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Abstract

This work presents a comprehensive analysis of hybrid electric propulsion systems in commuter aircraft, aimed
at enhancing energy efficiency. The study utilizes an aircraft conceptual design library, OpenConcept, to perform
evaluations of various aircraft components and their interrelationships. The methodology integrates aerodynamics,
propulsion, and mission analysis within a common framework to optimize the aircraft design. The analysis focuses
on a 19-passenger commuter aircraft, employing a series/parallel hybrid-electric architecture. The gradient-based
Sequential Least Squares Programming optimizer is utilized to optimize design variables such as battery weight,
engine power, and the selected power ratios, while adhering to operational constraints. Through a rigorous Design
of Experiments study, the paper highlights that even when considering the current battery technology, hybrid-electric
propulsion yields substantial energy savings for short-haul missions. The fuel and energy consumption reductions
are evident, particularly for shorter ranges. However, for extended missions, the critical role of advanced battery

energy density is emphasized to achieve significant energy efficiency improvements.

1 Introduction

Aerospace sustainability has received considerable fo-
cus over the past years. Aviation’s environmental im-
pact, particularly greenhouse gas emissions and noise
pollution are the main drivers of making aviation
more efficient and, hence, more sustainable. This is
reflected by the sustainability goals (Darecki et al.,
2011; Mangelsdorf, 2012) set by various organiza-
tions across the globe. Despite the operation disrup-
tions due to the pandemic, the sector is gradually re-
turning to normal operations and is expected to exceed
pre-pandemic levels (IATA, 2022). Therefore, there is
a need for more sustainable aircraft in the coming fu-
ture.

Electrified propulsion is a promising technology
which is receiving increasing attention in the last
decades. Due to the current energy storage technology
and inherit additional weight, fully-electric propul-
sion is only feasible for limited range. Hybrid-electric
propulsion systems are considered as the stepping-
stone towards zero-emission aircraft. These aircraft
concepts combine traditional gas turbines with electri-
cal motors and energy storage systems. They present
potential to reduce fuel consumption, emissions and
improve the overall system energy efficiency (Felder,
2016; Pornet & Isikveren, 2015).

The electrification of aircraft industry focuses on dif-
ferent market segments. One of them is the short-

haul segment, where light commuter aircraft appli-
cations are covering distances of maximum 600-800
nautical miles. Such applications use turboprops and
small regional jets with turboprops prioritizing fuel
efficiency while turbofans and turbojets offer higher
cruise speeds.

Several benefit estimations have been presented in the
open literature based on conceptual design of hybrid-
electric aircraft. As it was reported by (Kruger et
al., 2018), different architectures have different op-
timal applications with hybrid-electric being suitable
for intermediate ranges (< 800 NM). This work was
extended with the mission analysis of commuter air-
craft (Kruger & Uranga, 2020) and it was presented
that hybrid-electric configuration can lead to a 63%
reduction in energy consumption, with a cost of 52%
increase in the take-off weight. (Zamboni et al., 2019)
analysed different hybrid-electric architectures with
the series/parallel one emerging as the most promis-
ing due to the combination of benefits in both aerody-
namic performance and propulsion system efficiency.
The authors reported a 28% and 14% reduction in fuel
and energy consumption respectively compared to the
baseline aircraft considered. In addition, the ELICA
EU-funded project reported a 56% reduction in total
energy consumed for a series/parallel partial hybrid
commuter aircraft with Entry-Into-Service (EIS) 2025
when compared to a reference aircraft with EIS 2014
(Nicolosi et al., 2022). Finally, (Schifer et al., 2019)
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estimated that short-haul electrified aircraft has the
potential to replace up to 15% of global revenue pas-
senger kilometers and a substantial number of global
departures.

The addition of extra electrical components can lead
to increased complexity to the system, requiring a
thorough evaluation of its effects. The generation of
thrust relies on two sources: traditional fuel and elec-
trical energy from hybrid systems. Deciding when to
use each energy source involves various factors and
needs in-depth investigation. Many design choices
depend the components’ efficiency, weights, and in-
terrelations (Moore, 2014). Instead of the traditional
approach of designing aircraft, there’s a growing need
to shift towards more comprehensive methodologies.
These combine exploring different design possibili-
ties with optimization techniques while taking into ac-
count a range of aspects from different areas of air-
craft design. This shift is based on the understand-
ing that the connections between these different disci-
plines have considerable effects on the system perfor-
mance (Martins & Lambe, 2013). Therefore, there is a
requirement for flexible and efficient design tools that
can handle various aspects of aircraft design and their
complex relationships. Such tools allow for a holis-
tic approach that not only considers the efficiency of
individual parts but also takes into consideration the
broader effects and interactions within the entire sys-
tem.

