due
to the top-of-climb and cruise power constraints on engine downsizing. Meanwhile, in Architecture 2, the electric
motors complement the gas turbine engines during the cruise. This allows the engines to operate at low power settings,
drastically reducing the TSFC at a cost of a relatively small increase in the BSFC. Although there is a significant increase
in TOGW due to the large battery, the low TSFC of Architecture 2 still leads to a better fuel saving than Architecture 1.

From Tables 10 and 11, it is also observed that Architecture 2 on both vehicles requires a higher amount of block
energy compared to the ATA since the additional electric energy consumed negates the energy saved in block fuel.
Based on the prediction profilers in Figs. 7 and 8, in order to neutralize the impact on block energy, the battery cell-level
specific energy should be at least 600 Wh/kg for the 19-pax vehicle and 680 Wh/kg for the 50-pax vehicle, which is
around the predicted nominal 2040 technology levels [3]. While the block energy measures the total energy requirement
to fly the mission, the block fuel is still used as the objective of minimization in this study, since the electric energy for
recharging on the ground may be generated in cleaner ways that do not produce as much emission as burning jet fuel.

D. Impacts of Battery Technology on Optimal EAP Designs
The prediction profilers in Figs. 5 thru 8 indicate that the battery technology, characterized by the cell-level specific

energy, has the strongest impact on weights, fuel burn, and total energy consumption among the electric component
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KPP variables considered. Further investigation within the design space using the prediction profilers reveals that the
optimal values of powertrain design variables also strongly depend on the battery specific energy.

1. Interaction between Battery Technology and Sea-Level Electric Power Fraction

Sea-level Electric Power Fraction
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Fig. 9 Interaction between sea-level electric power fraction and battery specific energy (E-taxi = On)

Figure 9 presents the variation of block fuel with respect to the sea-level electric power fraction and battery cell-level
specific energy. In all cases, E-taxi is preferred to minimize the block fuel. The interaction between the sea-level electric
power fraction and battery specific energy can be observed from both the values and the slopes of the optimal block
fuel response. For each model, as the battery specific energy increases, the optimal block fuel curve shifts downwards,
indicating improved fuel performance due to a lighter battery pack. In the meantime, the slope at a given sea-level
electric power fraction also decreases (becomes more negative), implying either less fuel penalty or more fuel benefit
when the sea-level electric power fraction increases, since the battery mass grows more slowly with high specific energy.
These effects, combined together, cause not only an improvement in fuel performance but also in general an increase in
the optimal sea-level electric power fraction. An exception is the 50-pax vehicle with Architecture 1: as discussed
earlier, due to its low vehicle power-to-weight ratio, the economically viable sea-level electric power fraction is limited
below 10%, regardless of all other input variables; the optimal sea-level electric power fraction thus remains at a low
level for a wide range of battery specific energy.

2. Sensitivity of Fuel Performance to Battery Technology and E-Taxi Strategy
Figure 10 presents the variation of the optimal block fuel with respect to the battery cell-level specific energy, which

is created by connecting the points representing the minimum block fuel on each curve in Fig. 9 and recording their
coordinates. For comparison, a curve with the E-taxi switch being “off” is also created in a similar way for each model.

Comparing the slopes of the curves between Architecture 1 and Architecture 2, it is observed that the fuel performance
of Architecture 2 is much more sensitive to the battery technology than Architecture 1. For Architecture 2, since an
extensive amount of electric energy is consumed during the cruise, the battery mass contributes to a significant part of
the vehicle gross weight, especially at low specific energy. Therefore, while Architecture 1 may show more fuel benefit
in the near term when the specific energy is low, Architecture 2 has a greater potential in the long term to achieve better
fuel savings when battery technology improves.

It is also observed from Fig. 10 that the fuel saving due to E-taxi, represented by the vertical gap between the two
curves, increases marginally with the battery specific energy. However, it is insensitive to the battery specific energy
within the range considered. During the E-taxi, the propeller speed is varied to minimize the power requirement, and
the efficiency of electric motors remains high for a wide range of power requirement and propeller speed. Therefore,
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Fig. 10 Interaction between battery specific energy and E-taxi strategy

only a small amount of electric energy is required for E-taxi, which does not contribute to a large portion of the battery
mass. Meanwhile, a more significant amount of fuel saving is resulted from avoiding running the engines at the most
inefficient conditions in the entire mission, which is independent of the battery technology. Since the total duration of
taxi segments is the same for both vehicles but the overall mission endurance is shorter for the 19-pax vehicle, the E-taxi
shows more fuel benefit for the 19-pax vehicle compared to the 50-pax vehicle.

3. Impact of Battery Technology on Optimal Powertrain Design Variables
Figure 11 presents the variation of the optimal sea-level electric power fraction and (for Architecture 2 only) cruise

target thrust split with respect to the battery cell-level specific energy. In each subfigure, the red solid curve indicates
the sea-level electric power fraction or the cruise target thrust split which minimizes the block fuel. Two bands are
plotted above and below the optimal curve indicating the maximum deviation from the optimal values that result in
0.1% and 0.5% fuel penalty relative to the optimal designs, respectively.

