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summary

Achieving carbon net neutrality in aviation by 2050, as targeted by the Green Deal, necessitates the
development of new propulsive technologies in respect to conventional kerosene-fuelled aircraft. This
thesis explores novel hybrid powertrain solutions, introducing a threefold energy source powertrain,
named the Double-Hybrid Powertrain Model. This powertrain aims to combine kerosene, hydrogen
(used in both fuel cells and combustion) and battery and shall be integrated within the Conceptual De-
sigh Method. The resulting system is characterised by fourteen power flows and requires four power
control parameters to be mathematically described. Double-Hybrid powertrain is then used for a re-
gional aircraft case-study, exploring the power control parameters design space in a only cruise mission
scenario. The results indicate that a power split characterised by fuel cells (80-90% of total energy),
in conjunction with either a small battery or limited kerosene combustion, offers significant potential for
reducing both total energy consumption and environmental impact. This is due to the higher efficiency
of fuel cells compared to gas turbine engines. This configuration also shows promise for improved re-
sponsiveness to power transients and the possibility of cruise-optimized fuel cell sizing. While hydrogen
combustion alone results in a slightly higher energy consumption than conventional kerosene-powered
aircraft. This is caused by the additional weight related to the hydrogen storage, even with comparable
take-off mass. Ultimately, a fully battery-electric aircraft is projected to be substantially heavier and
require significantly more energy, even with a higher overall powertrain efficiency, unless substantial
and currently unforeseen improvements in battery energy density are realised.
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Introduction

In December 2019, the European Commission presented its Green Deal, outlining the objective of
achieving net carbon neutrality across all sectors and EU member states by 2050. For aviation, this
target is even more ambitious than those set by the Air Transport Action Group (ATAG), which call for
carbon-neutral growth from 2020 onwards and a 50 percent reduction of emissions by 2050 relative to
2005 levels. These targets place considerable pressure on the aviation sector to decarbonize rapidly.

As presented in the "Clean Aviation Report” [13] and illustrated in Fig. 1.1, the aviation sector has
demonstrated notable improvements in carbon efficiency per passenger over the past three decades.
Advanced technologies, operational enhancements, and strategies such as increased seat density and
utilization have collectively improved fuel efficiency per passenger kilometer by approximately 1-1.5%
per year.

No action
-
-
-
-
-
p- Technology

- Operations |

Infrastructure

s Carbon-neutral
growth

Million tonnes of CO,
\

5
|

-50% by 2050

2005 2010 2020 2030 2040 2050
Known technology, operations and infrastructure measures M Economic measures =="No action” emissions

Biofuels and additional new-generation technology = Net emissions trajectory

Figure 1.1: Projection of CO2 emissions from aviation. Source: [23]

However, with continued population growth and economic development, air travel demand is projected
to increase by 3-5% annually until 2050. This will lead to a substantial rise in direct CO, emissions from
aviation, with a 34% increase observed in the past five years alone. Even with accelerated efficiency
improvements reaching the ICAO target of 2% per year, aviation emissions are projected to double to
approximately 1.5 to 2 gigatons of CO- by 2050.

This projection highlights the need for additional decarbonization measures, such as new technologies
and biofuels (as indicated by the blue area in Fig. 1.1), to achieve the 50% emission reduction target

1



Exhibit 2
CO, emissions per segment andrange
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Figure 1.2: CO5 emissions per segment and range. Source: [13]

set by ATAG.

Analyzing the CO, emission breakdown by passenger segment and range (Fig. 1.2), short- and
medium-range aircraft (up to 2000 km) contribute most significantly to CO, emissions. Approximately
two-thirds of the kerosene consumed in today’s flights is used by these aircraft.

New technologies under consideration for decarbonizing aviation, besides sustainable aviation fuels
(SAF), include battery-electric and hydrogen-powered aircraft.

» Sustainable Aviation Fuels (SAF): SAF encompasses alternative fuel sources designed to re-
duce aviation’s environmental impact. The most advanced are biofuels (e.g., those produced via
the hydroprocessed esters and fatty acids (HEFA) method from biomass or waste materials like
cooking oils). Advanced biofuels, synthesized from solid feedstock, biomass (e.g., crops), or al-
gae, are also being developed. Power-to-liquid fuels (synfuels), synthesized from hydrogen and
carbon dioxide (sourced from industrial processes, biomass, or direct air capture), are another
SAF option.

* New Propulsive Technologies: These include technologies based on batteries and turbogener-
ators, as well as the combustion of hydrogen in turbines and fuel cells powering electric motors.

Studies have assessed the viability of these technologies for different aircraft segments and ranges.
SAFs are the easiest to implement across all segments and ranges, requiring no changes in aircraft or
infrastructure.

While battery technology has advanced significantly, batteries remain a challenge due to their low gravi-
metric energy densities (0.2 to 0.5 kWh/kg) and limited lifespan, restricting their use as a sole power
source to very short flights. Hydrogen can fuel aircraft by combustion in hydrogen-burning engines
or by reacting in fuel cells that power electric motors. Despite hydrogen’s gravimetric energy density
being three times that of kerosene, its higher volume requires larger tanks, necessitating aircraft design
modifications. The size and weight of hydrogen tanks pose a significant challenge for long-range flights
with high energy demands, potentially impacting the economics of such aircraft.

Regarding the climate impact reduction potential (Fig. 1.4), SAFs, while not reducing direct emissions
(due to the similar chemical reaction in gas turbines), can lead to a 30-60

For hydrogen, two scenarios exist: combustion in gas turbine engines and use in fuel cells. Both elimi-
nate direct CO, emissions (due to the absence of carbon in the fuel) but increase water vapour emis-
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Figure 1.3: Comparison of new technology and sustainable aviation fuels and new technologies. Source: [13]

sions. Fuel cells also enable near-zero NOx emissions compared to the 50-80% reduction achieved
with hydrogen combustion. Overall, both hydrogen approaches can significantly reduce climate impact,
with fuel cells potentially achieving an 80% reduction.

Climate impact
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Figure 1.4: Comparison of climate impact from H2 propulsion and synfuel. Source: [13]



Hybrid-Electric Propulsion

This chapter provides an overview of the current state of the art hybrid-electric propulsion architecture
and modelling. The following architectures definitions are based on the National Academy of Engi-
neering [34] that can be considered as the original classification of hybrid powertrain architectures. It
comprehends six distinct architectures respectively one all-electric, three hybrid electric and two tur-
boelectric. Many years later, the original classification was extended by De Vries [50] by adding a full
electric configuration and a new full electric architecture. ' As De Vries proposed [50], the term hybrid
system is used to describe a system that incorporates both fuel combustion and full electric systems
(i.e., batteries). Also, hybrid systems can employ gas turbine engines for propulsion and to recharge
batteries, with the batteries also be able to supply energy for propulsion during one or more phases of
flight.

2.1. Powertrain Architectures

The seven architectures mentioned before rely on different utilisation of conventional and hybrid-electric
technologies, including gas turbines, batteries, electric motors and generators, and so forth. Below, a
description of each hybrid-electric architecture is provided.

In a Serial Hybrid system, the electric motors are mechanically connected to the two propulsive lines,
whilst the gas turbine is employed to drive an electrical generator. The output of this generator, along
with the batteries power, provided electric power to the motors. Power produced by the electrical
generator connected to the gas turbine can also charge the battery.

In a Parallel Hybrid System, a battery powered motor and a gas-turbine engine are mounted on the
same shaft that drives a fan, enabling both or either to provide propulsion at any given time.

The Series/Parallel Partial Hybrid System comprises two propulsive lines that can be driven sepa-
rately. The first line is driven directly by the gas turbine and electric motor, whereas the second line is
driven exclusively by electrical motors. The motors can be powered by a battery or by a turbine-driven
generator.

In both Full and Partial Turboelectric configurations, the battery is not employed as energy source
during any phase of flight. Instead, gas turbine are utilised to drive electric generators, which power
motors that drive the electric fans. A partial turboelectric system represents a variant of the full turbo-
electric system, whereby electric propulsion is employed to provide a portion of the propulsive power,
with the remainder being provided by a turbofan driven by a gas turbine.

All-electric systems use batteries as the only source of propulsion power on the aircraft.

'In this Thesis, the terms powertrain architecture and configuration denotes two different concepts. The term powertrain
architecture is utilised to denote the classification as initially proposed by National Academy of Engineering [34] which is based
on the manner in which the power sources are interconnected (serial, parallel, etc.). Conversely, a powertrain configuration
signifies the manner in which a given powertrain architecture can utilise disparate energy sources or propulsion lines while
maintaining the powertrain components interconnected consistently.
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Figure 2.1 depicts the nine distinct architectures and configuration in graphical form. The representation
is organised according to the functionality of the main components within the powertrain architecture.
The energy sources are represented in a grey rectangular shape, with F or BAT denoting fuel or battery,
respectively. Subsequently, the various powertrain components are illustrated, including the gas turbine
(GT), gearbox (GB), electric motor/generator (EM), and propulsive lines (P). In accordance with the
methodology proposed by De Vries [50], the powertrain elements can be classified into two distinct
categories: primary and secondary components. The primary components are mechanically coupled
to the gas turbine, either directly or indirectly. The secondary components encompass the devices
that provide the necessary power for the electrically-driven propulsion system, namely the second
propulsive line. It is assumed that the thrust produced by the gas turbine core exhaust is negligible in
comparison to the total thrust, and therefore the thrust produced by the nozzle is not explicitly accounted
for. The modelling of components such as converters or transformers is not explicitly undertaken,
given that they do not result in a change to the type of power transmitted. Nevertheless, the impact of
converters (i.e., inverters and rectifiers) can be incorporated by incorporating their weight correlations
and efficiency losses into the associated electric motor/generator elements. Similarly, in the initial
approximation, the weight and efficiency of the remaining electrical grid elements can be incorporated
into the power management and distribution (PMAD) element.

A closer examination of each powertrain architecture illustrated in Fig. 2.1 reveals that they are, in
essence, limit cases of the sixth (the Serial/Parallel Partial hybrid, SPPH). Consequently, with the ap-
propriate parametrization, the SPPH architecture can be employed as a generic model, which can be
solved for any other architecture. In other words, irrespective of the selected architecture, the same
set of equations can be employed to calculate the powers of the constituent components, obviating the
necessity for the derivation of architecture-specific equations, as is the case in other sizing methodolo-
gies.

2.2. Degree of Hybridization and Power Control Parameters

2.2.1. Degree of Hybridization
To describe a generic single hybrid system, it is essential to quantify the impact of the two sources in
terms of energy and power.

Lorenz [30] defines the Degree of Hybridization descriptors DOHr and DOHp for any dual energy
storage propulsion power system as the ratios between energy (or power) source a and the total energy
(or power) of the dual-energy storage—propulsion—power system with sources a and b:

E, Py

(2.1)

For instance, considering available strategies for a hybrid-electric solution of transport aircraft, which
would include the possibility of kerosene-only and universally electric options:

» Conventional kerosene-based gas-turbine aircraft, in which DOHp = 0and DOHg = 0.

» Pure serial hybrid-electric architecture, where only electrical power is provided to the propulsive
device(s), but energy storage is solely kerosene-based. In this configuration, DOHp = 1 and
DOHEg = 0.

+ Full-electric aircraft, where electrical energy is stored in batteries. In this instance, both DOHp
and DOHg are equal to 1.

Finding a formulation to relate these two parameters is essential for a better quantification of the dual
energy storage system.

According to Isikveren [28] and following Lorenz [30] nomenclature, the overall efficiency nror of any
powertrain is defined as:

Nror =MNecC TR " PR (2.2)
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Figure 2.1: Battery-electric propulsion architectures. Source: [50]
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where ngc accounts for the entire conversion chain between any energy source (which provides sup-
plied power Psy;p) and the propulsive devices (which provide installed power P;ygsr). In the case of a
single-hybrid powertrain, it is defined as:

_ Plnst,a + Plnst,b

= 2.3
PSup,a + PSup,b ( )

NEecC

In Equation 2.2, the terms 57 and npr denote the transmission and propulsive efficiency, respectively.

For a given operating time 7', the total energy consumption can be evaluated as a function of the
maximum supplied power for each energy source, weighted with the parameters @, and @;, which
account for the effective supplied power along the mission. They are defined as:

T T
We = / wq dt; wp = / wp dt (2.4)
0 0

A graphical illustration of a possible w(t) pattern is shown below:

Energy Source “a* Energy Source “b*
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N
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N
o

winininind Diversion

Approabh and Landing

Taxi-in
Power Control Parameter, o,

Power Control Parameter, o,

[ ttg T 0 ty t, T
Operating Time Operating Time

Figure 2.2: Example Representation of Parameter w Over Flight Period (Source: [28])

Considering energy source b as the core descriptor, the supplied power ratio ® for a double energy
propulsion system can be defined as:

PSu b
o= ouwb (2.5)
PSup,a + PSup,b

Analogously, the activation ratio ¥ is defined as:

wy
Wq + Wy

7= (2.6)

Both parameters vary between 0 and 1 if power (or energy) is totally accounted for by source a or
energy source b, respectively.

Recalling the definition of Degree of Hybridization (Equation 2.1), it is useful to establish a relationship
between the two Degree of Hybridization descriptors DOHp and DOHg. Then, Equation 2.1 becomes:
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Figure 2.3: Example of a Degree-of-Hybridization Trade Study Conducted for a Hypothetical Hybrid-Electric System Based on
Kerosene and Batteries as Energy Carriers. Source: [28]

2.2.2. Power Control Paramters for Battery Electric Aircraft
In the case of a battery electric dual-energy propulsion system, characterized by two propulsive lines,
two parameters are necessary to describe hybrid architectures.

Coherently with the previous section and Isikveren [28], the *supplied power ratio* represents the frac-
tion of the power supplied by the batteries in relation to the total amount of power used:

Py
o — bat

= 2 2.9
Pyt + Pf ( )

The second parameter, called the *shaft power ratio*, was introduced by De Vries [50] and accounts
for how the shaft power is split between the two propulsive lines. Saying that P, represents the shaft
power, the shaft power ratio ¢ is defined as:

P82
=% 2.10
4 Psl + PSZ ( )
These two parameters are understood to fall within the range of 0 to 1 during normal operational con-
ditions. In the event that the fan is operating as a windmill, both parameters may assume negative
values or exceed 1, thereby recharging the battery. The following table presents the values assumed
for each configuration. A dot (-) represents that any value can be assumed.

In addition to the hybrid system power control parameters, the conventional gas turbine throttle setting
is defined as the ratio of the power extracted by the gas turbine to the maximum power it can produce
in the given flight condition:

Par

—_— 2.1
PGT,mam ( )

€GT =
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Table 2.1: Control Parameters for Different Powertrain Configurations

Configuration o
Conventional 0 O
Turboelectric 0 1
Serial -1
Parallel -0
Partial TE 0

S/P Partial Hybrid
Full-Electric 1 0

An analogous coefficient is expressed for the electric motor throttle:

P,
ey = — M (2.12)
PEAI,ma.’c

Powertrain Equations The serial/parallel partial hybrid powertrain model presents ten unknowns in
the power balance. De Vries [50] provided a solution to the systems in question.

The first seven can be obtained by applying a power balance across each component. In the case of
a generic system, the equation on the left-hand side indicates the summation of power paths flowing
"out” of the component, while the equation on the right-hand side represents the summation of power
paths flowing "in” to the component, multiplied by the efficiency of the component. These correspond
to the power balance equations across the gas turbine, gearbox, primary propulsor, primary electrical
machine, PMAD, secondary electrical machine, and secondary propulsor, respectively. The power
balance general equation is showed below, where 7 represent the efficiency of the component under
consideration.

EPout =1n- Epm (213)

The final three equations encompass the system architecture in its entirety, necessitating the utilisation
of the power control parameters, designated as¢ and . This is due to the fact that the value of ¢ defines
the ratio between the power supplied by the battery and that supplied by the fuel, and also defines
the ratio between the power delivered by the electric machine shaft and the total power delivered.
Ultimately, the total propulsive power is determined.

This approach allows each configuration to be defined by making adjustments to the two powertrain
parameters.

Component or Power Path Equation

Fer Por = nar Py
Pep Pap =napPyi — Pa1
Py Pp1 = np1 Pa
Pell Pell = 776m1Pgb
Pepa Peo = npvap(Peiy + Poat)
Psl PslznngGT*Pgb
PSZ PSZ = 776m2Pe2
Ppo Ppo = npa Py
Ppay Ppat = %Pf
Ps2 Ps2 = ﬁ sl

P, P, = Pp1 + Pp2

Table 2.2: Powertrain equations. Source: [50]

These equations can be represented in matrix form as:
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The signs of the coefficient matrix were assumed to reflect the indicated power flows, as represented
by the filled arrowheads. This implies that the values in the coefficient matrix are not constants, but
rather depend on the direction of the power flows, that is, on the sign of the solution variables. A more
detailed examination of the SPPH architecture reveals that there are, in fact, nine distinct operational
modes. Accordingly, nine distinct coefficient matrices are required to accommodate all nine potential
scenarios.