This study delves into the advantages presented by
a series/parallel partial hybrid-electric concept de-
signed for a 19-passenger commuter aircraft. The ar-
chitecture incorporates a conventional turboprop en-
gine and a motor-driven e-propeller per wing. In ad-
dition, an on-board battery system is integrated while
the turboprop engines coupled with generators. This
arrangement enables the e-propeller to operate using
either battery or engine-generated energy. To facil-
itate these investigations, a flexible aircraft concep-
tual design tool, built upon the OpenConcept library
(Brelje & Martins, 2018), is developed. Notably, es-
sential adaptations to the computational scheme are
introduced, enabling fast and approximate calcula-
tions crucial for mission performance analysis. By in-
tegrating different disciplines, the study paves the way
for the design and operation of hybrid-electric aircraft,
with a strong focus on advancing fuel and energy ef-
ficiency. By employing a comprehensive design of
experiments (DOE) approach, the research focuses
on two pivotal variables: the mission range (mea-
sured in nautical miles) and the battery energy density
(Wh/kg). These key factors are strategically selected
for their profound influence on the aircraft’s opera-
tional capabilities and overall efficiency. A compre-
hensive understanding of the interplay between these
variables facilitates an assessment of the feasibility to
achieve the desired mission range while optimizing
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the battery offering the potential to elevate the air-
craft’s holistic performance.

2 Methodology
2.1 Aircraft conceptual design framework

The present work employs a general purpose air-
craft design toolkit which includes different aircraft
component models to perform individual calculations
while taking into consideration their interrelations.
The framework is based on the OpenConcept devel-
oped by (Brelje & Martins, 2018) which is an open-
source python library. OpenConcept is an adaptable,
low-fidelity aircraft design library and its main pur-
pose is to provide fast mission results for aircraft con-
ceptual design.

The user provides a set of parameters to the li-
brary; aircraft geometry characteristics, typical air-
craft weights such as the maximum take-off weight
(MTOW), propulsion component characteristics and
finally mission profile parameters for all mission
phases. The library uses the set of input parameters
and the pre-defined mission to perform weight esti-
mations, basic aerodynamic calculations and finally
mission performance analysis to compute high-level
variables such as fuel and energy consumed. It em-
ploys a non-linear Newton solver in order to set an ap-
propriate lift coefficient and throttle of different pow-
ertrain components to satisfy the pre-defined mission
requirements.

The OpenConcept library has a variety of different
size aircraft models available as well as series hybrid-
electric and parallel hybrid-electric modelling capa-
bilities (Adler et al., 2022; Fouda et al., 2022). It
is important to note that the weight estimation cal-
culations are based on textbook calculations using
empirical formulas (Raymer, 2018; Roskam, 2019;
Torenbeek, 2013) and different calculations are im-
plemented based on the aircraft class considered. Fur-
thermore, the employed library is built on top of the
OpenMDAO framework and is extensively discussed
in the work of (Gray et al., 2019). Any of the afore-
mentioned input variables can be used as an optimiza-
tion design variable, and, hence, the analysis and op-
timization of the aircraft system is enabled.

Within the present work, a conventional 19-passenger
aircraft model has been developed to enable the inves-
tigation of hybrid-electric commuter aircraft concepts.
The conventional model is based on the Beechcraft
1900D aircraft featuring two turboprop engines. The
main aircraft design parameters, such as the wing
area and Operating empty weight (OEW) are matched
with the publicly available data for the Beechcraft
1900D (Beech Commuter Airliners, 2000). The air-
craft model matches the value of OEW with a very
small deviation of 0.04%. This ensures that the model
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correlations can closely capture the reference aircraft.
Finally, it is important to note that the conventional
Beechcraft 1900D aircraft serves as the reference air-
craft throughout this work.

2.2 Series/parallel partial hybrid-electric architecture

The work focuses on the series/parallel partial hybrid-
electric architecture. The Therefore, a hybrid-electric
aircraft model has been developed for the purposes of
this work using the OpenConcept library. The model
is based on the conventional 19-passenger Beechcraft
1900D model mentioned in the previous subsection.
A schematic of the propulsion model used is presented
in Figure 1. The powertrain architecture includes two
turboprop conventional engines, a battery system, a
Power Management and Distribution (PMAD) system
and two e-propellers driven by electrical motors. The
PMAD system shown in Figure 1 is introduced in the
model to ensure a consistent power supply from dif-
ferent energy sources. The powertrain architecture
has been modified accordingly in the model to include
the required components.
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Figure 1. Schematic of a twin-engine series/parallel partial
hybrid electric propulsion model in OpenCon-
cept.

