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e Fuel cell technology level sensitivity analysis is conducted.
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Conventional turboshaft engines are high power density movers suffering from low effi-
ciency at part power operation and producing significant emissions. This paper presents a
design exploration and feasibility assessment of a hybrid hydrogen-fueled powerplant for
Urban Air Mobility (UAM) rotorcraft. A multi-disciplinary approach is devised comprising
models for rotorcraft performance, tank and subsystems sizing and engine performance.
The respective trade-offs between payload-range and mission level performance are
quantified for kerosene-fueled and hybrid hydrogen tilt-rotor variants. The effects of gas
turbine scaling and fuel cell pressurization are evaluated for different hybridization de-
grees. Gas turbine scaling with hybridization (towards the fuel cell) results in up to 21%
benefit in energy consumption relative to the non-scaled case with the benefits being more
pronounced at high hybridization degrees. Pressurizing the fuel cell has shown significant
potential as cell efficiency can increase up to 10% when pressurized to 6 bar which
translates to a 6% increase in overall efficiency. The results indicate that current fuel cells
(1 kW/kg) combined with current hydrogen tank technology severely limit the payload-
range capability of the tilt-rotor. However, for advanced fuel cell technology (2.5 kW/kg)
and low ranges, hybrid powerplant show the potential to reduce energy consumption and
reduce emissions footprint.
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Nomenclature

Acronyms/Abbreviations

BEW Baseline Empty Weight
UAM  Urban Air Mobility
VTOL  Vertical Take-Off and Landing

EW Empty Weight

MTOW Maximum Take-Off Weight
HDPE High Density Polyethylene

LH2 Liquefied Hydrogen

CGH2 Compressed Gaseous Hydrogen
LHV Low Heating Value

PEM Proton Exchange Membrane
BOV Bleed-Off Valve

Roman Symbols
HP Degree of Hybridization by Power (%)
NOx Nitrogen-oxides

Prmax Maximum installed power (kW)
Prc Fuel cell power density (kW/kg)
1. Introduction

UAM has gained interest in recent years as a way of decon-
gesting urban ground transportation. Currently, almost half of
the population lives in cities, and it is expected to increase in
the following years, contributing to traffic congestion [1]. In
the European Union, traffic congestion was estimated to cost
100 billion annually, predicted to triple in the next twenty
years [2]. To comply with current sustainable goals, set by the
aviation industry UAM application is envisioned to be pow-
ered by alternative to kerosene-fueled gas turbines.

The multi-rotor configuration of UAM vehicles is naturally
suited to distributed electrical powertrain, with batteries only
and hybrid configurations being the main technologies of
current interest [3—5]. This is due to the fact that hybrid con-
figurations offer greater flexibility, increased redundancy and
capability to reduce the need for engine oversizing [3]. These
benefits come at a cost of increased Empty Weight (EW) and
complexity of the propulsion and control systems [3,5]. Current
state-of-the-art lithium-ion batteries limit the degree of hy-
bridization if fixed payload-range capacity is to be assumed [5].
Thus, fully electric or hybrid-electric Vertical Take-Off and
Landing (VTOL) architectures suffer from very low endurance
and range for practical payloads. To negate this disadvantage,
novel propulsion technologies may have to be introduced that
could potentially allow reducing the carbon footprint while
maintaining practical payload-range capability.

Various fuels are investigated as an alternative to fossil
fuels, which currently represent more than 85% of the global
energy systems [6]. Hydrogen is one of the main alternatives
and is expected to contribute significantly to the goals set by
the European Commission [7] and NASA [8] for sustainable
aviation [9]. It should be noted that to achieve this goal,
hydrogen must be produced by water electrolysis powered by
renewable energy, which currently represents only 5% of the

Table 1 — Hydrogen and kerosene main properties [6,15].

Parameter H, Jet-A
Low heating Value [MJ/kg] 120.0 42.8
Density Liquid [kg/m°] 71 ~0.811
Density at 273 K, 1 atm [kg/m?] 0.09 ~0.811
Boiling point at 1 atm [K] 20.27 40-539
Heat capacity [J/g K] 9.69 1.98
Flammability limits [vol%)] 4.0-75.0 0.6—4.7
Min. Ignition energy [M]] 0.02 0.25
Diffusion velocity [m/s] <2.00 <0.17
Burning velocity [m/s] 265—325 18
Flame temperature ¢ = 1 [K] 2318 2200

total hydrogen production, the rest produced by hydrocarbons
reforming [6].

