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Abstract

Decarbonisation is a major challenge for the aviation sector, necessitating a radical shift and the exploration
of innovative solutions to mitigate its environmental impact. In this context, hydrogen-powered fuel cells have
gained significant attention in recent years due to their capacity to eliminate carbon dioxide emissions during
flight. This study aims to investigate the effectiveness and main barriers of using low-temperature PEM fuel
cells in aviation. A design methodology is applied to derive the weight-optimal design of several hydrogen-
powered configurations. For each configuration, a minimum-weight layout is derived by accurately estimating
the weights of the main components involved in the propulsion system, including hydrogen storage, fuel cell
stack and related auxiliaries. The analysis is specifically applied to a regional passenger aircraft, namely the
ATR 72-600. Additionally, the technical viability of the fuel cell-based aircraft is explored by comparing its
maximum take-off weight (MTOW) with that of the conventional kerosene-based layout. This study
demonstrates that across all the examined scenarios, oversizing the number of fuel cell stacks emerges as a
weight-optimal solution, as the resulting higher efficiency reduces both the hydrogen consumption and the heat
generated during fuel cell operation. In particular, the weight-optimal number of stacks increases when
considering hydrogen storage technologies characterised by low gravimetric density. It is also highlighted the
need of decreasing the weight of both the hydrogen storage and the cooling system to enhance the
competitiveness of the hydrogen-based solution in terms of weight compared to the kerosene configuration.
Achieving gravimetric density values for hydrogen storage above approximately 15-20 wt% is crucial.
Especially, future research should focus on the thermal management system, which can account for up to 50%
of the total propulsion system weight.
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1. Introduction

Presently, aviation accounts for 12% of transport-related COz emissions and approximately 5% of
anthropogenic global greenhouse gas emissions. Despite measures have been taken over the past
two decades to improve aircraft fuel efficiency, CO2 emissions have continued to grow due to a
constant increase in global aviation demand [1]. In particular, Airbus envisions a 4.6% per year growth
in the annual global traffic rate for the period 2015-2034, while Boeing predicts a slightly higher rise
over the same timeframe [2]. Therefore, promoting initiatives and developing new technologies to limit
aviation's climate impact is of fundamental importance [3].

Within this framework, the concept of aircraft electrification has garnered significant attention from
both academia and industry in recent years. This is testified by an ever-increasing number of studies
on the topic and the establishment of numerous startup companies aiming to bring electric propulsion
systems to the commercial market [4]. Electric powertrain layouts that rely entirely on batteries have
been developed. However, their restricted endurance and significant weight currently make them
unsuitable for long-range transport applications [5]. Recently, there has been growing interest in
exploring the use of hydrogen combined with fuel cells as a potential solution for achieving a zero-
emission all-electric aircraft configuration [6]. Alternatively, hydrogen can be employed for aircraft
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propulsion through thermal conversion in combustion engines [7]. Moreover, hydrogen, when
combined with carbon dioxide, can serve as a base for the synthesis of sustainable aviation fuels
(SAFs) [8].

Despite the promising potential for decarbonising aviation, the technical feasibility of using hydrogen-
powered fuel cells still requires thorough investigation. Massaro et al. [9] demonstrated that an all-
electric aircraft based on low-temperature proton exchange membrane (PEM) fuel cells would
currently weigh 25-50% more than a conventional kerosene-based aircraft. Solid oxide fuel cells
(SOFCs) also possess interesting characteristics for aviation, such as fuel flexibility and high
conversion efficiency, rendering them potentially viable for long-range flights [10]. Overall, an optimal
design of the fuel cell system is crucial to ensure the technical feasibility of hydrogen-based solutions
[11]. Additionally, it has been found that the electrochemical cell performance, which varies depending
on the operating point of the fuel cell, should be considered during the design stage to achieve a
configuration with minimal propulsion system weight [12].