2.3. Relevant Examples

2.3.1. Parallel Architecture

SUGAR Volt One relevant example of a parallel hybrid is the SUGAR Volt project (Subsonic Ultra
Green Aircraft Research), as outlined by Bradley and Droney [4] . This project was conducted by
Boeing Research and Technology, Boeing Commercial Airplanes, General Electric, and Georgia Tech
(NASA, 2011). The propulsion system for the SUGAR Volt is a hybrid electric engine architecture that
employs an electric motor powered by batteries to distribute power to the low-pressure spool of the
turbofan.

Advanced Composite Fan Advanced nacelle Integrated thrust reverser/VFN
1.46PR 77.3" fan Slender OD Highly variable fan nozzle
. Unitized composite

Advanced 3-D aero design A
Sculpted features, low noise Advanced acoustic features o

Thin, durable edges

6-Stage
s o JE HPT GEnx style architecture
=TT 2-Stage CMC+Ti/Al Blades/Vanes

2" Gen CMC nozzles + blades
Active purge control

| Next-gen disk mctero fi_, ElectricMotor
S — ” 2000-8000 HP
{ "\ J
[, ,Q e | _ T

Propulsion System
Line Losses

LP Compressor Ultra-high PR core compressor ~ Advanced eTAPS
145PR 28:1 PR class, 9 stages combustor
4 Stages Active clearance control T GE

Turnarcund

Efficienc

Figure 2.4: SUGAR propulsion group. Source: [4]

A series of performance and sizing tasks were conducted on hybrid electric versions of a conventional
tube-and-wing aircraft. The configuration comprises a conventional turbofan engine augmented by an
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electric motor and battery. The aircraft under consideration is a small, medium-range aircraft with a
seating capacity of 154 passengers and a maximum range of 3,500 nautical miles.

Two different configurations in terms of electric power were considered, even though the basic hybrid
configuration remained the same.

» Balanced (1750 HP);
» Core-shutdown (7150 HP).

This increase in electrical power would provide the option of utilising electric power to drive the low/-
pressure turbine, either partially or fully. Consequently, the core of the turbofan could be decelerated
to an idle or windmill-like condition,

Table presents four different solutions for the aircraft under consideration. The first two represent aircraft
with classic kerosene propulsion. The first with a classic CFM56 turbofan engine, while the second with
an innovative turbofan designed by General Eletric to entry into service in 2040. The lasted Two shows
different hybrid electric configurations, in terms of electric power were considered, even though the
basic hybrid configuration remained the same.

The aforementioned increase in electrical power would provide the option of utilising electric power to
drive the low-pressure turbine, either partially or fully. Consequently, the core of the turbofan could be
decelerated to an idle or windmill-like condition. Table 1.3 presents four different solutions for the aircraft
under consideration. The initial two cases illustrate aircraft equipped with conventional kerosene-based
propulsion systems. The first employs a conventional CFM56 turbofan engine, while the second utilises
an innovative turbofan design, developed by General Electric, which is scheduled to enter service
in 2040. The final two examples illustrate various hybrid electric configurations with respect to the
allocation of electric power, despite the underlying hybrid configuration remaining consistent.

» Balanced ( 1750 HP);
» Core-shutdown (7150 HP).

It is worthy of note that despite a notable reduction in fuel and energy consumption resulting from hybrid
solutions, it is not possible to attribute the full extent of this reduction to the hybrid system itself. Indeed,
the "SUGAR High,” which is a high-span truss-braced tube and wing aircraft (similar to SUGAR Volt),
exhibits a comparable energy consumption profile to that of the balanced hybrid configuration. It is
evident that the fuel consumption of hybrid solutions is reduced as a consequence of the utilisation of
batteries.

The results demonstrate that the balance configuration exhibits a notable reduction in take-off weight,
amounting to 21%, which is attributable to the lower weight of batteries (one-third). This, in turn, leads
to a substantial decrease in overall energy consumption.
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Model Sizing Level Unit 765-093 FREE | 765-095 SUGAR High | Balanced (Ref Hp 1750) | Core Shutdown (Ref Hp 7150)
Passengers / Class - 154 / DUAL 154 / DUAL 154 / DUAL 154 / DUAL
Max Takeoff Weight ton 82.8 62.8 63.4 86.2

Max Landing Weight ton 67.8 61.5 63.2 85.9

Max Zero Fuel Weight ton 63.7 57.9 59.6 82.2

Max Battery Weight ton - - 7.6 21.7
Operating Empty Weight ton 42.8 36.9 38.0 46.5

Fuel Capacity Req / Avil L 36457 / 36457 15944 / 15944 15596 / 17429 16754 / 23996
Engine Model - CFM56 gFan+2 hFan+2 hFan+2
Fan Diameter cm 157.5 167.6 170.2 200.7
Horsepower kW - - 1120 5260
Boeing Equivalent Thrust (BET) kN 124.2 85.9 80.1 92.1
Wing Area / Span m?/m 130.6/36.9 111/36.3 119.8/48.5 156.1/55.2
Aspect Ratio (Effective) - 10.41 19.56 19.56 19.56
Optimum CL (SR/LR) - 0.584 0.759 0.728/0.730 0.730/0.733
Cruise L/D @ Opt CL (SR/LR) - 17.997 23.995 23.537/24.213 25.223/25.933
Long Mission Range km 6815 6482 6482 6482
Performance Cruise Mach - 0.79 0.70 0.70 0.70
Long Range Cruise Mach (LRC) - 0.79 0.70 0.70 0.70
Thrust ICAC (MTOW, ISA) (SR/LR) m 11033 11489/ 11582 12253 / 11490 11582 / 12771
Time/Dist (MTOW, 35k FT, ISA) MIN / km 23/274 (23/147)1 (148 /274) (22/28)/(2411319) (17 /23) /(1857 250)
Opt. Altitude (MTOW, ISA) (SR/LR) m 10638 11491/ 11490 11643 / 11674 11339/ 12527
Buffet ICAC (MTOW, ISA) (SR/LR) m 11033 13084 / 12771 13503 / 13411 13202/ 14326
TOFL (MTOW, Sea Level, 86 Deg F) m 2496 2493 2493 2054
Approach Speed (MLW) km/h 233 196 196 202
Block Fuel / Seat (900 NM) kg 41.5 (0%) 19.3 (-53.6%) 16.58 (-13.9%) 15.09 (-21.7%)
Block Energy / Seat (900 NM) MJ 1795 (Base) 789 (-53.6%) 801 (-53.9%) 917 (-46.0%)
Fuel Energy Fraction % 100% 87.8% 86.6% 67.3%

Table 2.3: Comparison of conventional aircraft, SUGAR High, Balanced configuration(Ref Hp 1750), and Core Shutdown

Configuration (Ref Hp 7150). Source: [4]

AMBER: Advancing Hybrid-Electric Propulsion The Clean Aviation AMBER programme has the
objective of developing a mature fuel cell-based propulsion system for regional aircraft, with the aim of
creating an engine of MW-class. The parallel hybrid electric propulsion system comprises an existing
state-of-the-art thermal turboprop engine, designated the Catalyst, which was developed by Avio Aero,
and an electric motor powered by a hydrogen fuel cell.

AMBER

In this simplified infographic, our parallel
hybrid-electric propulsion demonstrator presents
a thermal turboprop engine, based on the advanced
architecture of the Catalyst™, supplemented by an
electric motor powered with hydrogen fuel cells.
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<=4 B

[ 4
<d
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Figure 2.5: Amber propulsion system. Source: [11]

2.3.2. Turboelectric Architecture
NASA STARC-ABL A single-aisle commercial transport concept with a turboelectric propulsion sys-
tem architecture was developed by NASA [51] with a projected entry into service date of 2035. This
concept was designed for comparison with a similar technology conventional configuration. The tur-
boelectric architecture comprised two underwing turbofans with generators that extracted power from
the fan shaft and transmitted it to a rear fuselage, axisymmetric, boundary layer ingesting fan. The
turboelectric distributed propulsion architecture decouples the power-producing components from the
thrust-producing components, allowing the two to be widely separated. This enables each to operate
at peak efficiency conditions, rather than at a compromise between the two, thereby increasing the
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overall thermal efficiency. It is imperative to consider the detrimental effect of the efficiency loss due
to the power conversion from mechanical to electrical, the transmission of electrical power, and the
conversion from electrical power back to mechanical power.

The STARC-ABL concept was designed for a mission profile analogous to that of a contemporary Boe-
ing 737-800 or Airbus A320. The configuration is that of a tube-and-wing, with two turbofans mounted
under the wings.

o

Figure 2.6: STARC ABL render in OpenVSP. Source:[51]

The results indicate that the turboelectric concept has an average block fuel reduction of 10%, depend-
ing on the mission. The increase in propulsion system efficiency from the rear fuselage BLI fan, which
ingests only a portion of the boundary layer, and the downsizing of the underwing turbofans, which
helps offset the weight of the additional turboelectric system components, are the key sources of this
benefit.

2.4. All Electric Architecture

Sky Spark One notable example of a full-electric aircraft is the SkySpark [45]. Itis a very light aircraft,
derived from the Pioneer 300 and entirely retrofitted to operate as an electric aircraft. The project was
undertaken by Digisky and Politecnico di Torino. The aircraft is distinguished by an empty mass of 450
kg and a wing span of 7.33 m. The aircraft was originally designed as a technical demonstrator for
a high performance PEM fuel cell with an output of approximately 60 kW, more than 1kW/kg Power
Density and a gaseous H2 reservoir of 75L at 350 atm.

H, Cell

Power SkyEFIS
Electronics I-ry

o~

Electrical H Reservoir

Mator Aux Batteries Compressor

Figure 2.7: SkySpark configuration. Source: [45]
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However, it was subsequently converted into a full battery aircraft. The propulsion system comprises
a 65 kW brushless motor with a power Density > 2kW/kg, a power electronic system comprising an
85 kVA-450 V inverter for supplying electrical power to the engine, a DC/DC converter for the avionic
12/24 V bus, and a 22 kWh Li-Po battery pack. The aircraft was able to achieve the highest speed
world record for an full-electric aircraft.

ELECTRIC

INVERTER [~ DC/DC F.CELL

=P 12V STD BUS
=P 24V STD BUS

24V EXT BUS

E— AUX. BAT =P 24V EMR BUS

Figure 2.8: SkySpark electric bus. Source [45]

Universal Hydrogen In 2024, the company Universal Hydrogen operated the inaugural regional air-
craft powered in part by hydrogen propulsion. The aircraft in question was a converted De Havilland
Canada Dash-8, in which a fuel cell has been installed to replace one of the existing turboprop engines.
The remaining aircraft was powered by kerosene. A modular and removable tank was affixed to the
rear of the fuselage.

Figure 2.9: Universal Hydrogen propulsion system model. Source: [26]



Study Objective

As outlined in Chapter 1, new powertrain technologies are required to meet the ATAG emission targets
by 2050. These technologies include the use of batteries, hydrogen, and sustainable aviation fuels
(SAF).

Analysis of both the Clean Aviation Report [13] and existing studies on hybrid aircraft architectures
(Section 2.3), reveals that new technologies are typically analysed singularly or considering a dual en-
ergy storage powertrain, such as battery-electric aircraft [51]or hydrogen-kerosene aircraft[11]. Current
state-of-the-art hybrid propulsion modelling [50, 38], in terms of Powertrain Architectures (Chapter 2.1),
System Descriptors (Section 2.2), and equations (Table 2.2), naturally focuses solely on single-hybrid
powertrain aircraft, in particular battery-electric. Clearly, no studies account the simultaneous presence
of a threefold energy storage powertrain.

A research gap has been identified in the modelling of a Double-Hybrid Powertrain that encompasses
kerosene, hydrogen combustion, fuel cells, and batteries. This gap includes the subsequent evaluation
and sensitivity analysis of how different combinations of these energy sources impact the overall aircraft
performance and environmental impact.

This thesis addresses the following research questions:

Research Questions

» Q1: What effect does the introduction of hydrogen combustion and fuel cells have on single-hybrid
powertrain architectures and their relative operating modes?

* Q2: How can the conceptual design synthesis method be adapted to account for the Double-
Hybrid Powertrain?

* Q3: How do different combinations of kerosene, hydrogen (used in gas turbines or fuel cells),
and batteries impact the key performance parameters of the aircraft?

* Q4: How do parameters such as battery specific energy, gas turbine and fuel cell efficiency, and
hydrogen fuel system gravimetric index influence the sensitivity analysis results?

14



Fundamental of Hybrid Powertrain
Components

This chapter outlines the fundamental components of a hybrid-electric architecture based on hydrogen,
fuel cells, and gas turbines. It begins with an overview of turboprop engine performance, followed by a
comparison of hydrogen and kerosene combustion. Challenges related to onboard hydrogen storage
are then discussed. Finally, the working principles and sizing of fuel cells are presented.

4.1. Turboprop Engine

Turbofans and turboprops, powered by gas turbines, are the predominant means of air transportation
today. Turboprop engines are a type of gas turbine engine that generate most of their thrust using a
propeller driven by a free turbine through a reduction gearbox. Turboprop engines offer higher propul-
sive efficiency at low speeds, which translates to shorter runway requirements for take-off. Provided
the speed does not compromise propeller efficiency, turboprop engines have the lowest specific fuel
consumption compared to other gas turbines.

Turboprop efficiency (and gas turbine engine efficiency in general), also known as global gas turbine
engine efficiency, is defined as:

Py

4.1
vy - LHV; “.1)

ner =

where P, represents the extracted shaft power, 1 the fuel flow rate, and LH V; the lower heating value
of the fuel.

For a turboprop engine, efficiency is conventionally expressed as Brake Specific Fuel Consumption
(BSFC), defined as:

BSFC = % [g/kWh] (4.2)

S

On-design, BSFC is a function of the total turbine inlet temperature 7 and the compression ratio 3. Its
trend is illustrated in Fig. 4.1.

Off-design, the shaft horsepower, BSFC, and net thrust are corrected for altitude and true airspeed, as
shown in Fig. 4.2.

Finally, BSFC for different throttle settings (equivalent to shaft speed percentage for a turboprop engine)
is presented as a function of true airspeed in Fig. 4.3.

15



4.1. Turboprop Engine

16

Figure 4.1: Gas turbine engine on-design performance at sea level conditions. Souce: [25]
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4.2. Fundamental of Hydrogen Combustion

Given the disparate combustion properties of hydrogen in comparison to kerosene, the necessity arises
for the design of new engines that are optimised specifically for hydrogen. Nevertheless, it is feasible
to modify existing turbomachinery to enable the combustion of hydrogen by modifying the combustor
and fuel supply system [6]. The fundamental concept of a hydrogen-powered gas turbine remains
unchanged from that of a kerosene-powered engine. Consequently, engineers can draw upon their
previous experience in the development of kerosene-fuelled engines. Gas turbines have a higher
specific power than other propulsion methods, particularly for high-power applications. To illustrate,
the fuel cell-powered propulsion system of the 737-800-sized CHEETA aircraft [9],[52] is approximately
three times the weight of the estimated turbofan propulsion system installed on the 737-800 [18].

The fan, compressor, turbine, and nacelle in a hydrogen-powered gas turbine operate in a manner
analogous to their counterparts in kerosene-fuelled engines, thereby necessitating only minimal design
alterations, if any. The combustor is the sole component that necessitates substantial alterations. In
order to comprehend the reasons behind the distinctive characteristics of hydrogen combustion, it is
essential to undertake a preliminary examination of the fundamental thermodynamic concepts. The
stoichiometric fuel-to-air ratio is defined as the ratio of fuel mass flow to air mass flow, representing
the theoretical maximum rate of combustion where all the fuel is burned and all the oxygen in the air
is consumed. The stoichiometric fuel-to-air ratio of hydrogen is 1:34, which is less than half that of
kerosene (1:15) [6]. The actual fuel-to-air ratio can be divided by the stoichiometric fuel-to-air ratio to
yield the equivalence ratio, which is a useful parameter for quantifying the amount of air involved in the
combustion process. Equivalence ratios less than one correspond to lean combustion, in which more
air is supplied than is necessary to fully burn the hydrogen. As illustrated in Figure 4.4, hydrogen’s
wider flammability limits enable it to be burned much leaner than kerosene.

The principal disadvantage of the greater flammability range is that the hydrogen-air mixture is so
reactive that premixing before injection into the combustor is inherently risky. The process of premixing
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Figure 4.4: Temperature Characteristics of a Combustor. Source [5]

introduces the risk of flashback, whereby the flames travel upstream from the combustor into the mixing
zone. Despite the absence of soot, CO, and other pollutants typically associated with hydrocarbon
combustion, the process of hydrogen combustion still results in the production of nitrogen oxide (NO,,).
The quantity of NO, generated is contingent upon the residence time and combustion temperature.
The combustion of hydrogen occurs at a higher flame speed than that of kerosene. This results in a
faster combustion process and consequently, a reduction in residence time, which in turn leads to a
decrease in NO, emissions and a shorter combustor. The flame temperature of hydrogen is greater
than that of kerosene when burned at an equivalence ratio of one. Nevertheless, the flame temperature
can be reduced by burning hydrogen in a leaner mixture than kerosene. It can be reasonably assumed
that a fully mixed hydrogen-air mixture will result in a reduction in NO,, production due to the lower flame
temperature associated with lean combustion. However, in the absence of adequate mixing, localised
areas of high temperature and combustion occur where the air and fuel are in stoichiometric equilibrium,
resulting in the production of NO,.. It is essential to develop mechanisms that can enhance the mixing
intensity without the necessity of premixing the fuel and air, in order to facilitate low — NOx hydrogen
combustion. Verstraete [47] reports that a 3% saving of thrust specific energy consumption is
possible with hydrogen combustion, thanks to the higher specific heat of hydrogen combustion gases
compared to equivalent gases from hydrocarbon combustion.