Table 1 presents the main properties of hydrogen (H,) and
kerosene (Jet-A) fuels. The major problem of hydrogen for
aircraft applications is its low volumetric density. At room
temperature and pressure, the volumetric density of hydrogen
is 0.09 kg/m?> [6,10], while the volumetric density of Jet-A is
800 kg/m? [6]. Even though the Low Heating Value (LHV) of
hydrogen is around three times higher than the LHV of kero-
sene, the energy density of hydrogen under room conditions is
3000 times lower than the energy density of Jet-A at room
temperature. Two different current state-of-the-art configu-
rations are being considered in the industry for hydrogen
storage, all focused on increasing its volumetric density [11];
Compressed Gaseous Hydrogen (CGH2) and Liquefied
Hydrogen (LH2) option. LH2 requires storage under cryogenic
conditions which requires a robust thermal management
system for hydrogen pressurization and heat up prior to
combustion resulting in a complex design [11,12]. LH2 storage
requires a boil-off to ensure safe performance, as due to the
heat exchange with the environment, part of the liquid
hydrogen would evaporate [12,13]. CGH2 tanks are a fully
developed technology for the automotive sector, but their
current gravimetric density efficiencies of 6% make such de-
signs impractical for long-range applications [11,13,14].

Nevertheless, due to its high energy density, gaseous
hydrogen storage-based propulsion systems may be a more
suitable lighter alternative to battery-powered configurations
for UAM configurations. According to Saias et al. [16], for a civil
tilt-rotor configuration, storing hydrogen in its gaseous form
at 700 bar results in better energy efficiency compared to the
LH2 counterpart. This comes at an expense of a higher
reduction in payload-range capacity compared to the LH2
storage option.

Hydrogen can be directly introduced into the gas turbine,
adapting it for hydrogen characteristics or integrated with a
fuel cell powering electric motors [17]. Burning hydrogen in a
gas turbine instead of kerosene can potentially have several
advantages in emissions, durability, and efficiency due to
non-carbon content, wider combustion stability, lower flame
temperatures, and higher reaction rates [6,7,11]. Fuel cells on
the other hand can convert chemical energy stored in fuel into
electric energy through an exothermic electrochemical reac-
tion [18—20] at higher efficiencies compared to the current
small turboshaft engines.
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Hydrogen-driven Proton Exchange Membrane (PEM) fuel
cells have been long considered for automotive applications
due to their compact design and high efficiency [21]. For the
same reasons, PEM fuel cells have been recognized as potential
candidates for aerospace applications [17,19,20,22]. Although
relatively high fuel cell efficiency (50%+) can be attained in
comparison to small gas turbines (~30%), fuel cells have the
disadvantage of relatively lower system level power density
(1-1.5 kW/kg) [22] compared to 3 kW/kg + for a typical 1 MW
small gas turbine. Moreover, stack efficiency is highly depen-
dent on operating conditions (pressure, temperature, humid-
ity) and thus, power extraction and fuel cell sizing must be
optimized with respect to each flight phase as reported in
Ref. [20]. Consequently, a compromised solution with high-
efficiency hydrogen fuel cells in a hybrid system powertrain
with high power density gas turbines can contribute to
reducing fuel consumption and emissions while improving
flexibility, redundancy, and potential reduction of engine
oversizing for rotorcraft [22,23] at an expense of increased
weight.

Extensive studies on hydrogen-fueled gas turbines are
being carried out to maturate the technology, create a synergy
between systems and overcome the challenges of weight,
thermal management and operability [22—24]. The focus of
the studies are towards non-hybrid hydrogen-fueled large
civil aircraft applications with studies on smaller general
aviation applications highlighting the importance of
designing hybrid-electric systems with fuel cells [25]. How-
ever, limited studies are found on hydrogen propulsion on
VTOL with current literature focusing on hybrid fuel cells and
battery-powered rotorcraft [24,26].

Even though gas turbines are considered high power den-
sity prime movers, they lack low efficiency, especially at part-
load operation. Moreover, although the emissions related to
hydrocarbons are eliminated when burning hydrogen,
Nitrogen-oxides (NOx) emissions may be produced. In light of
the research presented in existing literature, hydrogen fuel
combined with fuel cells for future rotorcraft applications
have not yet been evaluated in the literature. This paper aims
to contribute to the literature by assessing the feasibility of
parallel hybrid hydrogen-fueled gas turbines with PEM fuel
cells for future VTOL aircraft. A design space exploration is
conducted and key performance metrics are quantified for
both the investigated hydrogen-fueled and conventional
kerosene-fueled rotorcraft. Optimum hybrid configurations
are developed and compared against the kerosene-fueled and
hydrogen-fuel VTOL at payload-range and mission levels. The
effects of gas turbine scaling enabled by hybridization and fuel
cell pressurization targeting improved efficiency on overall
performance are quantified.