As shown in Figure 1, the computational scheme is
updated as well, as both thermal and electrical com-
ponents can contribute to the thrust generation in this
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concept. The turboprop engines can deliver power to
both the propeller (denoted by P,,,,) and the gener-
ator (denoted by Pyyriq). Therefore an engine power
split is defined within the model as shown here:

L - ey

ey —
Pprop + Phybrid

The eg is set by the user (or optimizer) and is kept at
the same level for the two engines to achieve thrust
balance. Furthermore, it can take different values for
different mission phases but is selected to remain con-
stant throughout each phase.

In addition, to determine the battery contribution on
the thrust produced by the e-propellers, the supply
power ratio @ is introduced in the PMAD system, fol-
lowing the definition presented by (Isikveren et al.,
2014; de Vries et al., 2019):

P, bat

b =
Prar +Pgen,1 +Pgen,2

2

where, Py, is the power delivered by the battery and
Pgen is the power delivered by the generator to the
PMAD. To be able to match the power requirement
from the motors, an implicit gap is exposed to the
Newton solver. The engines’ throttle is set by the
solver in order to achieve the PMAD power require-
ment P4, whereas the @ is set by the user. Finally,
it is important to highlight that the thrust split between
the mechanical and electrical propeller is not set di-
rectly but is a result of the power calculated by the
combination of eg and . The motors’ throttle is set
again by the solver in order to achieve steady flight
conditions as it will be discussed in subsection 2.3.

The main model assumptions for individual power-
train components are summarized in Table 1. The
time-frame under consideration for the entry into ser-
vice (EIS) of the concept is set to 2035. This is
reflected on the assumptions for the electrical com-
ponent efficiencies. For the turboprop engines, the
model performance characteristics are based on the
Pratt & Whitney PT6A-67D unit (Badger et al., 1994).

2.3 Mission analysis

The nominal mission profile selected is presented in
Figure 2. The mission analysis includes a main mis-
sion, where the high-level parameters are extracted
and a diversion mission of 100 nautical miles to con-
sider the scenario in which the aircraft must land in a
different airport. Finally, according to the CS-23 certi-
fication requirements (EASA, 2018) for 19 passenger
commuter aircraft, the aircraft shall be able to fly for
30mins at 1500ft using only one energy source. This
requirement is included in the mission analysis and
aircraft design as a loiter phase.
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Table 1. Powertrain technology assumptions (EIS 2035).

Parameter Value
P&W PT6A-67D 2 x 950 kW
PSFC* 0.074/0.094/0.1* g/(kW*s)
(climb/cruise/loiter)
Motor power density 10 kW/kg
Generator power density 10 kW/kg
Motor efficiency 0.95
Generator efficiency 0.96
Battery efficiency 0.97
PMAD efficiency 0.99
* estimation
-10%
127 Main Mission ])I\l;;::;?ln Loiter
11 FLI00 ———— - B
£ 08+
,é 0.6 +
=
041
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’ 100 200 300 100 500 600

Mission Range (NM)

Figure 2. Typical mission profile for commuter aircraft.

Each mission phase is split into segments by using in-
termediate points, in which the vertical and horizontal
speed are pre-defined. For each flight segment, the li-
brary calculates the value of the residual Ry, using
the following equation:

Rippruse = T —D —mgsiny (3)

where, T is the thrust, D is the drag, m is the current
aircraft weight, g is the gravitational acceleration and
finally 7 is the aircraft angle. The OpenMDAQO’s New-
ton solver is responsible to estimate the primary thrust
control parameter (engine or motor throttle) in order
to achieve zero horizontal acceleration. Furthermore,
in the climb and descent phases the excess thrust or
drag respectively are achieved in such a way to match
the vertical speed, whereas in the case of cruise and
loiter, the thrust and drag forces should be equal. Fi-
nally, for each segment, the aircraft weight is updated
based on the fuel consumed in the previous segment.
Parameters such as fuel and energy consumed are in-
tegrated with respect to time using the Simpson’s rule.
The diversion mission and loiter phase fuel and energy
are not directly presented in this work, however they
do affect the aircraft design as according to the CS-
23 certification requirements, the maximum MTOW
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is 8618 kg. The model calculations are considering
that enough fuel or electrical energy is on board to
satisfy the main mission along with diversion mission
and loiter.

Finally, the top level aircraft requirements (TLARs)
selected for the concept under investigation are sum-
marized in Table 2. The TLARSs of the concept are
based on the limitations imposed by the CS-23 cer-
tification. The payload is calculated based on the
numbers of passengers, passenger weight and bag-
gage weight as shown in 2.