The main objective of this work is to uncover the potential and current limitations of low-temperature
PEM fuel cells for aviation applications. By further exploring the design methodology developed by
the authors in a previous work [12], the performance map of the fuel cell is used to investigate several
all-electric hydrogen-based configurations and, for each of them, derive a minimum weight layout of
the propulsion system (encompassing hydrogen storage, fuel cell stack and related auxiliaries).
Specifically, the maximum take-off weight (MTOW) of the innovative solution is determined through a
detailed estimation of the weights of all components within the propulsion system. Particular attention
is paid to identifying the components that exert the most significant influence in terms of weight. The
technical viability of the hydrogen-based configurations is also assessed by computing the change in
weight compared to a conventional kerosene-powered aircraft.

2. Materials and methods

The following sections outline the approach used for the design of a hydrogen-based propulsion
system, as well as the methodology for estimating the MTOW. Additionally, the main input data
required for the sizing process are provided.

2.1 Kerosene- and hydrogen-based propulsion systems

As shown in Figure 1, the use of fuel cells implies that some components of the conventional
kerosene-based aircraft must be replaced. In particular, the kerosene storage system and the thermal
engines are substituted with the hydrogen storage system, the fuel cell system (comprising the stack
and related auxiliaries) and electric motors. The fuel cell unit is essential for converting hydrogen into
electricity, while the electric motor allows electrical power to be turned into mechanical power.

Kerosene route

Kerosene

—>» Thermal engine —> Propeller
storage

Hydrogen route

Hydrogen

—>| Fuel cell system —>| Electric motor —> Propeller
storage

Figure 1 — General layout of the kerosene- and hydrogen-based propulsion systems.

The analysis is applied to the commercial aircraft ATR 72-600, which is currently powered by
kerosene. Table 1 outlines the main features of a typical ATR 72-600 flight mission, including take-off
and cruise power, total flight duration and maximum altitude [9].
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Parameter Value
Take-off power (half-wing), Pro 1,846 kW
Cruise power (half-wing), Pcg 1,590 kW
Flight duration 2h
Max altitude (cruise), hqg 4,600 m

Table 1 — Flight mission characteristics of the ATR 72-600.

2.2 Sizing of the hydrogen-based propulsion system

The aim of this section is to provide a methodology for designing a fuel cell-based propulsion system
for aircraft applications, including the hydrogen storage, the fuel cell stacks and all the needed
auxiliaries (mainly the cooling system and the air compressor).

2.2.1 Fuel cell stack

A stack manufactured by Ballard has been chosen for this study (FCgen®-HPS) [9]. The cell-level
polarisation curve is shown in Figure 2, while its main technical features are detailed in Table 2.
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Figure 2 — Cell voltage (left) and cell power density (right) of FCgen®-HPS.

Parameter Value
Nominal stack power (gross), Pr¢ stack,grossnom 137.8 kW
Nominal cell current density, i,om 1.35 A/lcm?
Cells per stack, ngq; 309
Cell area, Ay 480 cm?

Table 2 — Technical specifics of the fuel cell stack data (FCgen®-HPS).

For a given current density (i, in A/cm?), the gross electrical power generated by the fuel cell stack
(Prc,stack,gross» IN KW) can be computed as:

PFC,stack,gross(i) =1 'Acell ' Vcell(i) *Neepr 10_3 (1)

where A..; (in cm?) is the cell area, V,,; (in V) is the cell voltage and n.,,; is the number of cells per
3
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stack. The net electrical power exiting the fuel cell stack (Prc stacknet) Can be then assessed by
subtracting the electrical demand required by the auxiliary components:

PFC,stack,net (i: h) = PFC,stack,gross (") - PAC,stack(i' h) - Padd,stack (2)

where Pyc srack (in KW) is the electricity consumed by the compressor to supply air to the fuel cell
stack. It depends on the current density (i) and on the altitude (h), as shown by the following
expression:

y-1
PAC,stack (i,h) = mair,stack OF Cp - T(h) - (ﬁ(h) Y - 1) 3

is nem

The term mg;; seack (N ka/s) is the air flow rate entering the stack (cathode side) and was computed
based on the Faraday’s law, ¢, (in kdJ/(kg-K)) is the specific heat capacity at constant pressure of air,
T (in K) is the temperature of the air flow at the compressor inlet, g is the ratio between the cathode
operating pressure (1.5 bar) and the external air pressure, y is the heat capacity ratio of air, ;s (equal
to 0.75) is the isentropic efficiency of the compressor and 7., (equal to 0.95) is the electro-mechanic
efficiency of the compressor. The air properties (c, and y) were derived by employing temperature-
dependent polynomial functions. The expressions to compute temperature and pressure of the
outside air as a function of altitude can be found in [12].

In EQ. (2), Pagastack (in KW) is the power consumption of the other auxiliary components (small
equipment such as pumps, valves, control unit). It was modelled as a constant term and assumed to
be a fixed percentage (1%) of the nominal gross stack power [9].

The net electrical power of the fuel cell system (Prc stacknet» IN KW) was then used to determine the
number of stacks (ng:4.x) Needed to consistently meet the power requirements of the flight mission.
As shown in Eq. (4), the most demanding condition between take-off (TO) and cruise (CR) was chosen
to select the required number of stacks.

Pro l [ Pcr ) @
NEm - PFC,stack,net(ir hTO) ' NEM - PFC,stack,net(i: hCR)

Ngtack = 2 - Max q

where [x] is the ceiling function that gives the smallest integer greater than or equal to x, Pro (in kW)
is the take-off power, P (in kW) is the cruise power, ng) is the electro-mechanical efficiency of the
electric motor, hrq is the take-off altitude and h.y is the cruise altitude. The multiplication by two was
done to obtain the total number of stacks, given that P, and P.y are provided at half-wing level.

As an initial case, the nominal current density (i,,,») Was used in Eq. (4) to evaluate the net fuel cell
electrical power, resulting in a configuration with the fewest number of stacks. A sensitivity analysis
was then performed by gradually decreasing the value of i to explore the potential benefits of
oversizing the fuel cell system (i.e., increasing the number of stacks, allowing them to operate at
partial loads). Operating the fuel cell stack at partial loads increases efficiency, which positively
impacts the fuel storage (less hydrogen to be stored) and the cooling system (less heat to be
removed). The goal is to identify the configuration that minimises the weight of the propulsion system
(see Section 2.3), achieved through a trade-off between the number of fuel cell stacks and the size of
both the hydrogen storage and the cooling system.

For a given number of stacks (ng:,c), the actual net power generated by the fuel cell system can be
estimated for both take-off and cruise conditions according to the following expression (with j =
TO,CR):

- Ji
Prc stacknet (lj: hj) =2 — ®)
NEM * Nstack

The actual operating current density during take-off (i;o) and cruise (icz) can subsequently be
estimated based on the net output power of the fuel cell (Pr¢ s¢qck net) Under those specific conditions.

The net electrical efficiency of the fuel cell system (n,.:) during take-off and cruise can also be
assessed through Eq. (6) (with j = TO, CR):
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PFC,stack,net(ij: hj)
mHZ,stack(ij) : LHVHZ 103

Nnet (ij' hj) = (6)

where LHVy, (in MJ/KQ) is the lower heating value of hydrogen and my; stqcr (in Kg/s) is mass flow
rate of hydrogen required by the fuel cell. The latter term was calculated based on Faraday’s law.

2.2.2 Cooling system

A cooling system is essential for managing the thermal power generated by the fuel cell stack. It
consists of a closed circuit using a liquid coolant, assumed to be Glysantin, for cooling the stack.
Additionally, an air radiator is included to restore the coolant to its initial temperature. The temperature
variation of the liquid coolant was set to 10 °C, while that of the cooling air stream was set to 15 °C.
The e-NTU method was employed to estimate the nominal heat exchange area of the cooling system
(Acs.stacknom, iIN M?) required to remove the heat generated by a single stack. All input parameters
necessary for the cooling system design, along with an explanation of how to apply the e-NTU method,
are provided in [12].