2. Simulation methodology

A validated rotorcraft performance analysis framework [5,27]
was used to assess the performance of the VTOL. This frame-
work is coupled with Simcenter Amesim, a dynamic simula-
tion platform used herein for modelling of powerplant
architectures considered. A tank sizing methodology is
employed and verified [16]. Next, a design space exploration of

the hydrogen storage system is carried out to calculate the
gravimetric density to size the hydrogen tanks. The integrated
VTOL—Amesim platform is used to assess the hybrid hydrogen
gas turbine — fuel cell powertrain at aircraft and mission levels.

2.1. Tilt-rotor performance

The rotorcraft performance model is a Cranfield in-house
software for performance analyses of rotorcraft at aircraft
and mission levels. It comprises models for the different as-
pects of rotorcraft aerodynamics and flight dynamics, with a
set of aerodynamic models for each rotorcraft component.
The rotor is modeled using a steady-state non-linear blade
element momentum theory approach comprising different
inflow models for axisymmetric and non-axisymmetric flight
conditions. The aerodynamic performance of the rest of the
rotorcraft components is obtained using experimentally
derived look-up tables. The deployed individual modelling
theories are validated using experimental and flight test data
as presented in Ref. [5]. The aerodynamic components are
integrated with a trim model where the control and fuselage
angles that ensure equilibrium of forces and moments are
obtained using a Newton-Raphson approach. The developed
methodologies are integrated within a numerical procedure to
enable analysis at mission level or payload-range mode [5]. A
detailed description has been provided by Saias et al. [5,27].

2.2. Powerplant performance (Amesim)

Amesim is a multi-domain simulation platform for the
modelling and analysis of mechatronic engineering systems.
The platform consists of a suite of different models used to
simulate and analyze the performance of different mecha-
tronics systems. These models are defined based on non-
linear analytical equations that correspond to the compo-
nent hydraulic, thermal, electric, or mechanical behaviour.
The models are grouped in libraries by common applications,
including a gas turbine library and a fuel cells library. The gas
turbine library allows generating any engine model and has
been used for turboshaft engine modelling for helicopters as
presented in Ref. [3]. This library offers a set of different
components that can be combined with other libraries such as
electrical and thermal that enable modelling unconventional
engines. For the PEM fuel cell stack, an electrochemical model
is employed in Amesim. The model can account for fuel cell
air inlet conditions such as temperature, pressure and hu-
midity required for this work.

2.3. Integration of VTOL framework with Amesim

The integration of the different models presented in this
section is shown in Fig. 1. The in-house VTOL performance
framework [5,16] allows defining the mission flight path and
power requirement for any specified mission. With these two
inputs in tabulated form, Amesim extracts the altitude, ve-
locity, and power at each time step of the mission evaluates
the engine inlet conditions and hence, calculates the fuel,
energy, and heat loads. A power management system was
integrated with the system to control the power split between
the fuel cell and the gas turbine. For the design point, the tank
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plastic liner, required to avoid hydrogen leakage, usually
High Density Polyethylene (HDPE), fully over-wrapped by a
composite fiber [30]. The tank storing efficiency is measured
using a gravimetric density. Up to now, gravimetric effi-
ciencies of up to 13% have been reported by Ziittel [11] and
Gong et al. [19].

l Power required ]

a Engine performance — Amesim \

Engine
definition
Power
management

Output Fuel flow
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Fig. 1 — Integrated rotorcraft performance—Amesim
framework.

sizing methodology is used to calculate the mass of the tank to
store the maximum mass of hydrogen defined and obtain the
EW of the aircraft is updated.

2.4. Hydrogen storage system

A sizing methodology based on Colozza [28] and Glangloff [29]
was developed to size the tank of hydrogen. Two main con-
straints for the storage systems can be identified: the hydrogen
tank weight and volume. These parameters are often
addressed as gravimetric density and volumetric density of the
tanks, respectively. The former shows the relation between the
mass of hydrogen that can be stored in the tank and the weight
of the tank. The latter is a relation between the volume of
hydrogen that can be stored in the tank and the volume of the
tank. The tank sizing methodology is coupled with a design
space exploration module targeting the evaluation of the
gravimetric and volumetric density of the configuration of in-
terest accounting for both weight and volumetric constraints.

For the rotorcraft considered in this paper, CGH2 storage
was selected due to the simpler design, integration, thermal
management system, and lack boil-off requirement [12,13,16].
In addition, wider UAM markets are predicted on point-to-
point transport (including rural areas) which precludes the
installation and use of complex LH2 hydrogen storage infra-
structure. The tank sizing methodology was verified against
data in Ref. [28].

The most common storage technique in the industry is
compressing hydrogen at pressures up to 700 bar and storing it
in high-pressure tanks. Under these conditions, hydrogen has
a volume density of 36 kg/m>. At least 13% of the hydrogen
energy content (LHV) is required for the compression
process [11].