Table 2. TLARs for hybrid-electric concept.

Parameter Value
MTOW <8618 kg
Number of passengers 19
Payload 1881kg
19%(87 + 12)
Nominal Mission 740.8 km (400 NM)

Cruise altitude 3048 m (10000 ft)
Loiter altitude 457.2 m (1500 ft)

Cruise Mach number 0.35

Rate of climb > 6.35 m/s
(MTOW, SL, ISA)
Approach speed <62 m/s

2.4 Optimization problem

The OpenConcept library is developed to enable
for conceptual design optimizations. In this work,
the hybrid-electric concept is optimized for different
mission ranges and battery technology assumptions.
The Sequential Least Squares Programming approach
(Bonnans et al., 2006) is used to size the propulsion
system components for minimum fuel burn on the se-
lected mission.

The optimization problem is presented in Table 3. The
MTOW, battery weight, supply power ratio ¢ and en-
gine power split eg are varied in order to minimize the
block fuel. The block fuel in this study denotes the
main mission fuel. For ®, only the climb, cruise and
descent phases are considered and therefore number
of design variables for @ is 3. The diversion mis-
sion and loiter ® are not considered directly in the
optimization and assumed to be zero. For the diver-
sion mission, this choice is made to ensure that the
fuel consumption and therefore environmental bene-
fit takes place during the main mission, which is the
primary flight scenario in most cases. However, the
diversion mission fuel consumption has an effect on
the optimization results mainly due to the fact that
MTOW contains the total fuel and the MTOW is lim-
ited to 8618kg. For the loiter phase, this choice is
aligned with the certification requirements.



SIMS 64

On the other hand, the eg is selected to be varied by
the optimizer for all mission phases included in the
study. Therefore, the final count of design variables
from ey in the optimization problem is 7. This choice
is made to ensure safe operation for all powertrain
components during the whole mission. Finally, the
rated power for the generator and motor are varied to
size the components based on the maximum power
they can deliver during the mission.

Table 3. Optimization problem definition for hybrid-
electric aircraft.

Variable Quantity

minimize: Block fuel 1
by varying:

MTOW 1

Whart 1

P o (rated) 1

Py, (rated) 1

P 3

e 7
subject to:

0 <Rymrow <5 1

0.2 S SOCbatt,loiter 1

0.1 <throttle < 1 7

0.1 < eng throttle < 1 7

After the weight calculations and mission analysis
take place within the library, the residual MTOW is
calculated as shown here:

Ryrow = (MTOW — OEW — Wy,

—Whart — Wpayload )

“4)

where, MTOW is a design variable, OEW is calcu-
lated, Wy, is integrated from the fuel flow rate with
respect to time for the whole mission, Wy, is a design
variable and W,4y10qa is set by the TLARs in Table
2. The optimizer constrains the Ryrow to small val-
ues (between 0 and 5kg). Furthermore, the state of
charge (SOC) of the battery at the loiter phase (end of
mission) shall be greater than 20% in order to make
sure that the battery is not fully discharged at the end
of the mission and ensure its safe operation. Finally,
the motors’ and engines’ throttles are constrained to
ensure their realistic operation within the flight enve-
lope. The component throttles are defined as the ratio
between the power delivered by the component and
the maximum (rated) power of the component.

2.5 Design of Experiments (DOE)

A DOE study is conducted considering two variables,
the main mission range and the battery energy den-
sity. The selection of the main mission range variable
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aims to explore various aircraft operations and assess
the potential advantages of introducing commuter air-
craft for short-haul flights. The battery specific energy
density variable is closely tied to the assumptions re-
garding technology. By examining different levels of
energy density, valuable conclusions can be drawn re-
garding the potential of electrified aircraft technology,
particularly for aircraft falling under CS-23 certifica-
tion.

A full factorial design with 20 levels, and, hence 202
samples, is selected for this study. For each combi-
nation of mission range and battery energy density,
an optimization is conducted as presented in Table 3
in order to minimize the block fuel. A uniform dis-
tribution of the examined points in the design space
is selected, with optimizations of different range and
energy density taking place for each sampling point.

3 Results

The results for the MTOW and battery weight ratio
are depicted in Figures 3 and 4 respectively. The re-
sults confirm that electrifying short-haul aircraft leads
to a significant challenge in terms of MTOW. The up-
per limit of 8618 kg on MTOW imposed by the CS-23
certification, is reached for the majority of optimized
designs. Lowering the MTOW values would require
disruptive advancements in battery technology, espe-
cially for longer missions.