The energy specific fuel consumption or ESFC is defined as

vy - LHV

ESFC = TSFC - LHViy —
Fy

(4.3)

where

» T'SFC is the thrust specific fuel consumption;
* 1y represent the fuel flow rate;
* LHVy, the lower heating value of hydrogen;
» Fy defines the net thrust produced by the engine.
The ESFC is defined in order to facilitate a comparison between fuels with disparate lower heating

values. It is a measure of the efficiency with which the energy present in the fuel is converted into
thrust.
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The ESFC advantage is illustrated in Figure 4.5. The figure illustrates the specific heat at constant
pressure and the isentropic expansion coefficient, ~, for air, kerosene combustion gases and hydrogen
combustion gases. . The fuel-to-air ratios employed to construct the curves are derived from typical
take-off conditions for a high bypass ratio GE90-like engine for both fuels. The conclusions presented
in the figure are applicable in general and are not contingent on the specific engine type or operating
conditions. The specific heat for hydrogen combustion gases is higher than that of kerosene, which
results in a slightly lower temperature drop for a given turbine work (or enthalpy drop). As demonstrated
by the subsequent equation, this phenomenon is partially counterbalanced by the slightly reduced gas
flow rate resulting from the diminished fuel flow rate of hydrogen. Nevertheless, the impact of the
compositional alteration is the most significant factor.

Py = (ma + mf) *Cp (Tt,in - Tt,out) (44)

where
* Pum is turbine output power;
* Tt.in, Tt out the total temperature at the turbine inlet and outlet;
* 1 stands for the mass flow rates of air (a) and fuel (f).
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Figure 4.5: Changes in combustion gas properties when using hydrogen. Source: [47]

Given that the combustion of hydrogen produces a higher value of the ~, it is possible to achieve the
requisite temperature reduction with a smaller pressure drop. This results in a greater quantity of energy
being retained in the gases after the turbine, which in turn gives rise to an enhanced thrust.

y—1

Tt,out — (pt,out) B (4 5)
Tt,in DPtin

In this context, the term p, represents the total pressure. Consequently, the engine may be operated
at a lower temperature for a given thrust output, or it may be constructed in a smaller size.

If the hydrogen is stored on board in liquid form, it provides a substantial heat sink. This enables engine
designers to investigate innovative methods of enhancing performance. In their analysis, Boggia and
Jackson [2] cite three potential modifications to the hydrogen-burning version of the A320 engine.

* Precooling the air entering the compressor is an effective method for facilitating compression.
This approach has the potential to result in a 5.7% reduction in thrust specific fuel consumption
(TSFC);
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» Cooling the bleed air around the combustor and mixing it before the turbine should enable in-
creases to the Turbine inlet temperature and a 2.1% reduction in TSFC;

* Preheating the hydrogen fuel from 25 to 250 K using the engine’s hot exhaust, reducing fuel
consumption by 1%—3%[15].

4.3. Hydrogen Tank

One of the first study [7] about liquid hydrogen tank was based on a 400-passenger airliner with 5500
miles of range. The airplane design consisted of two LH2 fuel tanks made from Al-2219 located for-
ward and aft in the fuselage. These tanks operate at a maximum pressure of 21 psi and a minimum
temperature of 25K. Some conclusions of this study with regard to the structural design of LH2 fuel
tanks for aviation are:

» Tank pressure should be higher than atmospheric to prevent air ingestion that may cause an
explosion hazard,;

* Non-integral fuselage tanks require a larger available volume to store LH2;

» Due to maintenance difficulties, LH2 fuel tanks should be designed for a full service life;
* Fuel weight fraction (Wygni /Wi o) of liquid integral tank is ~ 0.2

+ Elliptical domes with (a/b = 1.66) offer the best combination of weight and tank length.

Between 1998 and 2002 the European Union commissioned Airbus and an extensive group of manu-
facturers and universities (e.g. Cranfield, TU Delft, Hamburg, TU Munich) to study possible airplane
configurations that might allow a smooth transition from kerosene to hydrogen. The project, called Cry-
oplane, gave the following conclusions with regard to the fuel tank design: For small regional airplanes
a single LH2 tank can be located behind the pressure bulkhead, meanwhile, for middle and long-range
airplanes a forward location of LH2 tank is required to maintain the C.G. within the allowable range, For
small regional airplanes a single LH2 tank can be located behind the pressure bulkhead, meanwhile, for
middle and long-range airplanes a forward location of LH2 tank is required to maintain the C.G. within
the allowable range.

Shape and volume As Brewer[7]reported, there are two possible types of fuel tank: integral and non-
integral. Non-integral tanks serve only as fuel containers and are mounted within and supported by a
conventional fuselage skin/stringer/frame structure. Consequently, they only have to bear the loads
associated with the fuel containment, i.e. pressurisation and fuel dynamic loads, plus thermal stresses
(Brewer, 1991). Integral tanks, conversely, constitute an integral component of the basic airframe
structure, necessitating their capacity to withstand the full spectrum of fuselage stresses stemming
from critical aircraft loading conditions, in addition to the aforementioned loads. In the absence of the
fuselage structure’s protective barrier, an overlay must be applied to the insulation in the integral tank
design. The necessity for an additional protective layer is driven by the fact that the external surface
of the integral tank design is not protected by the fuselage structure, as is the case in the non-integral
design. This extra shielding provides protection from both aerodynamic heating and air loads. In
addition, integral tank is to be preferred over the non-integral tank with regard to the overall weight of
the aircraft and the more straightforward accessibility of its components for the purposes of inspection.
The integration of the tank into the fuselage necessitates the adaptation of the tank’s geometry to align
with the fuselage’s dimensions to ensure optimal utilisation of the available space. Preliminary design
shows that spherical or cylindrical tank shapes with a diameter equal to that of the fuselage as the
sole viable option. The utilisation of spherical tanks ensures a minimal surface area in relation to its
volume. This, in turn, leads to a reduction in passive heat flux and subsequent boiling of liquid hydrogen
(LH2) within the tank. The spherical shape poses manufacturing challenges and has a higher frontal
surface area, resulting in higher drag forces compared with a cylindrical tank. Conversely, cylindrical
tank shapes are easier to manufacture but have a higher surface area to volume ratio, resulting in a
higher passive heat load into the tank. However, they are easier to integrate into the tubular fuselage,
offering a higher volumetric efficiency. The adoption of cylindrical tanks in this work is predicated on the
aforementioned factors. It should be noted, however, that the aft tank, being situated in the tail cone,
will not be purely cylindrical but conical, in order to comply with the shape of the aft fuselage.
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Figure 4.6: Fuel tank structural arrangement [22]

The determination of tank shape is an extensive process that entails more than merely calculating the
hydrogen mass. Indeed, the pressure rise inside a tank filled with 100-percent saturated or supersatu-
rated liquid is significantly higher than that of a tank filled with a two-phase mixture. The necessity for
a significantly thicker insulation layer in the case of a tank filled with saturated or supersaturated liquid
hydrogen (LH2) is a consequence of the greater pressure rise within the tank. This pressure rise, in
turn, results in the requirement for a venting valve to be installed with the aim of avoiding overpressure
and maintaining the structural integrity of the tank. Finally, allowance must be made for the volume of
the tank.

Allowance for [%] Brewer [7] Cryoplane Verstraete [48]
Tank contraction and expansion 0.9 - 0.9
Internal structure and equipment 0.6 0.5 0.6
Trapped and unusable fuel 0.3 1.0 0.6
Gas space for exit pipe 1.0 2.0 1.0
Total 1.8 3.5 3.1

Table 4.1: Allowance for different components

Tank Structural Layer Aluminum 2219-T87 is used for the tank skin due to the good relationship
between strenGTh and fracture toughness. This alloy has been widely used in cryogenic aerospace
applications due to its easy weld-ability. Aluminum 7075-T6 is a strong and lightweight alloy used in
structural members such as stingers, and frames that are subjected to higher stress levels than the
skin. Additionally, this alloy is also employed in the catwalk wall skin due to the higher-pressure hoop
stresses in this region. Stiffeners, vertical frames and diagonal rots located in the catwalk are subjected
to very high hoop stresses requiring the use of Ti-6Al-4V alloy [22]

To determine the tank wall thickness t,,, the method from Barron [1] is adopted.

DPdes * dO
4.6
2:04" €y + 0.8 pes (46)

twa =

where
* Dyes IS the pressure inside the tank equals to 0.172 MPa under the saturated liquid/gas condition;
* dy stands for the outside diameter of the shell;
* 0, accounts the allowable tank wall stress;
* e, expresses the weld efficiency which is taken for this case as 80%
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Tank Insulation The LH2 is stored at low temperatures in the form of a saturated liquid/gas mixture.
During the flight, the tank is subjected to heat input from the surrounding environment, resulting in
fluctuations in internal pressure. To minimise heat transfer, fluctuations in pressure must be regulated.
The internal insulation system serves to prevent direct contact between the LH2 and the tank structure,
maintaining the temperature at a level close to that of the ambient environment and thus avoiding the
conduction of heat along the lenGTh of the stringers, frames and external supporting rods.

As outlined in the article Development and validation of purged thermal protection systems for liquid
hydrogen fuel tanks of hypersonic vehicles [24], an additional consideration is the capacity of the
insulation system to accommodate dimensional alterations resulting from thermal cycling induced by
the introduction of cryogenic hydrogen. The thermal coefficient discrepancies between the components
of the tank system represent a pivotal aspect in the design of such a system. Insulation also serves to
prevent condensation and subsequent solidification of atmospheric gases onto the tank. This can be
addressed through the use of either a vacuum-jacketed system or a purged system (such as a helium
purged system), where a non-condensable gas has replaced the air.

Mital asserts that the permeation of hydrogen represents a pivotal challenge in the design of the tank.
Due to their diminutive size, hydrogen molecules are particularly susceptible to permeating the tank
wall.

In the case of integral tank structures, a number of potential solutions have been considered. In his
proposal, Onorato [36] put forth the idea of a single-wall construction with foam insulation. Nevertheless,
this solution presents challenges in terms of integration with the airframe and the insulation capabilities
of the tank. A double-wall construction with multi-layer insulation, initially proposed by Brewer [7] and
subsequently by Verstraete [48], should prove an effective solution to these issues.
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Figure 4.7: Tank structure for the multi layer insulation. Source [7]

An efficacious solution has been put forth by Montellano [37] wherein the inner tank assumes respon-
sibility for the retention of hydrogen and the associated fuel containment loads, while the outer tank is
connected to the adjacent airframe and bears the loads of the primary structure. With insulation posi-
tioned between the two tanks, the outer tank structure can be directly bolted to the primary airframe,
thus circumventing issues associated with tank contraction and expansion, as well as heat conduction
through the structure.
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The thickness of the insulation layer can be determined using the following equation [49]:

kinst En =T
tinsulation =2 \/ Zl( ! LH2) (47)
LH; * Pins

where:

* kins is the thermal conductivity (Vacuum+MLI);

* ty defines the mission profile time;

* hr o represents the enthalpy of vaporization of liquid hydrogen, equal to 447.60 %;
* T;,: is the temperature at the external interface of the insulation;

* T o expresses the liquid hydrogen storage temperature;

* pins IS the insulation density (Vacuum+MLI).

Tank Design for Regional Airliner Vestraete [48] consider the possibility for tank system for a re-
gional aircraft with a simplified mission profile, with a total endurance of 5 hours. Threee diffeent options
were considered.

+ Single tank solution with an outer diameter of 2.42m;
» Twin tank, one at the front and one in the tail cone;
» Multiple tanks system at the top of the cabin and a single big tank in the tail cone.

The first solutions results in his study not feasable from a centre of gravity shifting during cruise point
of view. Althought this solution embodies the highest gravimetric efficiency i.e the lower weight. In fact
the gravimetric index is defined as

wy

wy + Wiank

(4.8)

Ngrav =

where w; is the fuel mass and Wi, is the mass of the tank structure.

The gravimetric efficiency of the single tank solution is illustrated in Figure 4.9, where the blue lines
represent the polyurethane foam and the black ones represent rohacell. The full lines indicate the
presence of metal tank walls, whereas the dashed lines denote a 25% weight reduction for compos-
ite materials, as cited in [44]. The figure demonstrates that the polyurethane foam provides a more
lightweight solution for the tank design. The optimal venting pressure is approximately two bar, and
the maximum gravimetric efficiency is observed between 62% and 70%.
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Figure 4.9: Gravimetric efficiency of a single tank option for a regional airliner [48]

4.4. Working Principles and Sizing of Fuel Cells

A fuel cell is an electrochemical device that directly converts the chemical energy of a fuel into elec-
trical energy. This one-step process offers advantages over traditional combustion engines, including
higher efficiency and compatibility with renewable sources like hydrogen for sustainable development
[34]. While modern turbofans generate thrust primarily from the fan, ducted fans are a potential alter-
native, though they require larger, high-power-density electric motors. The most powerful aerospace-
grade electric propulsion unit currently available is magniX’s 650 kW magni650 [31], which powered
the Universal Hydrogen Aircraft.

A fuel cell consists of an anode, a cathode, and an electrolyte. The electrodes are porous materials
coated with a catalyst, often platinum in PEMFCs. Fig. 4.10 illustrates the PEMFC operation. Hydrogen
is supplied to the anode, where it is oxidized:

Hy — 2HT 4 2¢~ (4.9)

The resulting hydrogen ions migrate through the electrolyte, while the electrons flow to the cathode
through an external circuit. At the cathode, they react with oxygen to form water:

%oz 1 2H* 1 2¢ > Hy0 (4.10)

The overall reaction is:

1
Hy + 502 — H20 4+ Wele + Qheat 4.11)

Continuous heat and water removal is essential. The optimal PEMFC operating temperature is 25°C,
with a theoretical efficiency of 83% [16]. Realistic efficiencies are 40-60%, with 50% being typical [35].

The fuel cell system includes the stack and its Balance of Plant (BoP) [32]. For this application, a
PEMFC and a cryogenic hydrogen tank are used [48]. The sizing process, based on Massaro et al.
[10], calculates the number of stacks and the hydrogen mass. The number of stacks is:

4.12)

nsmck(h)_[ Prission(h) 1

NEM Pstack,net(h)

where P,,,ission(h) is the mission power, 1z is the electric motor efficiency, and Ps;qck net () is the net
stack power.
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Stack Design and Performance Stack design determines cell area and number of cells. The stack
power is:

Pspoer = PchcellAcell (413)

where Py, is the cell power density, NV..;; is the number of cells, and A, is the cell area.

The net electrical power is:

Pstack,net (h> = Pstack:<h) - Pcomp(h) - Pothers (414)

where P,,,,,(h) is the altitude-dependent compressor power and P, is the power of other auxiliaries.
The compressor power increases with altitude due to the decreasing air pressure.

System Weight and Hydrogen Mass The total weight of the fuel cell and propulsion system is:

Pstack maxstack Pcom n m P
7 p,mazx!lstack H2 TO
+ + Acoolingwcooling + + (41 5)

Wiot =
WFrcC Weompressor WH2,storage NEMWEM
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Component Parameter | Value Unit
Fuel cell stack [39] Wre 3 kWikg
Compressor [41] Weompr 1.03 kW/kg
Cooling system [43] Weooling 1.08 kg/m?
Hydeen Storage [12] WH?2, storage 0.22 kgHQ/kgstoragesystem
Electric motor [29] WEM 5.2 kWikg
Table 4.2: Gravimetric indexes for the components of the electric propulsion system.
The required hydrogen mass is:
1 fena Pmission (t)
mygo = ———— —dt 4.16
2 T 103 LH Vi /0 N et (h) (4.16)
where t., is the mission duration.
System Efficiency The fuel cell system efficiency is:
PS ack,ne h
Tnet () = tacknet () 4.17)

mH2,stackLHVH2 X 103

Figure 4.12 shows the system efficiency. The stack efficiency decreases with current. The system
efficiency (without compressor) peaks due to auxiliary power. The overall efficiency (with compressor)

is lower. Compressor power varies with altitude.
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Figure 4.12: Fuel cell system efficiency curves as a function of power output. Source: [10]



Double-Hybrid Powertrain Modelling

In order to consider the potential coexistence of three distinct energy sources, namely kerosene, hy-
drogen and Batteries, it is necessary to develop a novel powertrain model to define the systems in the
conceptual design phase. This model shall:

* include the key components of the powertrain, such as the gas turbine, fuel cell, electric motor
and propellers/fans;

* be capable of evaluating the power flowing in and out of each component with minimal computa-
tional effort;

» Adapt to the different architecture illustrated in Chapter 2.1 and to the new ones that will emerge
from the addition of hydrogen and fuel cells;

» Be sensitive to a number of double-hybrid system descriptors, to define the energy source split-
ting.