With Architecture 1, the optimal sea-level electric power fraction for the 19-pax vehicle increases steadily from 5%
to 21% as the cell-level specific energy increases from 300 Wh/kg to 700 Wh/kg. A large deviation in the sea-level
electric power fraction can be accepted without significantly compromising the fuel performance. For example, at
489 Wh/kg, the sea-level electric power fraction may be reduced from 15% to 9.3% with a 0.1% increase in the block
fuel; then, based on the prediction profiler in Fig. 5, the TOGW and the OEW (excluding battery) will be reduced by
1.2% and 0.57%, respectively. For the 50-pax vehicle, the optimal sea-level electric power fraction remains at 5% within
the range of specific energy considered, and a fuel penalty band is not visible below the optimal curve within the design
space; therefore, a more comprehensive study on an expanded design space may be necessary to investigate the trade-off
between fuel saving and aircraft weights.

With Architecture 2, when the battery specific energy is low, the unconstrained optimal sea-level electric power
fraction remains at the lower bound of the design space and the cruise target thrust split remains below 10%. At
approximately 315 Wh/kg for the 19-pax vehicle and 370 Wh/kg for the 50-pax vehicle, the optimal sea-level electric
power fraction increases steeply until hitting the upper bound, and the cruise target thrust split also increases steadily,
implying a preference to use the battery energy. At high specific energy (above 450 Wh/kg), the block fuel optimality is
sensitive to the sea-level electric power fraction, as implied by the narrow bands, and there is little margin to trade
block fuel for TOGW and OEW. For example, for the 50-pax vehicle, at 489 Wh/kg, reducing the sea-level electric
power fraction from 30% to 29.7% causes a fuel penalty of 0.1%, but the TOGW and OEW may only be reduced by
0.16% and 0.08%, respectively. Meanwhile, the block fuel optimality is less sensitive to the cruise target thrust split as
indicated by the wider bands in the third column of Fig. 11. For the 50-pax vehicle, at 489 Wh/kg, reducing the cruise
thrust split from 33% to 31% causes a fuel penalty of 0.1%, and the TOGW and OEW can be reduced by 1.3% and
0.63%, respectively. Therefore, if the aircraft weights are of greater concern during the design process, it is preferred to
reduce the cruise target thrust split to avoid excessive fuel penalty.
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Fig. 11 Impact of battery specific energy on optimal sea-level electric power fraction and cruise target thrust
split (E-taxi = On)

VI. Conclusion
This paper presents a design space exploration study to investigate the impact of applying hybrid parallel propulsion

architectures on turboprop aircraft. Two baseline TRA models are established based on Beechcraft 1900D (19-pax size
class) and ATR 42-600 (50-pax size class). To isolate the impact of hybridization on aircraft performance, ATA models
are created by infusing 2030 airframe and engine technologies into the TRA models. Two parallel hybrid propulsion
architectures are proposed: Architecture 1 maintains the baseline two-propeller configuration and installs an electric
motor in parallel with each engine, and allows in-flight charging during cruise and descent; Architecture 2 is equipped
with four propellers, each driven by an engine or an electric motor, and allows the use of electric motors during the
cruise to complement the engines. Each architecture is parameterized with powertrain design variables, which describe
the sizing and operating strategy of the hybrid powertrain, and electric component KPPs, which model the electric
component technologies.

Enabled by the techniques of Design of Experiments and surrogate modeling, a design space exploration is performed
on the powertrain design variables and the electric component KPPs. Each candidate is resized to maintain the same
vehicle power-to-weight ratio, takeoff wing loading, and design mission as the respective ATA model. A constrained
optimization on the design mission block fuel shows that given the 2030 electric technology assumptions, Architecture 1
achieves a small fuel saving (2.78% for 19-pax and 2.42% for 50-pax) by downsizing the engines and operating the
engines at more efficient power settings during the cruise, while Architecture 2 achieves a better fuel saving (7.35% for
19-pax and 5.94% for 50-pax) with extensive use of electric energy during the cruise and operating the engines at low
power settings. The use of E-taxi consistently results in a block fuel saving for both architectures and both vehicles
when the battery technology is beyond the 2030 level. A preliminary sensitivity analysis reveals that, as the battery
technology improves, the optimal degree of hybridization, as represented by the sea-level electric power fraction and
(for Architecture 2 only) the cruise target thrust split, tends to increase in general, and the performance of Architecture 2
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is more sensitive to the battery technology compared to Architecture 1 due to its extensive use of battery energy during
the cruise.

Avenues of future work include the following: 1) Identify a set of Pareto optimal designs considering multiple
objectives in addition to the block fuel, such as emission and energy cost [19]; 2) Evaluate the payload-range performance
and assess the fuel and energy consumption of off-design missions [19]; 3) Study the impact of hybridization on
secondary power subsystems, such as the sizing of the thermal management system [49] and the operability of hydraulic
and pneumatic systems during E-taxi; 4) Incorporate certification requirements to constrain the power split optimization
and propulsor positioning for the distributed propulsion of Architecture 2 [50]; 5) Apply the design and analysis process
to hybrid architectures with other forms of energy storage, such as supercapacitors and fuel cells.
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