It should be noted that the thermal power to be removed by the cooling system depends on the
operating condition of the fuel cell. For both take-off and cruise, the heat produced per stack can be
computed as follows (with j = TO, CR):

N —Ahyeqact . _
QFC,stack(lj) =l “Acen (% - Vcell(lj)> “Neen * 10 3 (7)

where Qrc stack (iN KW) is the thermal power generated by the stack, Ah,oqc: is the molar enthalpy of
reaction (-285,829 J/mol) and F (in C/mol) is the Faraday constant. The larger of the two thermal
power values (i.e. at TO and CR) was then considered for estimating the heat exchange area of the
cooling system.

2.2.3 Air compressor

The electrical power required by the air compressor to supply air to a single stack was computed
according to Eq. (3) for both take-off conditions (i, and hy,) and cruise conditions (i and h.g). The
maximum value between the two was then taken as the nominal power of the air compressor

(PAC,stack,nomi in kW)-

2.2.4 Hydrogen storage

The amount of hydrogen fuel required to meet the power demand of the mission (Wy3 nom., in kg) can
be expressed according to the following general relationship:

tena Pmission (t)

1% =2- dt 8
Hzmom J;) NEgm * Mnet () - LHVy, - 103 ®

where Ppission (in KW) is the mechanical power required and t,,4 (in s) is the overall flight duration.
Note that the expression in Eq. (8) is multiplied by two because P,,;ssion iS provided at half-wing level.
In this analysis, the hydrogen mass was derived considering a constant hydrogen flow rate throughout
the mission, set equal to the amount required during the cruise phase [12]. Namely, P.; was used as
the mechanical power to be covered and n,.; (net efficiency of the fuel cell system) was evaluated
under cruise flight conditions according to Eq. (6). This approximation is reasonable since the cruise
phase constitutes the majority of the flight time.

2.3 MTOW estimation
The maximum take-off weight of the kerosene-based aircraft (MTOWyy, in kg) is:

MTOWgg = Wpg + Wsr + Wpp, + Wesp kr 9

where Wy is the weight of the two propellers, Ws; is the weight of the aircraft structure, Wp; is the
weight of the payload, and Wyspg r IS the weight of the kerosene-based energy storage and power
generation (ESPG) system. The latter term includes two thermal engines, the fuel storage tank and

5
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the fuel. The values of all terms of Eq. (9) are displayed in Table 3.

Parameter Value
Maximum take-off weight, MTOWyg 22,800 kg
Propellers, Wpg 342 kg

Structure, Wy 10,479 kg
Payload, Wp, 7,550 kg
Energy storage and power generation, Wespg kg 4,429 kg

Table 3 — Weight values of the components included in the kerosene-based aircraft. Data refer to
ATR 72-600 aircraft.

The MTOW of the innovative aircraft (MTOWy,, in kg) can be derived similarly to Eq. (9), by replacing
Wespe xr With the weight of the new ESPG system:

MTOWy, = Wpg + Wsr + Wpy, + Wispe u2 (10)

The term Wgspg 12 €ncompasses the hydrogen storage system (including the hydrogen fuel), the fuel
cell system and the electric motors. Specifically, the fuel cell system includes the fuel cell stacks and
all the needed auxiliaries (mainly the cooling system and the air compressor). Overall, the weight of
the hydrogen-powered ESPG system can be expressed as follows:

W, -Gl A WHZ,nom 2 Prg
espG,H2 = Glcs * Acsstacknom * Mstack T Gl
HS

Nem - Glgy (11)

Prc stack,grossmnom * Mstack .~ Pac,stacknom * Mstack

Glrc stack Glac

where GI; is the gravimetric index of the j-th component, A¢s stacknom (in M?) is the surface area of the
heat exchanger involved in the cooling system, Wy, ., (in kg) is the mass of hydrogen consumed by
the fuel cell during the mission, Pro (in kW) is the take-off power of the flight mission (half-wing), ngu
(in %) is the electro-mechanical efficiency of the electric motor, Prcstack,grossnom (I KW) is the
nominal power of a single fuel cell stack (gross power), ng:,q iS the number of fuel cell stacks and
Pyc stacknom (i KW) is the nominal power of the air compressor needed by a single stack.