Maximum Take-off Weight [kg

8640
8480
= 8320
-~
= o
- 8160
0
z5 8000
3 7840
= 7630
7520

500 600 700 800
Specific energy density [Wh/kg]

Figure 3. Maximum Take-off weight (MTOW).

Figure 4 shows that for shorter missions as the battery
specific energy density increases, the available battery
on board is reduced. This is expected as for higher en-
ergy density, the required energy can be achieved for
lower weight. On the contrary, for the longer mis-
sions, a different trend is observed. As the battery
energy density decreases, the available battery weight
starts decreasing. This is a result of the MTOW upper
limit. For longer missions, the upper limit of MTOW
weight is reached and therefore, it affects the amount
of available battery weight on board.
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Figure 4. Battery weight on board divided by the MTOW.

The energy consumption aspects of the optimized de-
sign are also investigated. The block fuel and total
energy results are normalized against the correspond-
ing values per mission range derived from the conven-
tional aircraft model as discussed in subsection 2.1.
The equation below is used for both quantities of in-
terest:

thbrid - Qcanv
Qconv

It is important to note that for the hybrid-electric air-
craft, both electrical and fuel energy are considered
in the total energy consumption whereas for the con-
ventional aircraft the lower heating value of the Jet-A
fuel is used in order to calculate the energy from the
fuel consumed. The lower heating value of the fuel
is assumed to be 42.8 MJ/kg. The relative results are
presented in Figures 5 and 6. It is evident from the
graphs, that the series/parallel hybrid-electric aircraft
can achieve not only lower fuel consumption but also
lower total energy consumption. This improvement is
more substantial for higher battery energy density, as
expected. However, for short mission ranges a consid-
erable improvement is shown, even with the current
battery technology (300 Wh/kg).

Finally, the ratio between the electrical and total en-
ergy is shown in Figure 7. This ratio is the degree of
hybridization (DoH) for hybrid-electric aircraft con-
cepts. It is important to note that when increased elec-
trical energy consumption is enabled, the total energy
consumption is reduced. Therefore, Figures 6 and 7
have opposite trends. This is because of higher effi-
ciencies achieved through the introduction of electri-
cal components. This observation confirms the bene-
fits of high DoH in short-haul aircraft applications.

Ohnybria[%) = *100% )

4 Summary and Discussions

The investigation of the advantages offered by the se-
ries/parallel partial hybrid-electric concept for a 19-
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Figure 5. Relative block fuel burn compared to the conven-
tional aircraft.
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Figure 6. Relative block total energy compared to the con-
ventional aircraft.

passenger commuter aircraft is the focus of this work.
To achieve this objective, a novel aircraft concep-
tual design framework is developed and thoroughly
presented, leveraging the OpenConcept library. The
presented framework integrates a variety of aircraft
disciplines within the design process. The hybrid-
electric aircraft model, based on the well-established
Beechcraft 1900D aircraft, undergoes tailored compu-
tational developments to consider pivotal control pa-
rameters such as the supply power ratio () and en-
gine power split (es). This modification enables the
analysis and optimization of the aircraft’s application.
The central focus of this study lies in mission anal-
ysis and the system performance evaluation, consid-
ering a typical commuter aircraft mission profile. A
comprehensive examination of both main and diver-
sion missions, along with a dedicated 30-minute loiter
phase, sheds light on critical high-level system vari-
ables, including fuel and energy consumption. The
overall optimization objective revolves around opti-
mizing the size of propulsion system components to
minimize fuel consumption during the main mission.
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Figure 7. Electrical block energy consumed.

The findings of this study validate the benefits of the
series/parallel partial hybrid-electric architecture. The
optimized designs present considerable reductions in
fuel burn and energy consumption. Notably, the study
highlights the importance of improved battery tech-
nology in achieving substantial reductions in fuel and
energy consumption for long-range missions, while
also pointing out the advantages of a range of battery
energy densities for shorter missions.

This work fundamentally highlights the significance
of considering interdisciplinary design tools and op-
timization methodologies. As the aviation industry
strives for enhanced sustainability, the integration of
hybrid-electric propulsion systems into short-haul air-
craft emerges as a straightforward way to achieve re-
ductions in both energy and fuel usage.

Future work should include the integration of a de-
tailed engine model for a more realistic estimation
of fuel consumption when the engine is either re-
designed or working in part-load conditions. In ad-
dition, a detailed investigation of the optimized power
management for a range of different battery technol-
ogy projections and mission ranges will provide valu-
able insights into the trade-offs in hybrid-electric air-
craft systems for short-haul operation.
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