The obvious choice was to extend the system modelling for a single hybrid system and two district
propulsion systems developed by De Vries [50], adding the hydrogen chain and the relative components
and efficiencies. This would entail incorporating the hydrogen chain and the relevant components and
efficiencies. Similarly to the De Vries model, the hypothesis is based on the assumption that the system
is in a steady state, with a constant conversion/transmission efficiency assumed for each component.
Furthermore, the impact of Battery state-of-charge on the maximum power output of the Batteries has
not been considered. A fixed efficiency has been assumed for the hydrogen supply chain and fuel cell,
irrespective of the flight conditions, and the same has been applied to the power management and
distribution system (PMAD). The system is described by the following elements

* Energy sources: kerosene, hydrogen and Batteries;

« 1%t propulsive line: gas turbine, fuel cell, electric motor, gearbox and the propeller(s)/fan(s);
« 274 propulsive line: electric motor, gearbox and the propeller(s)/fan(s);

* Power management and distribution;

» Hydrogen supply chain and power divider.

Each component is associated with a constant efficiency. It is important to note that, at this juncture,
the energy sources considered by the model are limited to the power flowing into and out of each
component, rather than the energy required for a specific phase of the mission.

5.1. Architectures and Configurations

By combining different energy sources and powertrain elements in various ways, it is possible to de-
fine a series of different powertrain architectures and configurations. This list builds upon the work of
Isikveren [28] and de Vries [50], who proposed additional architectures that rely on the integration of
hydrogen combustion and fuel cells into the powertrain systems. A total of 28 distinct architectures

27
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Partial Serial/ parallel

Turboelectric | partial hybrid Full-electric | Dual-electric

Conventional | Turboelectric | Serial | Parallel

Number of
possible 3 3 4 5 3 1 6 3
configurations

Table 5.1: Number of possible configuration for each type of powertrain architecture

could be identified. Similarly, as has been done in previous literature, the various configurations can
be grouped into eight distinct architectural categories. The configurations exhibit distinct differences
in terms of combustion type (full-kerosene combustion, full-hydrogen combustion, mixed combustion),
source of electric power (Battery, fuel cell, mixed) and the presence of both or either the first and sec-
ond propulsive lines. It should be noted that a given power path can be either one-way or two-way. This
implies that, for a given power path, power can flow in either direction. This is applicable to a Battery
that can also be recharged, an engine that can operate as a windmill, and an electric motor that can
operate as a generator. In the figures below, filled arrows represent the power path during nominal
conditions, while dashed arrows represent other possible operating modes.

The serial parallel partial hybrid configuration represents the general case of all the others, and thus
may be considered a limit case of the serial-parallel partial hybrid configuration. It would therefore be
beneficial to identify three sources of energy hybrid system descriptors, which would allow for a clear
representation of each of the 28 configurations, beginning with the serial parallel partial hybrid.
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Figure 5.4: Configurations 25-28

5.2. Operating Modes

The majority of the 28 configurations demonstrate the capacity for operation in a manner that differs
from the nominal condition, wherein both engines provide thrust, the Battery provides power, and the
electric motors do not operate as generators. These operating modes are contingent upon the potential
power flow that can be achieved through a double-path configuration for a given combination of power
paths. Four distinct power paths can be operated in a double-path configuration, Prr1, Pero, Ps1, PBat
However 16 distinct mathematical combinations exist, only 10 are physically viable. The green arrows
illustrate a specific power flow exhibiting an inverse behaviour with respect to operating mode 1. In
this instance, the power flow is regarded as negative. The green arrows illustrate a specific power
flow exhibiting inverse behaviour with respect to operating mode 1. In this instance, the power flow is
regarded as negative. It should be noted that at this point, all the operating modes do not take account
of the actual feasibility in terms of technological boundaries and weight per each component, nor do



5.2. Operating Modes

33

Configuration

OomM2

OM3

OomM4

OoM10

OM6

om7

OMs

OM9

OM5

Conventional

OM1
[ ]

Full-Hydrogen Combustion

Mixed Combustion

Conventional Turboelectric

Hydrogen Turboelectric

Mixed Turboelectric

Serial 1

Serial 2

Serial 3

Serial 4

Parallel 1

Parallel 2

Parallel 3

Parallel 4

Parallel 5

Partial Turboelectric 1

Partial Turboelectric 2

Partial Turboelectric 3

SPPH

Full electric 1

Full electric 2

Full electric 3

Full electric 4

Full electric 5

Full electric 6

Dual electric 1

Dual electric 2

Dual electric 3

Table 5.2: Operational Modes Associated with Aircraft Configurations

they account for the actual feasibility of a certain operating mode during a certain flight condition. In
the operating modes 1 to 3 and 10, the surplus energy from the PMAD is redirected to the gearbox,
which is situated throughout an electric motor, thereby generating shaft power. Conversely, in the
aforementioned operating modes (4 to 9), the surplus shaft power from the gearbox is redirected to
the PMAD through the utilisation of the electric motor as a generator. The operating modes determine
whether the engines are used to provide thrust or to harvest power.

Table 5.2 illustrates the possible operating modes for each configuration. The ability of the SPPH
configuration to be operated in all possible modes serves to confirm it can be considered as the general
case for all other configurations.
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Operating mode 1
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Figure 5.5: Operating modes 1-6
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Operating mode 7 Operating mode 8

Operating mode 9 Operating mode 10

Legend

— Powerpath consistent to OM1
—_— Powerpath opposite to OM1

Figure 5.6: Operating modes 7-10. The red rectangle represent an addition possible operating mode respect to the current
literature
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5.3. Threefold Energy Storage Powertrain Descriptors

5.3.1. Power Control Parameters

The numerous potential configurations, based on different splitting of the source of energy and split-
ting of hydrogen between fuel cell and gas turbines, imply that a set of power control parameters are
necessary to characterise the diverse powerflows of the system quantitatively.

The initial two parameters represent the power supplied by the Batteries and hydrogen, respectively,
in relation to the total amount of power utilized. This represents an extension of the power ratio con-
cerning Battery and kerosene, as defined by Isikveren [28], to encompass the combination of kerosene,
hydrogen, and Batteries as a source of power.

PBat
P = . 5.1
B ™ Pgat + Prz + Pi 1
P,
® 10 112 (5.2)

" Ppat+ Pz + Py

The sum of these two parameters is constrained to a maximum value of 1, as they represent the energy
source ratio. The limit value of 1 signifies that no kerosene is being utilised and that the engines are
not harvesting power.

Ppat + P2 <=1 (5.3)

The hydrogen supply ratio ¢ s a measure of the quantity of hydrogen supplied to the fuel cell relative to
the total quantity of hydrogen.

Prra. ro
H2 1 = J 54
Pt Pra rc + Pr2ar (54)

Two distinct options are available for defining the electrical power partition. An alternative approach
would be to define a specific partition coefficient or to utilise the shaft power ratio, as proposed by De
Vries [50]. This final possibility was employed.

P52
=\ 5.5
4 Psl + Ps2 ( )
The table below presents the range of power control parameters during nominal conditions (OM1,
OM4).

5.3.2. Energy Control Parameters

The classic definition of fuel fraction fails to provide a direct correlation with the total quantity and species
of energy stored onboard. Specifically, its application is limited to the determination of the total amount
of cumulative propellant, excluding the specific proportions of hydrogen and kerosene, and the energy
stored in the battery. Similarly, the energy fraction can only account for the total energy associated with
the battery, hydrogen, and kerosene, without differentiating their individual contributions.

Consequently, the energy fraction should be complemented by two additional parameters to quantita-
tively describe the energy amount for each of the three energy sources: the Battery Energy Degree of
Hybridization and the Fuel Energy Degree of Hybridization.

Defining the total fuel energy as E,.; = En2 + Ey, the Battery Degree of Hybridization (DOHp,:) is
defined as:

EBat
EDOHpy = ————— 5.6
Bat EBat + Efuel ( )

To characterize the individual quantities of kerosene and hydrogen, the Fuel Energy Degree of Hy-
bridization (FEDOH ;) is introduced:
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Efra
EDOHpyep = ————— 57
Puel = Fo (5.7)

5.4. Power Control Parameters along the Operating Modes

A crucial point of this powertrain modelling relies on the sign of the fourteen power flows themselves.
For this purpose, the assumption of considering a power flow with a positive sign when coherent with
the fluxes expressed in OM1, and vice versa, is carried out. Looking at the power control parameters,
it's clear that the possibility of P, Ps1, and Pss being either positive or negative has a crucial influence
on these parameters’ value range.

Considering the nominal scenario where Pg,;, P51, and P, assume a positive sign, which corresponds
to OM1 and OM4, their range can be evaluated straightforwardly.

Table 5.3: Power Control Parameters Range during Nominal Conditions (OM1, OM4)

(I)Bat (I)HQ H25plit 2
Nominal Conditions (OM1, OM4) [0,1] [0,1]  [0,1]  [0,1]

However, when one of the aforementioned changes sign, its behaviour becomes far from obvious,
being naturally characterized by a singularity. This section examines the power control parameters
dp.+ P2 and ¢ as functions in the diverse operating modes in order to explore their behaviour, range
and singularities.

H2,,,: is not mentioned since this power flow cannot reverse its sign, making it always fall between 0
and 1 independently of the operating mode.

5.4.1. Battery Being Recharged

To analyse the trend of the functions ®z,; = f(Ppga:) and ® o = f(Pgat), firstit is evaluated the impact
of the upper and lower limits of the power directed to the battery, in which the upper and lower limits
correspond respectively to infite and no power.

. . PB(Lt
1 liiJ = 1 =0 5.8
PBgILO Bat PBgnHO Ppoi + Pro + P (58)
lim ®p = lim P2 =c¢>0, ceR (5.9)
Ppq:—0 Ppa:—0 Ppat + Pra + Py
. . PBat
1 D= | = 5.10
PBatH—>n—oo Bat PBatH—>n—oo Ppyt + Pyo + Py, ﬂ ( )
) . Prra
lim ®go= lim = 5.1
Ppar—s—00 12 Ppas—oo Ppat + Pro + Py ? ( )

It result that when Pg,; — —oo the limit does not exist. In fact, two distinct cases must be noted,
depending on the operating modes.

When none of the engines harvest power (OM5, OM10) and battery is being recharged, the input power
directed to the battery Pp,; must be of the same order of magnitude as the power required for charging.
Obviously, both hydrogen and kerosene power can only be characterised by a positive sign and part of
their power is diverted to the battery. Saying that, for this scenario Pys + P, = —a- Ppq: + b, Wwhere the
coefficient a is dependent upon the efficiency of the propulsive system in delivering power to the battery
and parameter b represents the amount of power directed to the engines, consequently the resulting
functions are:
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Figure 5.7: Qualitative graph of ®p,; = f(Ppqt) in OM5 and OM10. a is assumed greater than 1 and b is positive.

. _ . PBat _ .
PBalternioo Dpat = PBalternioo Po—a P b c<0, c€R [Pga <0in OM5 OM10] (5.12)
. o . PH2 +
lim  ®go(Ppet) = lim 0", [Ppat <0, OM5, OM10] (5.13)

Ppat——00 Ppat——00 Ppgt —a - Ppgr + b

In a real system, where the efficiencies cannot be equal to 1, Pg,; # Pyo + P;.P

In contrast, when one or both of the engines are harvesting power (OM3, OM6, OM8, OM9), the system
is subject to a singularity. Indeed, for this case, the assumption that the sum of the power produced
by hydrogen and kerosene must be of the same order of magnitude as the power directed to recharge
the battery is no longer valid. In fact, theoretically, either propulsive line operating as a windmill could
provide the powertrain with an amount of power with a diverse order of magnitude with respect to the
power production of hydrogen and kerosene. This situation could happen, for instance, during the
descent phase. As a consequence, the resulting function is:

. o . PBat _
PBlil’Efk @Bat(PBat) = PBLEIE?]C m = :l:OO, [PBat < 0, OMS, OM6, OM?, OMS, OMQ] (514)
: L Prro
PBiiglfk (PHQ(PBat) = PBlirgfk m, [PBat < 07 OM3, OM6, OM7, OMS, OMg] (515)

where k is the sum of Pys + Pg. In this case,

. . Pp,
p im Ppa(Ppa) = lim ﬁ =1%, [Pga <0, OM3, OM6, OM8, OM9]  (5.16)
lim  ®yy(Ppa) =  lim Prra 07, [Ppa <0, OM3, OM6, OM8, OM9]  (5.17)

PBat——00 Ppat——o0 Ppet + k
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Figure 5.8: Qualitative graph of ® ;5 = f(Ppgt) in OM5 and OM10.
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Figure 5.9: Qualitative graph of ® g, = f(Ppqt) in OM3, OM6, OM8, OM9. k is assumed positive.
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Figure 5.10: Qualitative graph of ® 7o = f(Pp4:) in OM3, OM6, OM8, OM9. k is assumed positive.

Since

Pgat + Pra + P, = f(n,OM) - P, (5.18)

where 7 is a matrix containing the powertrain components efficiencies, it can be demonstrated that a
series of combinations of P,,; and n ultimately result in a singularity.

5.4.2. Engine Windmilling
The utilization of a single shaft power parameter is not able to correctly define P,; and P,y unless
employed in conjunction with the total propulsive power P,, and thus the total shaft power.

Defining the function:

PS2

@(Psz) = m (5.19)

a singularity clearly occurs when limp,, -, p_, ©(Ps2). Two different cases can be identified, depending
on the sign of Py, and therefore the operating mode.

When P;; > 0 that corresponds to OM1 to OM6 and OM10,

P82

. _ . — +
P,Qh—{rioo o(Ps2) = PSQh_r)n_oo Pt Pa 17, [OM1 to OM6, OM10] (5.20)
lim  (Po) = lim —12_ — 1= [OM1 to OM6, OM10] (5.21)
P521—r>I—11-oo vils2) = Pszl—l;r-l&-oo Psl + PSQ o ’ ’ '

In contrast, if it assumed P,; < 0, representing OM7 to OM9, the resulting fuctions are

Ps2

. . P52 +
lim  (Pw) = lim 1+, [OM7 to OM] (5.23)

Pgo—+o00 Psz—+o00 Ps] + Ps2
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Figure 5.11: Qualitative graph of ¢ = f(Ps2) in OM1 to OM6 and OM10. Ps; is assumed positive.
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Figure 5.12: Qualitative graph of ¢ (Ps2) in OM7 to OM9. Ps; is assumed negative.
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Summary table The following table presents a summary of the range of double-hybrid system de-
scriptors in the context of the various operational modes.

OoM1 OM2 omM3 OoM4
(+1, +OO), Bo‘[ < 0
PBat [Oa ]-] [O, 1] (—OO, O), Pt > 0 [Ov 1]
(07 —OO), Ptot <0
(I)H2 [05 1] [07 1] (OO, k), Ptot >0 [07 1]
0,1] (+1,400), Py + P2 <0 (4+1,400), Ps1 + Ps2 < 0 [0,1]
v ’ (_0051)7P81+P82>0 (—00,1),P51+P52>0 ’
Table 5.4: Control Parameters for Operating Modes 1-4
OM5 OMé6 om7
> &, 0) (+1,400), Pot <0 (+1,+00), Pot <0
bt ’ (—OO, 0)»P(Ot >0 (—0070), Ptot >0
¢H2 (0 k] (O? _OO),Ptot < 0 (07 _OO), PtOt < 0
’ (+OO,]€),Ptot > 0 (Ooak)aBOt > O
o [0 1] (+1,+OO),P51+P52<0 (+1,*OO),P51+P52<0

(—00,1)7P51+P52>0 (+OO,1),P51+P52>0

Table 5.5: Power Control Parameters for Operating Modes 5-7

OoMs8 OoM9 OoM10
(+15+Oo)7f)tot <0 _
(I)Bat (_0050)7Ptot >0 (17+OO) [ k70}
(Oa —OO), Ptot <0
Qo (OO, k), Pt > 0 (07 —OO) (07 k}
0 (+17_OO)aPsl +Ps2 < 0 [07 1) [07 1]

(+OO, 1)7Psl + Ps2 >0

Table 5.6: Power Control Parameters for Operating Modes 8-10

Where k is a positive number.

5.5. Powertrain Equations

The Powertrain Equation can be considered as the real and proper core of the mathematical model for
powertrain model. A total of 14 variables are involved in the SPPH configuration, each of which repre-
sents a power flow. Accordingly, in order to solve this system, it is necessary to derive 14 equations.

The initial nine equations illustrate the power flow into and out of each component, including the equa-
tions pertaining to the PMAD and GB nodes. With 5 individual component efficiency is represented, i.e.
nap accounts the efficiency of the gearbox. Notably is Eq. 5, that corresponds to the conservation of
the liquid hydrogen power from storage to the gas turbine or the fuel cell. The coefficient nsp considers
hydrogen power losses in this power flow due to evaporation and venting pressure.

Eqg. 10 to 13 contain the double-hybrid system parameters described in the preceding section.

Equation 14 contains the constant term of the system, which is necessary for solving the linear system.
The system is initially solved with respect to the total propulsive power.