The values of the gravimetric indexes, along with their respective units of measurement, are shown
in Table 4 [12]. As regards the hydrogen storage component, a sensitivity analysis was conducted on
the gravimetric index (i.e., gravimetric storage density) to explore the technical viability of several
hydrogen storage technologies.

As described in Section 2.2.1, the number of fuel cell stacks (computed through Eq. (4)) was selected
with the objective of minimising the weight of the fuel cell-based ESPG system (i.e. Wgspg u2,
calculated by Eqg. (11)).

Parameter Value
Electric motor, Glgy 5.2 kW/kg
Cooling system, Gl 1.08 kg/m?

Air compressor, Gl ¢ 1.03 kW/kg
Fuel cell stack, Glrc stack 3 kWikg
Hydrogen storage, Glys Sensitivity analysis

Table 4 — Gravimetric index values of the main components involved in the hydrogen-based
propulsion system. A sensitivity analysis was conducted on the gravimetric index of hydrogen storage
(in wt%).
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3. Results and discussion

Table 5 reports the sizing results for several hydrogen-based configurations, in which the hydrogen
storage technology is varied. The values of gravimetric storage density for the different solutions were
taken from [9].

As shown in Table 5, the MTOW ranges from 52.4 t (for low-temperature metal hydrides) to 29.7 t
(cryo-compressed hydrogen), representing an increase of 130% to 30% compared to the kerosene-
based solution. The weight of the ESPG system is also specified and ranges from 34.1tto 11.3 t. For
all configurations, the minimum number of fuel cell stacks is 30, as derived from Eq. (4) based on the
nominal current density (i,,,,m,)- It is noteworthy that the weight-optimal number of stacks always
exceeds 30, allowing each stack to be operated at lower power during cruise and take-off. Despite
the increased weight associated with additional stacks, the resulting higher efficiency is useful to
reduce the size of both the hydrogen storage and the cooling system. Moreover, increasing the
number of stacks is particularly advantageous for hydrogen storage typologies with low gravimetric
storage density. In these cases, the weight fraction of the hydrogen storage increases, and operating
at higher efficiency (thanks to the fuel cell oversizing) can help mitigate this effect. Specifically, the
weight-optimal number of stacks decreases from 66 to 36 when the gravimetric storage density
increases from 1.4 wt% (low-temperature metal hydride) to 8.5 wt% (cryo-compressed hydrogen).

Gravimetric Number ESPG MTOW MTOW
Hydrogen storage density | of stacks mass change
storage typology [Wt%] [-] [t] [t] [%]
Low-temperature 1.4 66 34.1 52.4 130.0
metal hydride
Liquid organic 4.1 40 16.3 34.6 51.9
hydrogen carrier
High-temperature 4.3 40 15.8 34.2 49.9
metal hydride
Metal organic 4.9 40 14.7 33.1 45.1
framework
Compressed
g 4 13. 2. 40.2
hydrogen (700 bar) > 0 3.6 320 0
Liquid hydrogen 7.5 36 11.9 30.3 33.0
Metal borohydride 8.0 36 11.6 30.0 315
Cryo-compressed 8.5 36 11.3 29.7 30.3
hydrogen

Table 5 — Weight-optimal sizing results for different hydrogen storage technologies. “MTOW change”
is computed with respect to the kerosene-based configuration (whose MTOW is 22.8 t).

Figure 3 displays the weight contribution of the main components of the ESPG system for the
hydrogen-based configuration: electric motor, hydrogen storage, fuel cell stacks and related
auxiliaries (air compressor and cooling system). The black solid line indicates the ESPG weight for
the hydrogen-based configuration, while the dashed black line corresponds to the kerosene-based
solution (4.4 t).