For aerospace applications, Type IV tanks are one of the
most promising compressed tanks. Type IV tanks have a

3. Powerplant design
3.1. Test case: baseline VTOL — powerplant

The baseline VTOL aircraft is a tilt-rotor modeled after the
NASA XV-15 [31,32]. The aircraft was modeled using the
Cranfield University in-house VTOL performance analysis
framework [5]. The VTOL performance framework developed
was validated against experimental rotor isolated data and
flight test data [33,34] and has been extensively described in
Refs. [5,27].

The tilt-rotor is equipped with two turboshaft engines to
power the propellers. The baseline turboshaft is modeled in
Amesim after the General Electric T700-GE-700. The gas-
generator turbine is mechanically attached to the axial and
centrifugal compressors. The T700 compressor and turbine
performance maps are integrated into the Amesim platform.
In the control system, the fuel mass flow is calculated to
match the shaft power with the power requirement. The
control system also regulates the VGVs and BOV signals [35].
The baseline model is developed by Roumeliotis et al. [3] and
validated against experimental data [35]. The model was then
adapted to burn hydrogen in the combustor instead of
kerosene.

3.2. Hydrogen tank sizing

For the tilt-rotor considered, the tanks are assumed to be in-
tegrated within the VTOL as cargo. The kerosene tanks were
assumed to be kept fixed to ensure that the mechanical
integrity of the wings is not affected significantly. The volu-
metric constraints are accounted for in the decision of the
tank placement as discussed in Ref. [16].

To ensure that the tanks fit in the aircraft and that they are
accessible, the tank diameter is limited to 1.55 m and the
length of the tank must be lower than 3 m. Applying the
verified tank sizing methodology, a design space exploration
was performed including the volumetric constraints of the
tilt-rotor.

Fig. 2 shows the CGH2 tank gravimetric density as a func-
tion of the tank outer diameter. The numbers next to the first
and last point of each configuration show the maximum
length (first point), and minimum length (last point) of each
configuration. It is observed that based on current technology
levels, the gravimetric densities vary from 11 to 13%.

As shown in Fig. 2, the aircraft will be able to store a
maximum mass of hydrogen of 300 kg without violating the
maximum diameter or length limits. The baseline XV-15 re-
quires around 675 kg of kerosene to reach the maximum range
for the design mission. By assuming the same overall effi-
ciency, mission profile and power requirements, the mass of
hydrogen required can be calculated. Assuming an LHV of
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Fig. 2 — CGGH2 tank design space exploration.

kerosene of 43.12 MJ/kg and a hydrogen LHV of 120 MJ/kg, the
mass of hydrogen required for this mission would be close to
240 kg which is less than the maximum mass of hydrogen
allowed for the CGH2 tank.

3.3. Hybrid-electric powerplant design and sizing

The chosen hybrid powertrain configuration is a parallel ar-
chitecture where both the gas turbine and the electric motor
powered by the fuel cells are mechanically connected to the
prop-rotor shaft through a gearbox. Both engines can be
operated simultaneously or separately. The electric motor can
be used to compensate for peak loads in-flight segments with
high power requirements. Fuel cells were selected due to their
high efficiency, which can be translated into fuel savings, and
their zero emissions produced. The fuel cell operation effi-
ciency can be close to 55% when operating at maximum
power. This is around twice the efficiency of typical turboshaft
engines for rotorcraft. However, fuel cells come with a penalty
of reduced power density. Specifically, current technology
level fuel cells have a specific power of 1 kW/kg [21,24] and are
expected to rise to 2.5 kW/kg in the future [36], whereas small
turboshaft engines have densities of the order of 4-7 kW/kg
[35].

Fig. 3 displays a flowchart of the methodology followed to
parametrically size the hybrid powertrain and hydrogen tank.
The design variables selected are the Degree of Hybridization
by Power (%) (HP) (Eq. (1)) and the design mission which will
define the amount of energy and hence, hydrogen fuel must
be stored. Given the HP and the maximum installed power
(Pmax) as defined by the baseline engine, the maximum power
from the fuel cell (Pmaxrc) and the new Pmax gr is calculated
using Egs. (1) and (2).

_ Pmux.FC
HP = o )
Pmax,GT = (1 - HP)Pmax (2)

With the calculated values of maximum power, the gas
turbine scaling index can be calculated to ensure constant
power ratings relative to the baseline cycle. The scaling is

max mHZ_'
Amesim

l:'FC max — HP max
PGT,maX — (l B ”P) Pmax

E SF( o= I;I ,max i E Mgc = PF::::ax E
l max { : |
L GT scaling _,: i Mgy = PeM max i
i PEM E

ATLAS ! 1 i

Amer= f(PoTmax) ' Mapk = (m - 1) -my, ;

| EW = BEW + z(mpc + mgpm — AmGT) + Myank |

!

| Maximum Payload = MTOW — EW — my, |

Fig. 3 — Hybrid powerplant design exploration flowchart.

done assuming the same cycle and scaling the design inlet
mass flow. The effect of scaling on gas turbine weight is
accounted for using a Cranfield University in-house software
ATLAS [38]. The weight of the fuel cell and the rest of the
electrical components is calculated based on the power den-
sity of those (Table 2).