Consequently, the system is completely defined. The equations can be written in matrix form
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Ax=Db

where matrix A represents the powertrain architecture and its relative operative mode, x is the array
containing the power paths and b a vector except for total propulsive power P,

Equation Number Power Path or Component

1 Per = ner,a2 - Pr2 + nark - P
2 Ppl = Tp1 * Psl

3 Pp2 = Mp2 * P

4 Pemi =nem1 - Pern

5 Pro =nm2,sp - (Pu2,cr + Pr2,Fe)
6 Prri+ Per2 = npvap - (Prc + Piat)
7 Prc =nrc - P2, rc

8 P31:7)GB'(PGT+Pem1)

9 Py =ngm2 - Per2

10 Po =Py £

11 Ppat = ®Bat - (PBat + Pr2 + Pr)
12 Pry = ®ps - (Ppat + Pu2 + Pr)
13 Prsrc = Pu2ar - 71fégp'p;t

14 P+ Py=P,

Table 5.7: Powertrain Equations for Extended Powertrain System

1 0 0 0 0 —NGT,H2 0 0 —NGT k 0 0 0 0 0 [ Par 0
0 1 0 0 0 0 0 0 0 0 0 0 —Mp1 0 Py 0
0 01 0 0 0 0 0 0 0 0 0 0 —me|| B 0
0 0 0 1 0 0 0 0 0 —NEMI 0 0 0 0 Pepa 0
0 0 0 0 —NH2.8D 1 1 0 0 0 0 0 0 0 Pyo 0
000 0 0 0 0 —NPMAD 0 1 1 —npmap 0 0 Praar 0
0 00 0 0 0 —nre 0 0 0 0 1 0 0 | |Puarc| |0
—-naeg 0 0 —nmgm 0 0 0 0 0 0 0 0 1 0 Pgat 10
0 0 0 0 0 0 0 0 0 0 —MNEM?2 0 0 1 Py 0
0 0 0 0 0 0 0 0 0 0 0 0 —p l—9 Prra 0
0 00 0 —dpu 0 0 1—®py ~py O 0 0 0 0 Ppia 0
0 0 0 0 1—Ppyo 0 0 — Dy —Dyo 0 0 0 0 0 Prc 0
0 0 0 0 0 —H2gp150 1 — H24p03 0 0 0 0 0 0 Py 0
0 11 o0 0 0 0 0 0 0 0 0 o 0 || P B

Given that the initial nine equations of the matrix represent power flowing into and out of each com-
ponent, including nodes and taking into account relative efficiency, it is necessary to adapt this set to
each operating mode. If not, in cases where the power flow is in opposition to the nominal condition
(OM1) would result in an erroneous assessment of the efficiency of each component, leading to an
overestimation of the power flowing out in comparison to the power flowing in. Consequently, the node
equations must also be modified. In light of the general criteria that a power flowing into a node is pos-
itive and flowing out is negative, in certain operating modes, the consideration of power flows opposite
to the nominal condition as negative would lead to negative power flowing into the nodes, which would
not respect the conservation of energy. To prevent this, the sign in the node equations is reversed
when a power flow is negative.

Example 5.5.1
OM?2 :npyap - (Prc + Per2+ Pat) + Per1 =0
e e e Vo S—~—
>0 <0 >0 <0

In the operating mode, engine P2 operates as a windmill, thus its relative sign is negative. In order to
maintain the conservation of energy, the following equation must be considered:

OM?2 :npyap - (Prc —Per2 + Ppai) + Ppri =0
NN S~—~—
>0 >0 >0 <0
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The matrix A can be split in two sub-matrixes,

Agj;?f) and Aé’i?f) where the first represents the operating modes and the second the powertrain
input scenario (PTIS), thus enabling the calculation of power splitting and the total amount of power.

The A(TOP) matrices for the ten different operating modes are presented below.

1. Battery, gas turbine and fuel cell provide power, both propulsive lines supply thrust, and excess
power from the PMAD is diverted to the electric motor connected to the gearbox;

1 00 O 0 —ner,gH2 0 0 -nerk 0 0 0 0 0 ]
0 10 O 0 0 0 0 0 0 0 0 —1p1 0
0 01 O 0 0 0 0 0 0 0 0 0 —mp2
0 00 1 0 0 0 0 0 —NEM1 0 0 0 0
ATOP — | 0 00 0 —ngasp 1 1 0 0 0 0 0 0 0
0 00 0 0 0 0 —NPMAD 0 1 1 —NPMAD 0 0
0 00 O 0 0 —Nrc 0 0 0 0 1 0 0
—neB 00 —ngB 0 0 0 0 0 0 0 0 1 0
L0 00 0 0 0 0 0 0 0 —mem2 O 0 1 |

2. Battery, gas turbine and fuel cell provide power, first propulsive line supplies thrust while second
propulsive line harvests power. Excess power from the PMAD is diverted to the electric motor
connected to the gearbox;

1 0 0 0 0 —nar,H2 0 0 —-naerk 0 0 0 0 0

0 10 0 0 0 0 0 0 0 0 0 —mp 0

0 0—mpe O 0 0 0 0 0 0 0 0 0 1

000 1 0 0 0 0 0 —nem1 O 0 0 0
ATOPY =1 0 0 0 0 —ngasp 1 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 —npmap O 1 npmap —mpmap O 0

000 0 0 0 —nrc 0 0 0 0 1 0 0

—-ngg0 0 —ngg 0 0 0 0 0 0 0 0 10

000 O 0 0 0 0 0 0 1 0 0 —neume]

3. Gas turbine and fuel cell provide power, first propulsive line supplies thrust while second propul-
sive line harvests power. Excess power from the PMAD is diverted to the electric motor connected
to the gearbox and to recharge the Battery;

1 0 0 0 0 —nagrrz2 0 0 —ngrry O 0 0 0 0
010 0 0 0 0 0 0 0 0 0 =m0
0 O0—np O 0 0 0 0 0 0 0 0 0 1
000 1 0 0 0 0 0 —nuen O 0 0 0
ATOPY =1 0 0 0 0 —ngasp 1 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 -1 0 1 npmap —mpmap O 0
000 0 0 0 -npc 0 0 0 0 1 0 0
—ngp0 0 —ngg 0 0 0 0 0 0 0 0 10
000 0 0 0 0 0 0 0 1 0 0 —nEas)

4. Battery, gas turbine and fuel cell provide power, both propulsive lines supply thrust, and excess
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power from the gearbox is diverted to the PMAD through the electric motor, acting as a generator;

1 00 O 0  —narmz O 0  -nerk O 0 0 0 0
0 10 0 0 0 0 0 0 0 0 0 —npm 0
0 01 0 0 0 0 0 0 0 0 0 0 —npo
0 00-npa1 O 0 0 0 0 1 0 0 0 0
AT — | 0 00 0 —ngasp 1 1 0 0 0 0 0 0 0
0 00 O 0 0 0 —mpmap 0 npmap 1 —nmpmap 0 0
0 00 0 0 0 —nrc O 0 0 0 1 0 0
—ngp00 -1 0 0 0 0 0 0 0 0 10
0 00 0 0 0 0 0 0 0 -—nemz 0 0 1

5. Gas turbine and fuel cell provide power, both propulsive lines supply thrust, and excess power
from the gearbox is diverted to the PMAD through the electric motor, acting as a generator as
well as the excess power from the PMAD is diverted to the Battery to recharge it;

[ 1 00 0 0 —nergz2 0 0 —neryx 0 0 0 0 0 ]
0 10 0 0 0 0 0 0 0 0 0  —np O
0 01 0 0 0 0 0 0 0 0 0 0 —mpo
0 00-nmm1 O 0 0 0 0 1 0 0 0 0
ATOPY =10 00 0 —ngasp 1 1 0 0 0 0 0 0 0
0 00 O 0 0 0 -1 0 mnpmap 1 —npymap O 0
0 00 0 0 0 —npc 0 0 0 0 1 0 0
—ngp00 —1 0 0 0 0 0 0 0 0 1 0
0 00 0 0 0 0 0 0 0 —nemz 0 0 1

6. Gas turbine and fuel cell provide power, first propulsive line supplies thrust while second propul-
sive line harvest power. Excess power from the gearbox is diverted to the PMAD through the
electric motor, acting as a generator. Battery is being recharged;

[ 1 0 0 0 0 —nerme 0 0 —ngryx 0 0 0 0 0 ]
0 1 0 0 0 0 0 0 0 0 0 0 —Mp1 0
0 0-—mp2 0 0 0 0 0 0 0 0 0 0 1
0 0 0 —mem 0 0 0 0 0 1 0 0 0 0
AéTOP) = 0 0 0 0  -—muH2sD 1 I 0 0 0 0 0 0 0
0 0 0 0 0 0 0 -1 0 mnpmapnpmap —Npmap 0 0
0 0 O 0 0 0 —nrc 0 0 0 0 1 0 0
—na0 0 —1 0 0 0 0 0 0 0 0 1 0
0 0 O 0 0 0 0 0 0 0 1 0 0 —NEM2 |

7. Battery, gas turbine and fuel cell provide power, first propulsive line harvests power while second
propulsive line supplies thrust. Power from the gearbox is diverted to the PMAD through the
electric motor, acting as a generator;

1 0 0 O 0 —nar,H2 0 0 —nerk 0O 0 0 0 0
0 -0 O 0 0 0 0 0 0 0 0 1 0
0 01 O 0 0 0 0 0 0 0 0 0 —np2
0 0 O—neann O 0 0 0 0 1 0 0 0 0
ATOEY 10 0 0 0 —ngasp 1 1 0 0 0 0 0 0 0
0 0 0 O 0 0 0 —-npmyap 0 npmap 1 —npmap 0 0
0 0 0 O 0 0 —Nrc 0 0 0 0 1 0 0
“nes 0 0 -1 0 0 0 0 0 0 0 0 negp O
0 00 0 0 0 0 0 0 0 —mgmz 0 0 1 |

8. Gas turbine and fuel cell provide power, first propulsive line harvests power while second propul-
sive line supplies thrust. Power from the gearbox is diverted to the PMAD through the electric
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motor, acting as a generator. Battery is being recharged;
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9. Gas turbine and fuel cell provide power, both primary and second propulsive line harvest power.
Power from the gearbox is diverted to the PMAD through the electric motor, acting as a generator.
Battery is being recharged;

1 0
0 —Tp1
0 0
0 0
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10. Gas turbine and fuel cell provide power, both propulsive lines supply thrust, and excess power
from the gearbox is diverted to the PMAD through the electric motor, acting as a generator. Battery
is being recharged.

This operating mode was possible to be introduced thanks to the Double-Hybrid Powertrain and
results to be an addition with respect to the previous literature. In Fig.5.6 it is underlined by a red

rectangle.
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5.6. Powertrain Input Scenario
In order to solve the system, five propulsive inputs are required. However, different formulations can be
adopted to describe the propulsive input, depending on the Powertrain Input Scenario (PTIS). The first
propulsive input scenario refers to the basic formulation of the powertrain power control parameters.

PTISl :

DD DD DD ODOO0N

=
B

[807 (I)Batv (PH27 H25plit7 Pp]

\

=
coorolm oo o

S

0 0
—np1 0

0 —Tp2

0 0

0 0

0 0

0 0

10

0 1 |

(5.24)

A simple analysis indicates that it is possible to substitute the shaft power ratio, represented by the
variable o, provided that the propulsive powers of both the primary and secondary propulsive lines,
represented by the variables P,; and P,., respectively, are known. In this case, the resulting array of
necessary inputs is given by:
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PTISy = [®pat, ®ra, H2spiit, Pp1, Ppo) (5.25)

and the overall matrix system becomes

1 00 0 0 P 0 0 —nere 0 0 0 0 0 Por ] 0
0 1 0 0 0 0 0 0 0 0 0 0 —p1 0 Py 0
0 0 1 0 0 0 0 0 0 0 0 0 0 —MNp2 Py 0
0 00 1 0 0 0 0 0 —NEM1 0 0 0 0 P 0
0 00 0 —1H2,5D 1 1 0 0 0 0 0 0 0 Pro 0
0 00 0 0 0 0 —NPMAD 0 1 1 —npmap 0 0 Pysar 0
0 00 0 0 0 —Nrc 0 0 0 0 1 0 0 Poorc| | O
-ngg 0 0 —ngs 0 0 0 0 0 0 0 0 1 0 Pgat | | 0O
0 00 0 0 0 0 0 0 0 —NEM2 0 0 1 Py 0
0 00 0 —dpy 0 0 1—®py ~Bpa O 0 0 0 0 Pont 0
0 00 0 11— 0 0 B 0 0 0 0 Pors 0
0 0 0 0 0 —H2gp150 1 — H24p1i¢ 0 0 0 0 0 0 0 Prc 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 Py P
0 01 0 0 0 0 0 0 0 0 0 0 0| Po | P

An additional approach would be to consider the throttle setting and the total shaft-installed power (if
available). Indeed, an appropriate description of the aircraft’s overall throttle setting, irrespective of the
source of the power, would be:

é. _ Psl + P52 (526)

Psl,inst,corr + Ps?,inst,corr

where P;; and Ps; are the actual shaft power, and Ps; jnst.corr @Nd Psa inst,corr are the corrected installed
shaft power by means of altitude and velocity. This correction is applied to the power produced by the
gas turbine. The approximate relationship between sea-level static shaft power and shaft power at
flight condition is as follows:

Pgr - f(h, M) Prc + Ppay
Per + Prc + Ppat  Par + Prc + PBat

P(COTT) 4 PA(COTT) — (PSL + PSL ) . (

sl,inst inst, sl,inst s2,inst

) (5.27)

The input array results to be

PTISS = [@a(PBatvq)HQastplit?g] (528)

and the relative matrix equation systems:

1 0 0 0 0 —NGT,H2 0 0 —NGT.k 0 0 0 0 0 [ Por 0
0 10 0 0 0 0 0 0 0 0 0 —Mp1 0 Py 0
0 01 0 0 0 0 0 0 0 0 0 0 —Mp2 Py 0
0 00 1 0 0 0 0 0 —NEMI1 0 0 0 0 Pemi 0
0 00 0 —1H2,5D 1 1 0 0 0 0 0 0 0 Pra 0
0 00 0 0 0 0 —TNPMAD 0 1 1 —TNPMAD 0 0 Pyoar 0
0 00 0 0 0 —Nrc 0 0 0 0 1 0 0 Pysrc| _ 0
—nge 0 0 —nep 0 0 0 0 0 0 0 0 1 0 N 0
0 00 0 0 0 0 0 0 0 —newme 0 0 1 P, 0
0 0 0 0 0 0 0 0 0 0 0 0 —p l1l—9 Pgr1 0
0 00 0 —Bp 0 0 1—®py —Bpu O 0 0 0 0 Ppis 0
0 00 0 1-®p 0 0 By —Dype 0 0 0 0 0 Pro 0
0 00 0 0 —H2gp150 1 — H24p1it 0 0 0 0 0 0 0 Py 0
0 00 0 0 0 0 0 0 0 0 0 1 1 || Po | & (Painet+ Painst)]

Lastly, it is necessary to define the individual component throttle setting and their relative installed
power. It should be noted that three different throttle settings for power source components can be
defined, respectively, for the gas turbine, fuel cell, and Battery.

P, P, P,
o5 RO = —m EBat =~ (5.29)
P(cor.r) P(cor_r) 4

GT,inst FClinst Bat,inst

or =



5.6. Powertrain Input Scenario 48

The maximum power of the aforementioned components is equal to the sea-level installed power, ex-
cept for the gas turbine, where the maximum power is related to the installed sea-level static power by
means of altitude and altitude, as previously demonstrated.

The input array associated with Powertrain Input Scenario 4 is:

PTISsy = [Ear,EFc, EBats H2split, ¢) (5-30)

and the relative equation system:

1 0 0 0 0 —NGT,H2 0 0 —NGT,k 0 0 0 0 0 Por 0
0 10 0 0 0 0 0 0 0 0 0 1 0 P 0
0 01 0 0 0 0 0 0 0 0 0 0 —Tp2 Ppo 0
0 0 0 1 0 0 0 0 0 —NEM1 0 0 0 0 Pemi 0
0 0 0 0 —MH2,5D 1 1 0 0 0 0 0 0 0 Pro 0
0 00 O 0 0 0 —NPMAD 0 1 1 —npmap 0 0 Prs,cr 0
0 00 0 0 0 —nNrc 0 0 0 0 1 0 0 Puarc| _ 0
-nge 0 0 —ngp 0 0 0 0 0 0 0 0 1 0 Ppar | 0
0 0 0 0 0 0 0 0 0 0 —NEM2 0 0 1 Py 0
0 0 0 0 0 0 0 0 0 0 0 0 —p l—9 Pgr1 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 Prr2 ¢ot - PaTmaz
0 0 0 0 0 0 0 0 0 0 0 1 0 0 Prpc &rc - Pre,max
0 0 0 0 0 0 0 1 0 0 0 0 0 0 Py &Bat  PBat,maz
|_ 0 00 0 0 —H2p5 1 — H24p1¢ 0 0 0 0 0 0 0 Py
Considering that:
ar,€rc € [0,1] (5.31)

and noting that it is reasonable to assume that the Battery cannot be charged with a power greater than
that required for its highest discharge power. Consequently,

¢Bat € [—1,1] (5.32)

The resulting propulsive input interval to describe each operating mode in PT1S, results to be highly
simplified with respect to PT'1S; (as it is described in Tables 5.4, 5.5,5.6).

OM1 OM2 OomM3 OoM4
§er  [0,1] [0,1] [0,1] [0,1]
Erc [0,1] [0,1] [0,1] [0,1]
Epat  [-1,1] [—1,1] [-1,1] [—1,1]
[O 1] (-i—l,—l—OO),Psl + P2 <0 (+1,+OO),P31 + Py <0 [0 1]
i ' (00,1),Pu+ P >0 (—00,1), Py +Pa>0
Table 5.8: Power Control Parameters for Operating Modes 1-4
OM5 OM6 OoM7
Sar [0, 1] [07 1] [07 1]
§Fe [Oa 1] [07 1] [07 1]
fBat [_171] [_171] [_171]
[0 1] (+1’ +OO)’ P“;l + sz <0 (+17 —OO), Psl + P)s2 <0
4 ’ (*Ooal)aP51+P52>0 (+0071)7P51+P32>0

Table 5.9: Power Control Parameters for Operating Modes 5-7

While theoretically possible to combine the various propulsive input scenario arrays, it is strongly dis-
couraged. Not all power control parameter permutations are feasible due to the risk of the matrix
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OM8 OoOM9 OM10
éar [0,1] [0,1] [0,1]
gFC [07 1] [07 1] [07 1]
EBat [—1,1] [-1,1] [-1,1]
o (+1,—00), Py + P2 <0 0,1) 0,1]

(+OO71),P51+P82 >0

Table 5.10: Power Control Parameters for Operating Modes 8-10

algebraic system becoming overdetermined or underdetermined. Furthermore, the propulsive input
scenarios (PTIS), specifically PT'1S,, PT1S3, and PT1S,, are designed for distinct uses.

During the design phase, controlling the power ratios ¢ 5,; and & is often desirable for understanding
the contributions of different energy sources, making PT'1S; suitable.

PT1S3 and PT1S, are applicable only after the propulsive system and its installed power are defined.
PT11S5 provides insight into the overall system throttle setting (as potentially requested by the pilot) and
the total shaft power relative to the maximum sea-level shaft power. PT'1S, is intended for use by a
FADEC (Full Authority Digital Engine Control) system to manage individual component throttle settings,
identifying the optimal combination for a given flight phase within a mission analysis optimizer.



Conceptual design synthesis for a
double hybrid aircraft

The conceptual design method for a double hybrid aircraft is an expansion of traditional design methods
(Roskam, Torenbeek, Raymer) that account for the additional complexity of the powertrain and multiple
energy storage. The design synthesis starts from input data about

« Aircraft design parameters (wing aspect and taper ratio, ...);
+ Payload mass;
» Engines type and number;
» CS/FAR category (23 or 25, depending on MTOW);
» Mission parameters and performance requirements
» Brake-specific fuel consumption;
* Power-input ratios;
The design tool shall provide as output

+ Maximum power requested from each component of the powertrain along the entire mission;
+ Take-off mass;

* Wing surface and span;

» Fuel mass;

» Battery mass;

In comparison to the conventional method, the sizing of hybrid systems implies that the thrust and power
required from the vehicle is not solely linked to conventional engines. Instead, the power is distributed
among various components, including fuel cells, electric motors, batteries, and other elements. The
distribution of power is determined by the power input of the double-hybrid powertrain model. The
conceptual design (Class 1) design module is represented in the flowchart below. This method is
derived from De Vries dissertation [50] and extended to accommodate the coexistence of three energy
sources and the powertrain components associated with hydrogen usage.

6.1. Matching Chart and Constraint Diagrams

In order to identify a feasible design space and define a design point that describes the optimal vehicle
configuration in terms of maximum power, maximum take-off mass and wing surface area, a series
of matching requirements have been formulated. These requirements are expressed as T},/ W,y =
f(W,er/S), where T, represents the thrust required for a specific flight condition, W,..; the reference
aircraft weight, which is equal to the take-off mass, and S describes the wing surface.

50
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Figure 6.1: Flowchart of the conceptual design (Class 1) module. The outputs and inputs of the method are highlighted.

Those requirements represent the force equilibrium during each mission phase ( constraint cruise
speed, constraint climb condition, constraint stall/landing condition) in addition to Certification Specifi-
cation requirements (OE/ balked landing constraint, OE|l second-segment-climb constraint, AEO Balked
landing constraint, ...). As an example, it is reported the cruise requirement

Wier/S
q-TAe

Teruise _9q Cp

= A
W'r‘ef Wref/s (6 )

where:

s q= %pV2 represents the dynamic pressure;

» Cp is the drag coefficient;

» )\ the wing aspect ratio;

+ e express the Oswald factor.
However, in a hybrid configuration, power-loading diagrams are preferred to thrust-loading diagrams
because each component of the powertrain is dimensioned in terms of power. The matching require-

ment expressed as a thrust loading diagram, as outlined in Equation 6.1, can be evaluated in terms of
power loading as

Wref _ 1T (62)
P, V.

ref

The propulsive system shall generate sufficient power to satisfy all the stipulated requirements. Conse-
quently, the lowest value of W/ P is to be selected from among all the requirement curves. Analogously,
the wing must provide sufficient lift in all flight conditions; consequently, the lowest wing loading and
highest wing surface are selected. The design space, therefore, can be identified as the area that
meets all these requirements.

The Double Hybrid Powertrain model and its relative propulsive input (® g;, H> and Hs split) are utilised
to identify the components’ constraints diagrams and thus the power loading for each component. First,
W P/W S design point is evaluated for a conventional aircraft. Subsequently, for each powertrain
component, at design WS, WP is evaluated for the different constraints and the minimum is
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Figure 6.2: Methodology to derive the components’ constraint diagram from the aircraft matching chart

chosen as the sizing constraint. Thus, each component of the powertrain can be sized in terms of
the requisite power. This approach also enabled the designer to enhance the complexity of the pow-
ertrain by incorporating new components or connections between existing ones, while simultaneously
assessing the power requirements of each component of the powertrain with minimal effort.

6.2. Mission Analysis

Payload-Range Diagram The payload range diagram for a dual-hybrid aircraft is an area of particular
interest. In a conventional aircraft, region A represents fuel added as required to reach a specific range,
with the payload capacity not exceeding the certified or physical maximum for the aircraft. Region B
represents the condition where the tank is not full, and a trade-off can be made with respect to the
payload mass, since the maximum take-off weight is already being reached. In Region C, the fuel
tank is full, and the only way to fly further is to reduce the total weight of the aircraft, thereby reducing
the payload.In contrast to conventional aircraft, Region B has different significance for a double-hybrid
aircraft. Itis evident that a trade-off between fuel and payload is not possible for batteries. Furthermore,
the low density of hydrogen and the associated challenges in its storage necessitate that the aircraft
be designed to always initiate the mission with the hydrogen tank fully loaded. Overall, the existence
of the B region is contingent on the total kerosene tank capacity and its utilisation during the mission.

Mission Analysis The mission analysis has been approached through the implementation of a nu-
merical methodology. The mission has been divided into different flight segments. For short flight
segments, such as taxiing, takeoff, and landing, a fixed energy fraction, denoted by Es.gment/ErTor,
is adopted. These energies serve as a substitute for the fuel fraction statically estimated in traditional
preliminary aircraft design methods, and they also take into account battery energy usage during these
segments. For the remaining flight segments, such as climb or cruise, a specific mission analysis per
segment is carried out.

The loop commences with an initial estimate of the take-off mass, the fuel type fraction, the fuel fraction,
and the degree of hybridisation. It then proceeds through a series of iterations until the error falls below
a pre-defined threshold limit. The error is a function of the variables involved in the convergence loop.
Figure 6.4 presents a flowchart illustrating this loop.
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Figure 6.3: Payload-range diagram for double-hybrid aircraft

In the context of flight segment mission analysis, a quasi-steady approach is employed. This approach
involves the division of the flight segment into time-steps, designated as AT, wherein the weight, thrust,
propulsive input, and aerodynamic coefficient are considered constant values. Figure 6.5 illustrates the
analysis conducted for each time-step over the course of the entire mission segment analysis. In each
time-step, the fuel consumption, either kerosene or hydrogen, and the battery energy consumption are
evaluated as

es = PS . AT (6.4)

where s represents the energy source (hydrogen, kerosene or battery). The total energy consumption
is nothing but the sum of energy calculated in each time step.

6.3. Weight Estimation

In the case of a conventional aircraft, the conceptual design mass breakdown consists of the sum of
the operative empty mass, which is derived from the static data of similar aircraft, the payload mass
and the fuel mass.

Torenbeek [46] suggested a formulation to determine the operative empty mass for a conventional
aircraft:

OFEM =c¢1-PL+co-TOM + c3 (6.5)

where
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Figure 6.4: Mission Analysis and Weight estimation flow chart
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* ¢1 accounts for the overall body group weight. Items directly related to the payload mass PL and
the cabin dimensions are determined. These items include the fuselage and vertical tail structures,
air conditioning, pressurisation, electrical and electronic systems, passenger accommodation,
cabin furnishing and equipment;

* ¢2 denotes weight components that are predominantly associated with the take-off mass, TOM.
This includes elements such as the wing and horizontal tail structure, the power plant, and the
landing gear weight;

* Last, ¢3 represents crew weight. For a given category of aircraft, this term can be assumed small
in respect to TOM and independent of both the payload and the take-off mass.

In consideration of the Class-1 purpose of the weight estimation, a straightforward method to automat-
ically derive the relative aircraft class, without defining the seat configuration, is to define a payload
interval related to each class. For CS-23 aircraft, the payload limit is set by regulation to 19 passen-
gers (=~ 2tons), while the payload limit for single aircraft payload is based on the maximum payload
achievable the current biggest narrow-body aircraft. The parameters for Small Commuter are derived
from the author.

Aircraft Class Payload (PL) c1 Co 3

Small Commuter (CS23) PL <2t 115 0.19 250
Single Aisle 3t<PL<255t 125 0.20 500
Double Aisle PL > 25.5t 1.50 0.20 600

Table 6.1: Coefficient for estimating OEM. Source:[46]

In the context of double hybrid aircraft, the absence of statistical data exerts a substantial influence on
the conceptual design weight estimation process. While the mass of fuel and battery is calculated in
the mission analysis, the OEM remains unknown.

The unity equation expressed by Torenbeek expresses the relation between that is, for double-hybrid
aircraft, the sum of the mass of hydrogen, kerosene and battery.

The unity equation, which establishes a relationship between TOM, OEM,PL and energy mass EM.
In the context of double-hybrid aircraft, M corresponds to the total mass of hydrogen, kerosene and
the battery.

TOM = OEM + PLM + EM (6.6)

Combining Egs 6.5 and 6.6, as derived by Wolleswinkel [53], it is possible to express the OEM for a
conventional aircraft as function of PL, defined by top level requirement, and the ratio EM/TOM.

1 .
OEM — <c1+C2<EM+cl)) PLy — 258 Lo (6.7)
1= 1om —c2 1= wrom — c2

This dependency of the OEM over the EM/TOM is fundamental. Indeed, even if a realistic EM /TOM
for 50-100 kerosene-fuelled aircraft is ~ 25%, the adoption of hydrogen and batteries as sources of
energy would lead this ratio to be much lower and higher, respectively. Utilising a formulation that
does not take account of this effect would result in the underestimation or overestimation of the empty
mass in the case of hydrogen and battery aircraft, respectively. Figure 6.6 illustrates the influence of
the EM /TOM fraction on the total mass and breakdown of a 75-passenger single-aisle aircraft.

Following the definition of the OEM as a function of EM/TOM for a conventional aircraft, a suitable
approach would be to utilise the OEM, then subtract the mass of the conventional aircraft powertrain
(turbofan, turboprop), and subsequently add the double-hybrid powertrain components and the resul-
tant fuselage weight due to its stretch to accommodate the hydrogen tank.The resulting equation to
calculate the take-off mass is
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Effect of EM/MTOM fraction on the mass and mass breakdown of a 75 passengers single-aisle aircraft
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Figure 6.6: Effect of EM/TOM fraction on the mass and mass breakdown of a 75 passenger single-aisle aircraft.

TOM = OEM' + ELM + FC + GT + H2tank + Fus + EM + PL (6.8)

where

+ OEM'’ represents the operative empty mass derived from conventional aircraft (Eq.6.7) and with
power plant subtracted;
OEM' = OEM — GT .ony (6.9)

GT..n, represent the virtual weight of the gas turbine engine in the context of a conventional
aircraft. This is calculated as a function of the approximate installed power of the gas turbine as

Psl,inst + Ps2,inst . L
N Ngb

GTeony = N - f( ) (6.10)

where P;; st and Pso s are the shaft installed power associated to the two propulsive line, N
the number of engines and 7y, the gear box efficiency.

« ELM is the mass of electric motors, evaluated using its specific power SP[Kg/W]:

FC the fuel cell
FC = SPFC . Ppc; (612)

GT the actual mass of the gas turbine for the Double-Hybrid powertrain system. Similarly to
GT.onv, its evaluation is derived from the actual installed power of the gas turbine:

P .
GT = N - f(=ELinsty. (6.13)
N
* H2,,,, consistin the mass associated to the hydrogen fuel tank and its fuel system. Itis evaluated
using the gravimetric index
1-GI

a1 (6.14)

MHQ:fuel:system = Mg -

as defined in [27].
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Payload Fuselage Diameter Fuselage Weight per Meter
[ton] [m] [kg/m]

PL<95 2.8 350

95 <PL<25 4.0 450

PL > 25 6.0 600

Table 6.2: Fuselage Diameter and Weight per Meter based on Payload

» Fus considers the stretching of the fuselage in order to accommodate the volume of the hydrogen
tank. The tank is hypothesised to be a perfect cylinder. Its volume is increased by a factor of 1.1
to account for the venting volume and the gap between the tank wall and the fuselage skin.

Fus = Fusga/m - Lus (6.15)
The hypothesis is that the fuselage weight per metre is dependent solely on the fuselage diameter,
and furthermore, that the fuselage diameter is a function of PL.
» EM represents the energy mass (kerosene + hydrogen +battery);
* PL the payload mass.

Depending on the specific case, the battery can be sized either in terms of power (kg/W) or energy
kg/J requirement. The maximum is taken as sizing mass, following the most demanding constraint. In
addition, the value of the minimum state of charge of the battery is maintained through the incorporation
of a 20% additional battery mass.
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Verification of the Double-Hybrid
Conceptual Design Model

The absence of reference data regarding double-hybrid aircraft necessitated the validation to be con-
ducted on the limit points of the design space, which encompass a conventional aircraft (fully kerosene-
fuelled), a hydrogen combustion aircraft, and a more-electric aircraft where the battery supplied 20%
of the energy required during cruise.

Kerosene aircraft: DO-228NG The first case proposed is a 19 passenger aircraft certified under
CS-23 Regulation. To compare the double-hybrid with existing design synthesis conceptual design
tool, respectively developed by Orefice [38] and De Vries , is chosen an aircraft already taken into
account by the two authors, namely the Dornier DO-228NG. The high level requirements are shown in
the following table

The initial case under consideration is that of a 19-passenger aircraft certified under CS-23 Regulation.
In order to facilitate a comparison between the double-hybrid and the existing design synthesis concep-
tual design tool, respectively developed by Orefice [38] and De Vries [20], an aircraft that has already
been taken into account by the two authors is selected: namely the Dornier DO-228NG. The high-level
requirements are shown in the following table.

Value Unit
Number of passengers 19 -
Aspect ratio 9 -
Design range 396 km
Landing field length 720 m
Take-off field length 793 m
Cruise speed 115 m/s
Cruise altitude 3000 m
Alternate range 270 km
Fuel reserve 5 %
Holding 30 min

Table 7.1: TLAR of DO-228NG

The outcomes demonstrate a strong correlation between the Double-Hybrid model and the actual air-
craft mass. The maximum take-off mass error is notably lower than the errors associated with the
other two design methods previously referenced. The fuel-mass results are marginally higher than the
reference, however, it is noteworthy that the burned fuel is significantly influenced by the maximum
lift-to-drag ratio and the brake specific fuel consumption, whose values are not reported for the other
two methods. Consequently, the results are considered to be reasonably accurate.

60
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HEADI[38] Method A[20] Double-Hybrid Model DO-228NG
Error (%) Error (%) Error (%)
MTOM [kg] 6171 -3.6% 6641 3.8% 6220 -2.8% 6400
Fuel Mass [kg] 547 1.3% 615 13.9% 570 5.6% 540
OEM [kg] 3663 -6.2% 3866 -1.0% 3690 -5.5% 3904
BSFC (g/kWh) 394
L/D max 14

Table 7.2: Comparison among the three design methods

Hydrogen Aircraft: LH2 Turboprop The absence of reference data concerning existing flying pro-
totypes of liquid hydrogen aircraft is a significant limitation. Consequently, comparisons can only be
made with other design models. For the purposes of this case study, the Class-2 results developed by
Mukhopadhaya [33] are taken as the reference point. The high-level requirements for the aircraft are
presented below and are consistent with the high-level requirements for the ATR72, which is used as
a conventional reference aircraft.