Once the mission is defined, both in terms of range,
mission flight path, and power requirement, the mass of
hydrogen to be stored can be calculated. With this
hydrogen requirement, the mass of the tank was obtained
using an assumed value of the gravimetric density of a
CGH2 storage system, based on the hydrogen tank design
exploration.

The empty weight was calculated subsequently. The new
design EW is equal to the baseline XV-15 Baseline Empty
Weight (BEW) [4], plus the additional weight due to intro-
ducing the hybrid system powertrain and the hydrogen
tanks.

The hybrid system configuration was compared with the
H2-fueled gas turbine configuration. The integrated system is
designed based on the sizing mission of the baseline tilt-rotor
operating at maximum payload. The take-off weight of the
rotorcraft is equal to the Maximum Take-Off Weight (MTOW).

The maximum payload for each design range, or mass of
hydrogen stored, can be calculated as described in Fig. 3. In
this case, the new EW accounts for the difference in the
weight of the propulsion system.

Table 2 — Power density assumptions [21,24,37].

Component Parameter Value
Fuel cell Power density [kW/kg] 1.0-2.5
Motor Power density [kW/kg] 7.0
Inverter Power density [kW/kg] 11.0
Cooling system Power density [kW/kg] 1.5
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Table 3 presents the maximum amount of fuel that the
VTOL can store, the maximum payload, and the maximum
range that it can fly. Fig. 4 depicts the payload-range perfor-
mance comparison. One of the major benefits of hydrogen is
its high LHV compared to other fuels. To cover the same range
as the kerosene-fueled XV-15, the hydrogen-fueled XV-15
required a third of the mass of the kerosene baseline. How-
ever, to introduce hydrogen into the aircraft, the storage sys-
tem must be considered. The result is that the saving in fuel
mass by using hydrogen is lower than the increase in EW due
to the addition of the hydrogen storage system. From Fig. 4 itis
observed that if payload capacity is maintained fixed relative
to the baseline (Hydrogen Case 1), the hydrogen-fueled VTOL
must sacrifice 62% of its range capability. Similarly, for an
aircraft that can cover the same range as the baseline tilt-rotor
(Hydrogen Case 2), the hydrogen-fueled VTOL needs to sacri-
fice 60% of its maximum payload.

As the tilt-rotor would normally fly at various mission
ranges, an analysis is carried out to account for off-design
mission scenarios. Fig. 5 shows a comparison of the energy

Table 3 — Comparison of hydrogen-fueled variants with

baseline kerosene-fueled tilt-rotor.

Fuel capacity [kg] Payload [kg] Range [km]

Hydrogen Case 1 107 1842 274
Hydrogen Case 2 248 796 753
Baseline 687 1842 753
2000 -
¢ =}
1600 ': --& -- Hydrogen Case 1
ED ' --&--Hydrogen Case 2
~ 1200 | \ —©— Kerosene XV-15
g '.
° |
2 800 &----------o- Ao
A \
400 |
0 1 :‘E 1 1
0 200 400 600 800
Range (km)

Fig. 4 — Payload-range performance comparison between
hydrogen-fueled and kerosene-fueled VTOL.

Range (km)

Fig. 5 — Energy consumption per payload and range for
various mission ranges — Comparison of kerosene VTOL,
CGH2 VTOL Case 1, CGH2 VTOL Case 2.

consumption between the hydrogen VTOL configurations and
the baseline VTOL at various off-design mission ranges. For
each variant, the payload was set to the maximum payload
that the configuration can carry as presented in Table 3. As the
Hydrogen Case 2 VTOL is designed at a lower payload than the
other two coneations, the performance is quantified as energy
consumed per useful load-km flown.

Although the short-range hydrogen VTOL (Hydrogen Case
1) results in lower fuel consumption relative to the baseline,
an increase in energy per payload-range of the order of 8% is
observed (Fig. 5). This increase is due to the fact the hydrogen
VTOL is heavier throughout the mission due to the increased
tank weight and the lower weight reduction rate of the
hydrogen fuel relative to kerosene. It is highlighted that the
energy penalty reduces as the mission range increases. On
the other hand, if the hydrogen-fueled VTOL is sized for high
range capability (Hydrogen Case 2), the penalty in payload
due to the additional weight of the hydrogen storage system
dominates leading to a significant increase in block energy
per payload which is more pronounced at high mission
ranges. In both cases, the heavy weight of the hydrogen
storage system is the main factor driving the energy trends
observed.

Fig. 6 shows the payload range performance of hydrogen
VTOL variants with the tanks sized parametrically for

---e---- CGH2 100kgH2
----A---- CGH2 200kgH2
Design point curve

---@---- CGH2 150kgH2
---0--- CGH2 240kgH?2

Payload (kg)

0 200 400 600 800
Design range (km)

Fig. 6 — Payload-range trade-off design reference curve
definition.
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different levels of payload. Each point represents a different
integrated tank and subsystems sized based on the maximum
hydrogen capacity of the tilt-rotor. The line connecting all the
maximum payload-maximum range points will be used as a
reference for comparison of the hybrid powertrain configu-
rations. The design of the above hydrogen variants across the
different payload capacities is done in order to cover the
design space.

4.2. Hybrid hydrogen gas turbine — fuel cell VTOL

The performance of the hydrogen VTOL is heavily dependent
on the added weight of the storage system. A design explo-
ration of hydrogen-fueled gas turbine combined with fuel cells
in a parallel arrangement is employed and analysis is carried
out at payload-range and off-design mission performance.
The hybrid powertrain is sized based on the methodology
explained in Section 3.3. For this design, the reduction of
hydrogen fuel due to the increased efficiency of the hybrid
system is traded-off with the added weight of fuel cells. The
fuel cells are assumed to operate at constant power at their
design peak efficiency. Thus, the power split between the gas
turbine and fuel cell is variable and designated by the power
extraction from the fuel cell. A power density of 1 kW/kg
corresponding to current state of the art [21] was considered
for this comparison.

After the hybrid powertrain is sized, payload-range and
off-design mission analyses are performed for different de-
grees of hybridization. Fig. 7 shows the payload range trade-
off design point curve at various degrees of hybridization
and the mission energy per payload for off-design mission
ranges. Table 4 outlines the hydrogen-fueled rotorcraft weight
breakdown. The design at HP = O corresponds to the
hydrogen-fueled variant without fuel cells. For all the hybrid
configurations, the design process starts with the turboshaft
assumed to remain fixed. Although the fuel cells come with
increased efficiency, their added weight dominates, and
penalties are observed as hybridization degree increases both
at payload-range and energy level. Additionally, the energy
per payload penalty increases with hybridization and range as
the reduction in passenger capacity dominates.

4.2.1. Effect of gas turbine scaling

The introduction of a fuel cell enables the potential to avoid
engine oversizing. This allows integration of a smaller turbo-
shaft depending on the degree of hybridization while main-
taining constant power ratings relative to the baseline herein,
the effect of gas turbine scaling with hybridization is investi-
gated. The scaling is done by using scaled maps for the gas
path components. The engine weight reduction due to scaling
was considered with ATLAS [38].

Fig. 8 reflects the impact of scaling on the performance of
the VTOL. As expected, an important benefit both in terms of
payload capacity at a fixed range and fuel consumption is
achieved when the gas turbine is scaled. The benefits are more
pronounced at higher degrees of hybridization. Specifically,
the engine scaling for 30% hybridization results in an increase
in payload of the order of 14% and a reduction of energy
consumption per payload of 21%. This increase is attributed to
the reduction of engine weight that allows for greater payload
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Fig. 7 — Performance comparison of the hybrid hydrogen-
fueled VTOL designed at different ranges and a) Payload-
range (fuel capacity annotated), b) Energy per payload-
range.

Table 4 — Hybrid hydrogen-fueled propulsion system
breakdown.
P=0

Weight [kg] H HP = 10% HP = 30%
MTOW 6800 6800 6800
Fuel 267 241 194
Tank 1513 1366 1100
Fuel cell 0 270 810
Motor 0 34 101
Payload 806 709 475

capacity and operation closer to the design point which is
more pronounced at part-power. It should be noted that this
results in improved fuel economy that translates into a lighter
tank.

4.2.2.  Effect of fuel cell pressurization
Pressurizing the fuel cell is shown to have an important
benefit on fuel cell performance [20,39,40]. At higher pressure,
the fuel cell Gibbs Energy is higher and hence, the ideal voltage
is higher, leading to an improvement in the polarization curve.
For this reason, the effect of pressurization on VTOL per-
formance is investigated. Two different ways of pressurizing
the fuel cell are considered. The first one is through the utili-
zation of bleed-off air from the engine and the second is the
use of an air compressor powered by the gas turbine. The
baseline turboshaft has a BOV in the fourth stage of the axial
compressor, which is the point where the air is extracted to
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Fig. 8 — Impact of gas turbine scaling at payload-range and
fuel (Fuel capacity annotated).

power the fuel cell. The BOV is installed to ensure operation
within the compressor stability limits at low power settings
away from the surge line. This air is also used for seals and
auxiliaries. The bleed-off mass was obtained by considering
the BOV schedule presented in Ref. [35].