Value Unit
Range 1420 km
Passenger 70 -
Mach Number 0.45 -
Aspect Ratio 15 -
Take-off Distance 1400 m
Gravimetrix Index (Gl)  0.35 -
Altitude 6100 m

Table 7.3: TLAR for hydrogen combustion aircraft

Double-Hybrid Model Mukhopadhaya [33]  Diff. (%)

OEM [ton] 16.95 17.80 -5.01
Fuel Mass [ton] 1.07 1.19 -11.21
MTOM [ton] 24.54 25.50 -3.91
BSFC [g/kWh] 386
L/D max 18.5

Table 7.4: Comparison among the two design methods for hydrogen combustion aircraft

As was observed in the preceding case study, the most significant disparity between the two design
methodologies pertained to the burned fuel, which was found to be considerably influenced by the
BSFC and L/D max. The developed Class-1 method was found to be accurate, with a —3.91% differ-
ence compared to the reference MTOM. This finding aligns with the results reported in the study by
Mukhopadhaya [33].

More electric aircraft The reference aircraft in this case is a Class-2 aircraft developed as part of
the CHYLA project [3]. This aircraft is characterised by a single-aisle configuration and a turboprop
engine, with a payload capacity of 7.5ton, a battery power ratio of ®g,; = 0.16 and a total range of
926km (including loiter and diversion ranges).
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Value Unit
Payload 7500 kg
Range 463 km
Mach Number 0.4 -
Aspect Ratio 12 -
Altitude 7000 m
Alternate Range 185 km
Loiter Time 45 min
Alternate Mach 04

Alternate Altitude 3500 m
Take-off Distance 1300 m
Landing Distance 1200 m

Table 7.5: TLAR of battery-electric aircraft

Double-Hybrid Model CHYLA [3] Diff. (%)

MTOW [t] 34.95 36.30 -3.72
L/D max 19.76
BSFC [g/kWh] 294

Table 7.6: Comparison among the two design methods for battery-electric aircraft



Emission Estimation Metodolody

A crucial point in the design synthesis of a next generation aircraft consists in a preliminary estimation of
the relative environmental impact. In particular, for a Double-Hybrid aircraft, itis necessary to implement
a model capable to calculate the chemical emissions throughout the cruise segment for three distinct
sources of energy and their utilisation. Specifically, the model should encompass:

» Kerosene combustion;

» Hydrogen combustion;

» Hydrogen for fuel cell reaction;
+ Battery.

The ensuing sections will address the direct emission estimation of kerosene and hydrogen. It is im-
portant to note that the indirect emissions from batteries are not included in these estimations.

8.1. Kerosene Combustion

The combustion of kerosene in air produces various chemical molecules, categorized into two groups:
those proportional and those non-proportional to fuel consumption. The proportional group, directly
related to fuel consumption during different flight phases, includes carbon dioxide (CO-), water vapor
(H20), and sulfur oxides (SO,,).

Non-proportional emissions include nitric oxides (NO,), carbon monoxide (CO), and hydrocarbons
(HC). Nitric oxides (NO,) are formed when atmospheric nitrogen (N;) enters the high-temperature
combustion chamber, increasing with temperature and pressure due to thermal reaction processes in
the primary combustion zone. Carbon monoxide (CO) and hydrocarbons (HC) result from incomplete
combustion. Unlike NO,, these emissions are inversely proportional to combustion efficiency. Since
combustion efficiency correlates with thrust (at sea-level static conditions) and thrust correlates with
fuel flow, the emission indices (El) for CO and HC decrease with increasing fuel flow.

The emission index (El) is the mass of emissions produced per unit mass of fuel burned, measured in
grams of emissions per kilogram of fuel. Table 8.1 shows the EIl for proportional chemical emissions,
constant throughout the mission profile due to stoichiometric combustion.

Emission El (g/kg)

CO, 3160
H,O 1240
SO, 0.06

Table 8.1: Emission Indices for Proportional Chemical Emissions
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The El at sea level conditions for the landing, climb-out, approach, and take-off (LTO) cycle—each with
a specific engine thrust setting and mode duration—for uninstalled turbofan and turbojet engines are
available in the ICAO Emissions Data Bank [8].

Take-Off Climb-Out Approach Idle

Thrust Setting 100% 85% 30% 7%
Mode Duration (min) 0.7 22 4 22

Table 8.2: ICAO Standard for LTO Cycle Operating Mode Thrust Setting and Duration

8.1.1. Boeing Fuel Flow Method 2

This chapter presents the Boeing Fuel Flow Method 2 [17], a semi-empirical approach that correlates
the El measured at sea level in the LTO cycle with the El in any condition as a function of engine fuel
flow, ambient conditions, and Mach number.

quel El

Figure 8.1: Graphical representation of the Boeing Fuel Flow Method 2 steps to correlate in flight El to reference conditions El

It consists of three steps:

1. The fuel flow obtained from mission analysis, W, is adjusted to a fuel flow factor, W, at refer-

ence conditions:
Wf63.8e(042M2)

Wi = 5 (8.1)
where:
0=T/TsL
6 =P/Psy,

T and P are the ambient temperature and pressure, respectively, and Ts;, and Ps;, are the sea
level temperature and pressure.

2. Boeing proposes a correction factor, <span class="math-inline”>r</span>, to be applied to the
fuel flow data from the ICAO Database. This adjustment accounts for engine installation effects,
including bleed air usage.

Take-Off Climb-Out Approach Idle
Correction Factor (r) 1.010 1.013 1.020 1.100

Table 8.3: Correction Factor Applied to Thrust Setting (BFFM2)
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A relationship exists between the fuel flow factor, <span class="math-inline”>W_{ff}</span>, and
the emission indices measured at reference conditions for non-proportional chemical species:

Elep = f(Wyy) (8.2)

3. Finally, the reference Els are adjusted to flight conditions:

93.3

EICO = EICOqef 555 (8.3)
03.3
EIHC = EIHC,. £ 502 (8.4)
51.02 I
EINO, = EINO, ey F35C (8.5)

where:
B =17.90298(1 — 7) + 3.00571 + 5.02808 log, ((7)
+(1.3816 x 1077) (1 . 1011~344<1—%))

81328 x 1073 (103'49149(1”) - 1) :

P, =0.014504 - 10

(0.62197058 - ¢ - P,)
(Pamb - ¢ : Pv)

H = —19(w — 0.00634)

0.6 < P, < 0.75, is the relative vapour pressure, depending on the altitude.

8.1.2. Hydrogen Emissions

Hydrogen combustion emissions differ from kerosene combustion emissions, particularly due to hydro-
gen’s higher flame temperatures and lower heating values (Chapter 4.2). As reported in Ref. [42],
carbon species are not involved; therefore, CO,, CO, HC, and soot are eliminated. The absence of
aromatics also eliminates SO, formation.

Ho +a%(02 + 2Na) — HaO + (a — 1)%02+a§N2 (8.6)
Furthermore, burning one kilogram of hydrogen produces more H,O and NO,, than burning one kilo-
gram of kerosene.

In fuel cells, emission calculation is simpler. The only product in stoichiometric reactions is water (Equa-
tion 4.11).

The emission indices for water (the unique proportional emission species) from fuel cell reactions and
hydrogen combustion are:

Hydrogen Combustion Fuel Cell
El H,O (g/kg) 9000 18000

Table 8.4: Emission Indices for Water
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For hydrogen combustion NO, emissions, Funke [21] suggests a relative El approximately +30% higher
than kerosene. For this preliminary estimation, the El NO,. derived using BFFM2 for kerosene is multi-
plied by 1.3:

EINO,(Hz2) = 1.3- EI NO, (kerosene, BFFM2) (8.7)

8.2. Emissions for Turboprop Engine

The ICAO Emissions Databank does not report data regarding turboprop and turboshaft engines. Con-
sequently, an extrapolation for this particular type of engine is necessary. The results reported herein
are taken from Filippone et al. [19] and refer to the PW150A engine installed on the Bombardier Q400.
It should be noted that some key points differ from those in the ICAO emission evaluation.

» The data under consideration refers to a set of full flights from gate to gate. It should be noted
that this includes both low and high power demands for the engine.

» Those data are effected by atmospheric effects and engine intake distortion (installation and pro-
peller’s induced flow);

» Saying that N; is the percent gas generator speed, at N; = 95% tthere is a sharp increase in
fuel flow, which is accompanied by an increase in shaft torque. For example, the gas generator
turbine never reaches the 100% speed required by the ICAO standard settings.

+ Lastly, the fuel flow drops to zero at engine speeds of the order of 25 — 30%. Therefore, idle
conditions can be interpreted as N1% = 25, in contrast to the prescribed ICAO value.

In addition to the previous assumptions, it's assumed that the EI NO,. as a function of throttle setting
remains constant independently if the gas turbine engine is upscaled or down scaled in respect to the
PW150A.

Fuel flow for PW150A is expressed by the function
Wy = 6(4.459‘10’2~N1—4.098) kg/s] (8.8)

and the relative scaled fuel flow by means of installed gas turbine power

P .
Wfsca/ed = Wf : GT’Z”St (89)
‘ " Pgr pwisoa

Take-Off Climb-Out Approach Idle
Ny [%] 100 85 30 20

Table 8.5: Throttle setting definition in LTO Cycle for Turboprop Engine

The resulting predicted emissions are reported in the table below.

NO, co HC

Takeoff 16.089 0.588 0.093
Climbout 12.636 0.669 0.109
Approach  7.003 6.001 0.328
ldle 3.305 32.703 4.162

Table 8.6: Predicted emission indices for the PW150A. All data are [g/kg].

and the relative interpolated function for EI NO,,

EINO, = 3.165 - log(Wy,,.,) + 14.4373 (8.10)
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EINOx vs. Throttle Setting
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Figure 8.2: EINO, depending on throttle setting for PW150A engine

8.3. Cumulative Emissions Estimation

As hydrogen and kerosene are characterised by different emissions, it is interesting to evaluate the
preliminary predicted cumulative emissions. Kerosene is characterised by the emission of carbon diox-
ide and water, while hydrogen is characterised by a zero CO, emission but a higher emission of water.
These species have different environmental impacts.The cumulative emissions are evaluated in terms
of effective radiative forcing (ERF[mW/m?]). ERF accounts for the alteration in the net, downward
minus upward, radiative flux due to a modification in an external driver of climate change.

The subsequent simplified formulation does not take into account either flying altitude or atmospheric
humidity variation across different locations. Due to this, the values reported in the following table and
extracted by, have to be considered only as estimation of the order of magnitude environmental impact
of the diverse species.

The subsequent simplified formulation does not take into account either flying altitude or atmospheric
humidity variation across different locations. Consequently, the values presented in the ensuing table
and derived by Filippone [19] should be regarded as estimation of the environmental impact magnitude
of the various species.

Specific ERF Units

CO, 1.4 x 107° mW/m?2/ton
NO, 5.5 x 1076 mW/mZ2/ton
H,O 5.20 x 1073 mW/mZ2/ton

Contrail cirrus 1.82 x 1072 mW/m2/km

Table 8.7: Effective Radiative Forcing (ERF) for most relevant aviation emissions chemical species

Finally, it is possible to calculate the cumulative ERF and thus the total environmental impact.

ERF = Z Specific ERF; - M; + Specific ERF opyrais - B (8.11)

where index i represents the different chemical species (CO5, NO,, H;O), M; their respective mass,
and R the aircraft range.



Double-Hybrid Sensitivity Analysis for
a Regional Aircraft Application

Following the definition of the model of the Double-Hybrid Powertrain, its parameters and limits, and
the integration of the powertrain into the conceptual design process, the aircraft design synthesis can
be performed.Initially, the power ratio design space should be considered. The design space is charac-
terised by the possibility of burning either or both kerosene and hydrogen, and using the least either or
both for combustion and fuel cell. Conventional kerosene aircraft is characterised in the power ratio de-
sign space by a single point, corresponding to the gas turbine entirely fed by kerosene.The single-hybrid
configuration can be seen as one vector with 1 degree of freedom (its length), corresponding to 1 DOH.
Conversely, the configuration of a double-hybrid powertrain is represented by a three-dimensional vec-
tor, with spacing across power ratio variables (®got, Prr2, H2spiit)-

1

H2 Split

Figure 9.1: Graphical representation of power ratio design space for a Double-Hybrid Powertrain

A key question to be addressed within the scope of this thesis is that of the effect of power ratio vector
spacing across the design space on some relevant performance indicators. The specific performance
indicators that are of particular importance in this regard are as follows: TOM, OEM, wing span, en-
ergy consumption and environmental impact. The ensuing analysis is centred on a case study of a
regional aircraft, featuring a parallel powertrain architecture ' and a conventional twin-engine configu-

"Power control parameters spanning across their space enables to analyse each of the five parallel architecture (Fig. 5.2)
configuration since each configuration is characterised by a different combination of paramters ® g, ® o and H2p,4+
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Figure 9.2: Parallel powertrain configuration employed in this study
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Figure 9.3: Total propulsive power constraint diagram

ration. Power control parameters ® g, ® 2, H2g,,;: Were varied a priori from 0 to 1 in increments of
0.1.

Subsequent sections present the high-level requirements that guided the sizing of the aircraft, comple-
mented by the CS25 specification. As the requirements remain constant, each aircraft derived from
this analysis is characterised by the same PW and W S ratios.In terms of mission analysis, the focus
is on the most energy-demanding and environmentally impactful segment: the cruise segment.

9.1. TLAR and Powertrain Input Parameters

The high-level requirements employed for the present study, as presented in Table 9.1, are derived from
the high-level requirement for a classic conventional aircraft, the ATR72. It is important to note that no
requirements are related to the loiter and diversion segment. The constraint diagram for the overall
propulsive system is presented below. It can be observed that the design point varies with respect to
the design points for individual components minimum power.

With regard to powertrain components efficiencies (see Tab. 9.2), the technology available in 2025 was
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considered. It is notably that hydrogen combustion was considered more efficient rather than kerosene
combustion, following . is important to note that hydrogen combustion was considered to be 3% more
efficient than kerosene combustion, as referenced in[47]. A sensitivity analysis of the efficiency of
individual components is scheduled to be conducted in the subsequent chapter.

Parameter Value

Component Symbol Efficiency
Payload [kg] 7500 Gas Turbine (Kerosene) NGT.k 0.282
Range [km] 926 Gas Turbine (Hydrogen) ) 0.290
Mach Number 0.4 NIGT, H> '
. Gearbox NGB 0.95
Aspect Ratio 12 .
. . Electric motor Nem1 0.95
Cruise Altitude [m] 7000
. PMAD NPMAD 1.00
Take-off Distance [m] 1400 P
. . H, Storage and Distribution 7z, sp 0.95
Landing Distance [m] 1200 2
) . . Fuel Cell nrc 0.50
Time to Climb [min] 17.5 o
Climb Altitude [m] 5400 Battery specific energy S FEpat 340 Wh/kg
Hydrogen fuel system Gly, 0.35

L/D max 19.76

Table 9.2: Parallel Powertrain Efficiency Parameters
Table 9.1: TLAR of Case Study Aircraft f wertrain Efiiciency r

9.2. Power Ratio Design Space Analysis

For this analysis, since the power control ratios remain fixed along the entire flight mission, these
coefficients also represent the cumulative energy splitting (i.e., ®p,; would account for the overall
battery energy ratio over the total energy) and partially overlap the definition of the energy degree of
hybridization. In fact,

PBat _ EBat
Ppat + P2+ P EBat + EFruel

Ppat = = EDOHFuel (91)

Below are the KPI results plotted on ® g, ® 2 graphs, depending on the H2,,,;; parameter. The colors
represent the indicator itself, e.g., TOM, OEM, etc.

Take-Off Mass In the absence of a fuel cell (H2,,;;; = 0), TOM is solely dependent on the battery
power ratio ®p,;. This dependence arises from the significantly lower specific energy of batteries
compared to both hydrogen and kerosene:

SEput K SEL < SEs (92)

Notably, a fully battery-powered aircraft weighs approximately four times more than a conventional
kerosene-powered aircraft. As illustrated in Fig. 9.4, the fuel DOH has a negligible influence in this
scenario. The added weight of the hydrogen fuel system and fuselage stretch is offset by the lighter
fuel mass, a consequence of hydrogen’s higher specific energy compared to kerosene.

Conversely, increasing the proportion of hydrogen directed to the fuel cell leads to a greater dependence
on ®g-. This trend is evident when considering the lower and upper ranges of ®,;. For ®g,; ~ 0+0.3,
increasing ® - results in a corresponding increase in TOM. This is attributable to the combined weight
of the fuel cell and the electric motor, due to their differing specific powers:

SPor > SPrc + SP.,, (93)

Iso-TOM lines slope change is mitigated by the higher efficiency of the group fuel cell and electric motor
in comparison to the gas turbine. This results in a lower demand for fuel. However, within the range
0.7 < &p, < 1.0, as the gas turbine engine’s contribution diminishes, increasing ¢y, reduces the
battery requirement and consequently the overall weight. This reduction is due to the difference in
specific energy between batteries and hydrogen.
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Take Off Mass
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Figure 9.4: TOM results for varying Ha split fractions

Wing Span As the WS requirements remains fixed across the power ratio design space, and the
same way for aspect and taper ratio, wing span trend (Fig. 9.5)can be perfectly overlapped to TOM. It
is interested to note that totally combustion aircraft (either kerosene or hydrogen) is characterised by
a half of the wing span (~ 26m) respect to full battery aircraft (~ 55m).