For a range of 300 km and a degree of hybridization in the
power of 10% and 30%, the bleed-off mass and the fuel cell
mass flow requirement were plotted as a function of time as
presented in Fig. 9. It is noticed that the bleed-off mass is only
sufficient to supply the air required from the fuel cell only
during the descent phase. It is thus realized that additional air
needs to be extracted to reach the fuel cell airflow re-
quirements, which will affect the efficiency of the gas turbine.

Three different cases were considered depending on the air
supply system as shown in Table 5. The baseline is designed
with an air compressor supplying air at 1.5 bar. Next, Case
Study 1 considers that the air is introduced via the BOV of the
gas turbine at approximately 6 bar, which is a value close to
the design point, depending on the operating point. Finally,
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Fig. 9 — Comparison of gas turbine bleed-off air and fuel
cell air flow requirement at a) HP = 10% and b) HP = 30% for
300 km mission.

Table 5 — Air supply case studies considered.

FC operating pressure [bar] Air boosting [—]

Baseline 1.5 Air Compressor
Case Study 1 ~6 Turboshaft BOV
Case Study 2 6 Air Compressor

Case Study 2 assumes that the air pressure is fixed at 6 bar and
is supplied to the fuel cell by an air compressor.

The results from the comparison of the three air supply
systems at a payload-range level are presented in Fig. 10. Only
the results at HP = 30% are illustrated in this figure, as the
trends observed at lower degrees of hybridization are the
same. Using the gas turbine to pressurize the fuel cell has a
negative impact on the rotorcraft performance relative to the
baseline non-pressurized case. This is since the engine oper-
ates at part load for the majority of the mission where the
pressure at the BOV is lower and hence, the advantage of
pressurization can only be seen at high power settings. The
other disadvantage is that the increase of engine bleed-off to
supply air to the fuel cell increases the compressor work and
penalizes the gas turbine performance. It is thus concluded
that for this arrangement, pressurization using bleed-off mass
from the gas turbine cannot bring any benefit.

On the other hand, pressurizing the fuel cell with an air
compressor has a benefit to the rotorcraft performance, both
at payload-range and fuel economy level. Pressurizing the fuel
cell from 1 bar to 6 bar can increase the efficiency at the cell
level up to 10%. This translates into an increase of 4.6% in
payload and a 9% reduction in fuel consumption at 200 km.
The payload benefit increases at higher mission ranges. It is
thus concluded that fuel cell pressurization can provide sig-
nificant improvements in overall performance.

4.3. Optimal hybrid and pure hydrogen-fueled
powertrain comparison

The optimal hybrid powertrain is designed with a scaled gas
turbine with hybridization and an air-boosted fuel cell with an
air compressor as discussed in the previous section. A com-
parison between the optimal hybrid system powertrain and
the pure hydrogen-fueled VTOL is performed for different
degrees of hybridization in power.
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Fig. 10 — Payload-range comparison for the different air
boosting configurations.
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Fig. 11 — Payload-range trade-off of the hydrogen-based
variants at different degrees of hybridization (prc = 1.0 kW/

kg).

It is seen in Fig. 11 that the hydrogen-fuel gas turbine
(HP = 0) results in greater payload capability at a fixed range.
Although the gas turbine scaling and pressurization of the fuel
cell increase its performance, the added weight still domi-
nates. The energy consumed in the design range per kg of
payload (maximum payload allowed in the aircraft) is pre-
sented in Fig. 12. It is observed that the optimized hybrid
powertrain results in higher energy consumption per payload
relative to the non-hybrid hydrogen-fueled VTOL. This effect
becomes more pronounced at high design ranges and high
degrees of hybridization. From Fig. 12 it is highlighted that the
improvements of the hybrid powertrain relative to the
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Fig. 12 — Comparison of a) block energy per payload for
various mission ranges, b) effect of hybridization on
payload and fuel burn for 200 km and 700 km mission
ranges relative to the hydrogen-fueled VTOL (prc = 1.0 kW/

kg).

hydrogen VTOL in fuel burn are outweighed by the high
penalties in payload capacity.

It can be therefore concluded that the power density of the
fuel cell is one of the key parameters for the observed trends.
The fuel cell technology is assumed to improve in the
following years. Considering a near-future technology level, a
specific power of 2.5 kW/kg was assumed based on Ballard
Power Systems [36] to perform the same analysis.