Zero Fuel Mass An analysis of the Zero Fuel Mass (ZFM) (Fig. 9.6) reiterates the trends observed
previously for the TOM. In the full hydrogen combustion case (H2,,,;: = 0), the weight of the hydrogen
fuel system, while not negligible, has a relatively small impact on the overall weight. This is reflected in
the slightly negative slope of the iso-ZFM lines. Conversely, when hydrogen is completely directed to
the fuel cell (H2,,:;+ = 1), the combined weight of the fuel cell and electric motor becomes significant.
As discussed earlier, a weight reduction is expected with increasing ® i, for battery power ratios within
the range 0.7 < &, < 1.0, due to the decreased battery requirement.

Energy Consumption Regarding total energy consumption (Fig. 9.8), the results are strongly influ-
enced by the overall powertrain efficiency, which is clearly dependent on the efficiency and usage of
individual components.

For ®p,.: = 0+ 0.3, hydrogen combustion results in a slightly higher energy consumption (+3%) com-
pared to the conventional configuration. Despite a more efficient combustion process and comparable
TOM, hydrogen combustion aircraft exhibit slightly higher energy demands due to the increased ZFM
and liquid hydrogen boil-off losses, ng, sp-

Battery-electric aircraft, although exhibiting a higher overall powertrain efficiency 2, consume 1.4 times
more energy than conventional kerosene aircraft, despite a four-times higher TOM.

The effect of the ratio npr/TOM on total energy consumption across the power ratio design space is
noteworthy (Fig. 9.7). Surprisingly, plotting the total energy consuption normalised over conventional

2Referring to Fig. 5.2, overall powertrain efficiency is defined as npr = m.
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Wing Span
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Figure 9.5: Wing span for varying Hs split fractions
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Figure 9.6: ZFM results for varying Hs split fractions
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kerosene fuelled aircraft Enoras, the resulting relationship is practically bijective, regardless of how
that efficiency is achieved. The resulting interpolating function is:

Enorm = a-log <b

ner ) (9.4)

"TOM

Energy Consumption vs. Mot { TOM
1.5 T T T T T T

Energy Consumption (normalised wrt Conventional Aircraft)

0.8 0.9 1 1.1 1.2 1.3 1.4 1
[1/Ton] x10°8

Figure 9.7: Effect of npr/T'OM on total energy consumption

Conversely, as the fuel cell’s contribution to the powertrain increases, the iso-total energy lines acquire
a positive slope.This phenomenon can be attributed to the varying efficiencies associated with the fuel
cell and the gas turbine.. In fact,

nrc > NGT

Notably, a region of minimum energy consumption can be identified for H2;,;;: = 1, ®p4 ~ 0+ 0.2,
and ®p,; =~ 0.7 = 1. This suggests that a fully electric aircraft powered solely by the fuel cell, or by a
fuel cell combined with a small battery contribution, or even a combination of fuel cell and kerosene
combustion, could reduce the total energy consumption.

Energy Mass Fraction As hypothesized previously, EMF exhibited in Fig. 9.9 varies between ap-
proximately 0.01 and 0.04 for aircraft configurations without batteries, and reaches approximately 0.6
for fully battery-powered aircraft. This substantial range underscores the importance of including the
EMF as a critical factor in the calculation of the Overall Equipment Mass (OEM) (see Eq. 6.7). Fur-
thermore, for aircraft without batteries, the EMF for fully hydrogen fuel cell aircraft is one-quarter that
of conventional kerosene aircraft, due to hydrogen’s higher specific energy.

Kerosene Mass and CO, Emissions Fig. 9.10 illustrates the normalized kerosene consumption
results, relative to conventional kerosene aircraft. Since kerosene is the sole chemical species in the
considered powertrain capable of emitting CO-, identical trends would be observed for CO, emissions.
Kerosene consumption decreases linearly with increasing ® ,; or ® -, albeit at different rates. This in-
dicates that while the added weight of the batteries is substantial, it does not necessitate a proportionally
larger kerosene load to compensate for the batteries themselves. Indeed, kerosene usage decreases
more rapidly for hydrogen-powered aircraft than for battery-powered aircraft. This is because the TOM
does not exhibit as sharp an increase as observed in battery-powered aircraft.
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Energy Consumption
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Figure 9.8: Total energy consumption results for varying Hx split fractions (normalised to the energy consumption for
conventional kerosene aircraft)

Energy Mass Fraction

Energy mass fraction [] - H2 Split = 0.4

Energy mass fraction [] - H2 Split =0

D |
i

0.8 1

ik ——

o
2 8
/oij

0.8 1 0 0.2 0.4

L3

1

Energy mass fraction [] - H2 Split=0.7 Energy mass fraction [] - H2 Split =1

Figure 9.9: Energy mass fraction results for varying Ha split fractions
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Kerosene Consumption

Kerosene Mass - H2 Split=0 Kerosene Mass - H2 Split = 0.4
Normalized wrt Conventional Aircraft Normalized wrt Conventional Aircraft
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Figure 9.10: Kerosene consumption results for varying Ho split fractions (normalised to the kerosene consumption for
conventional kerosene aircraft)

NO. Emissions Since NO, emissions are determined solely by the quantity and type of fuel com-
busted, an examination of Fig. 9.11 reveals that emissions peak for the conventional kerosene aircraft.
Conversely, fully hydrogen combustion enables a reduction of approximately 60% in these emissions,
even though the Emission Index (EI) for hydrogen is higher than that of kerosene. This is because the
total mass of hydrogen burned is lower than that of kerosene, resulting in lower NO,, emissions.

As H2,,; increases, less hydrogen is directed to the gas turbine, causing the iso-NO,, lines to change
both slope and magnitude with increasing ® 2. At H2,,,;; = 1, both ®,; = 1 and &y, = 1 correspond
to the absence of NO,, emissions.

Cumulative (direct) emissions In conclusion, Fig. 9.12 presents the cumulative emissions, from
which the following conclusions can be drawn. First, it is evident that several configurations can be
employed to reduce overall direct emissions compared to conventional kerosene-powered aircraft. As
expected, the fully battery-electric aircraft exhibits zero direct emissions. Analysis of hydrogen’s impact
reveals that its combustion results in a 75% reduction in emissions compared to conventional kerosene.
A more significant reduction is observed with the integration of a fuel cell, which, due to the absence of
NO, emissions and a halved H,O Emission Index (compared to Hy combustion), results in near-zero
emissions.
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NO, Emissions
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Figure 9.11: NO,, emissions result for varying Hz split fractions (normalised to NO,, emissions for conventional kerosene

aircraft)
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Cumulative Emissions
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Figure 9.12: Cumulative emissions results for varying H split fractions (normalised to the emissions for conventional kerosene
aircraft)
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Analysis of Future Trends for
Double-Hybrid Aircraft Drivers

In the previous chapter, several key drivers for a Double-Hybrid Aircraft were outlined, including battery
specific energy and component efficiency. In this final chapter, a study of potential future trends for
some of these drivers is conducted. The focus is twofold: first, to examine how the minimum energy
consumption point shifts within the power ratio design space (Fig. 9.1), and second, to analyse how
the Key Performance Indicators (KPIs) associated with this new minimum energy consumption point
change relative to the baseline technology.

10.1. Brake Specific Fuel Consumption

Kerosene-powered aircraft, and consequently gas turbine engines, have seen a dramatic reduction in
specific fuel consumption over the last decade due to increased compression ratios and turbine inlet
temperatures. A sensitivity analysis was performed to evaluate the effect of a 50% reduction in BSFC,
relative to the baseline.
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Figure 10.1: Block fuel trend in the last 50 years for kerosene aircraft. Source: [54]

The following table and figure present the minimum energy consumption points across the power ratio
design space.

It is notable that the combination of the three parameters remains the same as the baseline, represent-
ing the most efficient configuration, until the gas turbine becomes more efficient than the fuel cell. As

78
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Figure 10.2: Total energy consumption minimum points- Table 10.1: Power control parameters for minimum energy
depending on brake specific fuel consuption - represented in - consumption, depending on brake specific fuel consuption of
power control parameters diagram the gas turbine engine

observed in the previous chapter, considering a pure gas turbine configuration, conventional kerosene-
fuelled aircraft result in lower energy consumption compared to hydrogen combustion aircraft.

Analysing KPI trends, beyond the obvious overall energy consumption reduction, a similar trend is
observed for both power ratio combinations individually. This trend consists of a general reduction in
Take-Off Mass (TOM), wingspan, and energy mass fraction. Beyond this trend within a constant power
ratio combination, the transition point between the two power ratio combinations is of particular interest.
As shown in Fig. 10.3, cumulative emissions and energy mass fraction exhibit a significant jump due
to the switch from hydrogen to kerosene, while TOM and wingspan show a noticeable decrease, albeit
smaller in magnitude compared to the first two indicators.
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Figure 10.3: KPIs variation depending on BSFC, respect to BSFC = 294 g/kWh



10.2. Fuel Cell Efficiency 80

10.2. Fuel Cell Efficiency

In Section 4.4, the fuel cell sizing process and performance evaluation were examined. In particular,
Fig. 4.12 shows the overall efficiency of the fuel cell system, ranging from 55% to 35% depending on
power output and flight conditions. Considering future developments in this technology, a sensitivity
analysis was conducted, varying fuel cell efficiency between 35% and 60%.

Decreasing fuel cell system efficiency relative to the baseline (50%), its use remains advantageous
in terms of energy consumption until the difference between gas turbine and fuel cell efficiency de-
creases to a point where carrying the hydrogen fuel system is no longer beneficial. Conversely, with
higher efficiency than the baseline, the most energy-efficient powertrain becomes a fully fuel cell-based
system.

Total energy p points - depending on BSFC
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Table 10.2: Power control parameters for minimum energy
consumption, depending on fuel cell efficiency

Figure 10.4: Total energy consumption minimum points-
depending on fuel cell efficiency - represented in power
control parameters diagram

Analysing the KPlIs, a similar trend to the BSFC analysis is observed. Conventional kerosene-fuelled
configurations exhibit significantly higher cumulative emissions, energy consumption, and energy mass
fraction, but lower TOM and wingspan. When the aircraft is fully fuel cell-powered, total energy con-
sumption is lowest, and consequently, total emissions drop due to the absence of kerosene combustion,
as does the energy mass fraction. No relevant changes are observed regarding TOM and wingspan.
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10.3. Battery Specific Energy

Perhaps the most compelling sensitivity analysis result concerns battery specific energy. As reported
by Ricci [40], a near-linear improvement in battery specific energy is expected in the coming years. The
baseline value for battery specific energy in this work is 340 Wh/kg, corresponding to the reported 2024
value. A sensitivity analysis is carried out, considering a 50% improvement in battery specific energy,
equivalent to 510 Wh/kg.
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Figure 10.6: Specific Energy [Wh/kg] trend of EV Lithium-lon Batteries (Blue line) from literature data (Orange dots). Source:
[40]

As shown in Fig. 10.7, the minimum energy consumption power ratio combinations gradually increase
the battery power ratio ®z,; until reaching a specific energy that enables a fully battery-electric con-
figuration to be more energy efficient. While the specific energy of batteries, even in the best-case
scenario, remains much lower than that of hydrogen, the overall propulsive efficiency (npr) of a fully
battery-electric aircraft is double that of the baseline fuel cell aircraft.
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Figure 10.7: Total energy consumption minimum points-
depending on battery specific energy - represented in power
control parameters diagram

Table 10.3: Power control parameters for minimum energy
consumption, depending on battery specific energy

Regarding KPI analysis, several interesting trends are observed:

» Cumulative emissions drop as soon as kerosene is no longer used, reaching zero for the fully
battery-electric configuration.

» TOM increases every time the battery power ratio ®g,; rises. However, increasing the battery
specific energy, while ® g, remains constant, decreases TOM as battery weight decreases.
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Normalised variation ( respect to SE=340 [ Wh/kg ] ) vs Battery specific energy
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Figure 10.8: KPIs variation depending on Battery Specific Energy, respect to SEg,: = 340Wh/kg

» Energy mass fraction (EMF) follows the same trend as TOM, but with larger changes, as the
energy mass increases more sharply than TOM when adding batteries to the aircraft (see Fig.
10.8).

10.4. Gravimetric Index

The Gravimetric Index (Gl) is the most common metric for evaluating hydrogen fuel system weight dur-
ing conceptual design. Due to the limited number of hydrogen-powered aircraft currently in operation,
its uncertainty remains relatively high. This sensitivity analysis evaluates the GI's impact on overall
aircraft KPIs, considering a 50% improvement or reduction relative to the baseline value of GI = 0.3.
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Figure 10.9: Total energy consumption minimum points- Table 10.4: Power control parameters for minimum energy
depending on gravimetric index of the hydrogen fuel system- consumption, gravimetric index of the hydrogen fuel system

represented in power control parameters diagram

The results are both interesting and somewhat counter-intuitive. As shown in Fig. 10.4, the total energy
consumption variation is on the order of a few percentage points, increasing or decreasing as the Gl
increases or decreases, respectively. This is because the weight of the stored hydrogen (approximately
300 kg) is two orders of magnitude lower than the Take-Off Mass (TOM). Consequently, the additional
or reduced weight of the hydrogen fuel system (approximately 200 kg) does not have a large impact
on the overall energy consumption.
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Normalised variation ( respect to GI=0.35 ) vs Gravimetric index H2 fuel system
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Figure 10.10: KPIs variation depending on Gravimetric Index, respectto GI = 0.35

Secondly, it is observed that as the Gl decreases, below a certain threshold, the most fuel-efficient

solution becomes the full hydrogen fuel cell configuration. This result is counter-intuitive and depends
on two factors:

i As observed in Fig. 9.8, when the H2,,,, parameter is equal to or nearly equal to one, the
minimum energy consumption can be associated with a range of configurations, not just a single
one. This range spans from a fully hydrogen fuel cell aircraft to a combination involving kerosene
combustion and batteries.

i In this study, the fuel cell is considered significantly more energy-efficient than the gas turbine
engine. As the Gl decreases and TOM increases, the added weight is compensated for by the
higher energy efficiency of the fuel cell system.

Overall, this sensitivity analysis, rather than focusing solely on how the least energy-consuming con-
figuration shifts across the power ratio design space, is more insightful in showing that for this type of
aircraft with a relatively low hydrogen weight, the gravimetric index does not have a large impact on
either energy consumption or KPIs parameters (Fig. 10.10).
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Conclusion and Future Development

Conclusion This thesis demonstrates that the introduction of a Double-Hybrid Powertrain (combining
hydrogen and kerosene combustion with fuel cell and battery technologies) on board a regional aircraft
can significantly reduce both energy consumption and environmental impact.

First, it has been shown that 28 different powertrain configurations can be defined with these compo-
nents, compared to the nine configurations identified in existing literature. Furthermore, an additional
powertrain operating mode was defined, expanding upon those previously reported.

Regarding powertrain modelling, the double-hybrid powertrain introduces twice the number of Degree
of Hybridization (DOH) parameters, along with an additional parameter to determine the hydrogen split
between the fuel cell and gas turbine engine. This increased number of DOH parameters adds com-
plexity and increases the likelihood of encountering singular cases in the powertrain system equations
due to the inherent definition of DOH itself.

In terms of the conceptual design process, once the DOH parameters are defined, the main challenge
lies in developing a method to define constraint diagrams for each powertrain component and an equa-
tion to estimate the Operative Empty Mass (OEM) that accounts for the different energy densities of
the various power sources.

A sensitivity analysis across the power ratio design space revealed that a minimum energy consumption
region is identified where the fuel cell provides approximately 80-90 percent of the total power, with
the remaining assigned to either kerosene or battery. This solution would also reduce dramatically
environmental impact, while only slightly increasing TOM compared to conventional kerosene-fuelled
aircraft. Although not the primary focus of this study, this configuration would also allow the powertrain
to be more responsive to abrupt energy requirement transients. Additionally, it would enable the fuel
cell system to be sized based on cruise power requirements, resulting in a lighter and more efficient
fuel cell system.

A fully battery-electric aircraft configuration would only become the ideal solution in terms of energy
efficiency with substantial improvements in battery energy density, probably not achievable in the next
20-30 years.

Future Development Regarding the developed Class1 Double-Hybrid modelling and conceptual de-
sign method, the following areas are identified for future research and development:

i Improved Powertrain Modelling: This study has highlighted limitations in hybrid powertrain
modelling based on powertrain equations. Future models should address singularities associated
with certain operating modes and facilitate easier definition of these modes.

ii Fuel cell and Gas-turbine engine map: Incorporating real gas turbine engine and fuel cell
efficiency maps, rather than assuming constant values throughout the mission, would enhance
model accuracy.
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iii Mission-Optimized Power Control: Evaluating optimal power control parameters for each mis-
sion segment, rather than focusing solely on cruise, would allow for segment-specific optimization.

iv Distributed Propulsion: Investigating the impact of distributed propulsion on the regional aircraft
case study, including how and if it affects the minimum energy consumption region, is a promising
avenue for further research.
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