For this technology level, a significant improvement in the
payload-range performance relative to current technology
fuel cells can be attained as the difference between the pure
gas turbine and the hybrid system is decreased substantially
(Fig. 13). However, the hybrid powertrain still leads to a
reduced payload for any design range. A break-even point in
power density at which the hybrid configuration would result
in constant payload capacity with respect to the hydrogen-
fueled VTOL is calculated. For a design range of 200 km, the
break-even point is at 8.0 kW/kg, 7.1 kW/kg and 6.6 kW/kg for
hybridization degrees of 10%, 20% and 30%, respectively. At
this point, the hybrid variants would be superior to the
hydrogen-fueled configuration at energy efficiency, fuel con-
sumption and payload capacity. At higher design mission
ranges (700 km), the target payload is much lower and hence,
the sensitivity of power density with hybridization degree is
higher. At this design range, the break-even pointis calculated
at 7.5 kW/kg, 3.8 kW/kg and 3.3 kW/kg for HP = 10%, 20% and
30%.

Fig. 14 presents the energy comparison per payload ca-
pacity in off-design mission scenarios. It is observed that for
degrees of hybridization above 10%, the hybrid hydrogen-
fueled VTOL results in better energy consumption per
payload capacity compared to the non-hybrid variant. This
betterment in energy becomes more pronounced for high
mission ranges where the fuel cell is utilized for a greater
fraction of the mission. Additionally, for this technology level,
the reduction in maximum payload due to added weight of the
fuel cell is compensated with the amount of fuel saved by
introducing the hybrid system powerplant configuration
(Fig. 14a). This effect is increased as the degree of hybridiza-
tion in power is increased.
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Fig. 13 — Payload-range trade-off of the hydrogen-based
variants at different degrees of hybridization for improved
fuel cell technology (prc = 2.5 kW/kg).
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Conclusions

This paper presented a comprehensive assessment of the
feasibility of compressed gaseous hydrogen directly used in
the gas turbine or through a parallel hybrid powerplant with
fuel cells for VTOL air-taxi applications. An analysis has been
performed to quantify corresponding trade-offs between fuel
economy, energy efficiency, powerplant weight, hydrogen
tank weight and rotorcraft weight. The performance benefits
and associated penalties are quantified at payload-range and
mission level. This was performed utilizing a multi-
disciplinary framework that combines models for rotorcraft
performance, novel powerplant performance, tank sizing,
weight estimation and mission analysis. A tilt-rotor configu-
ration was selected as a baseline.

The baseline tilt-rotor is used for retrofitting with
hydrogen accounting for the volumetric constraints of the
configuration. It was demonstrated that the hydrogen-fuel
variant cannot maintain fixed payload-range capacity with
current gravimetric efficiencies. It was demonstrated that if
the hydrogen-fueled tilt-rotor is designed at maximum
payload capacity of the baseline, 62% of the design range
must be sacrificed. Alternatively, maintaining fixed range
capability relative to the baseline can be achieved at a 60%
reduced payload. It was found that at off-design mission
ranges, the former design imposes significant energy pen-
alties due to the relatively low payload capacity and hence,
was excluded. The latter design results in better energy per

passenger-km with penalties of the order of 8% at energy
relative to the baseline kerosene rotorcraft and hence,
selected for this study. It is however highlighted that it re-
sults in a 60% reduction in fuel relative to the kerosene
counterpart. Introducing a hybrid powerplant coupled with a
fuel cell in a parallel arrangement was found to increase
penalties in payload-range capacity and block energy, espe-
cially at high degrees of hybridization relative to the non-
hybrid hydrogen tilt-rotor. This was found to be highly
dependent on the power density of the fuel cell. The flexi-
bility encountered in the hybrid powertrain to reduce the
engine size led to an improvement both in payload and fuel
consumption but still penalties were reported relative to the
hydrogen-fuel VTOL for 1 kW/kg fuel cell power density.

Fuel cell pressurization was recognized as a potential
means to improve overall performance as at the design point
it was found that cell efficiencies can increase up to 10% which
translates into 6% in overall system efficiency. Although at
cycle level this improvement was important, the pressuriza-
tion using engine bleed-off was found to have an adverse ef-
fect on overall performance. On the contrary, fuel cell
pressurization via an air compressor was found to provide
benefits of up to 10% in payload capacity and 5% in block fuel
relative to the non-pressurized design.

Current technology levels in tank gravimetric densities and
fuel cell power densities allow for significant fuel burn im-
provements with high penalties penalty in payload-range
capacity. Through a sensitivity analysis on fuel cell technol-
ogy, it was found that with power densities of 2.5 kW/kg, the
penalties in payload reduce significantly while also resulting
in fuel burn benefit relative to the non-hybrid hydrogen
rotorcraft for hybridization degrees above 10%.
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