As the gravimetric index of hydrogen storage increases from 2 to 30 wt%, the total ESPG weight
reduces from 26 t to 8 t. It can be noted that hydrogen storage is the most significant contributor up
to a gravimetric index of approximately 10 wt%. Beyond this value, the cooling system starts to
account for the largest weight share (up to 50%), and the total ESPG weight decreases more gradually
as the gravimetric index increases. Overall, the hydrogen-based ESPG system always weighs more
than the conventional kerosene-based alternative, even when considering high values of gravimetric
storage density (up to 30 wt%). This underscores the necessity of finding solutions to lower the weight
of the fuel cell system, particularly the cooling equipment.
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Figure 3 — ESPG weight of the hydrogen-based configuration (solid line) as a function of the
gravimetric index of the hydrogen storage. For comparison, the ESPG weight of the kerosene-based
configuration is also shown (dashed line). A sensitivity analysis was conducted on the gravimetric
storage density, from 2 to 30 wt%.

Figure 4 shows the payload weight required for the hydrogen-based aircraft (solid line) to achieve the
same MTOW as the conventional solution. It is worth noting that when Gl is less than 7.5 wt%, even
removing the entire payload results in a hydrogen-powered aircraft weighing more than the kerosene-
based alternative. For GIys above approximately 20 wt%, reducing the payload mass by about half is
sufficient to match the MTOW of the kerosene aircraft.

10 .

Payload weight [t]

Payload (hydrogen case)
- = = Payload (kerosene case)

-15

5 10 15 20 25 30
Gravimetric storage density [wt%]

Figure 4 — Payload weight of the hydrogen-based configuration (solid line) to achieve the same
MTOW as the kerosene-based aircraft (whose payload weight is shown by the dashed line). A
sensitivity analysis was conducted on the gravimetric index of the hydrogen storage.

Currently, the high conversion efficiency of fuel cells cannot compensate for the demanding weight
requirements of hydrogen-based propulsion systems. In particular, to render a hydrogen-based

8
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powertrain solution technically feasible, it is essential to further reduce the weight associated with the
hydrogen storage and the cooling system. Encouragingly, literature suggests promising values for the
gravimetric storage density, e.g. up to 50% for the liquid hydrogen technology, as reported by Massaro
et al. [9]. Additionally, the use of a high-temperature PEM fuel cell could help mitigate the weight impact
of the cooling unit. In this analysis, the gravimetric power density of the weight-optimal fuel cell system
(encompassing fuel cell stacks and related auxiliaries) was computed in the range of 0.8-1.2 kW/kg,
depending on the configuration. A system-level value of 2-3 kW/kg is expected in the near future,
particularly with the adoption of the high-temperature PEM technology [9], which would make the use
of fuel cells in aviation increasingly attractive.

4. Conclusions

The aim of this study was to explore the technical viability of fuel cell-based propulsion systems for
aviation. Specifically, the retrofit of a regional aircraft (ATR 72-600) currently powered by kerosene
was investigated. To this end, a methodology was developed to perform the weight-optimal design of
the energy storage and power generation (ESPG) system. Several configurations were assessed by
changing the hydrogen storage typology. Key results can be summarised as follows:

e The weight-optimal number of fuel cell stacks is always higher than the minimum number
required. This means that the stack oversizing can effectively enable the fuel cell to operate
at points of higher efficiency, resulting in design benefits for both the hydrogen storage and
the cooling system.

e The weight-optimal number of fuel cell stacks decreases by increasing the gravimetric storage
density. In fact, the weight impact of the hydrogen storage is reduced, making the stack
oversizing progressively less effective. On the other hand, the fraction of weight associated
with the cooling system increases.

e Currently, the maximum take-off weight (MTOW) of the hydrogen-based aircraft is higher than
that of kerosene-fuelled configurations. In order to achieve weight parity with conventional
solutions, improvements are needed, particularly in the hydrogen storage and the cooling
system. Notably, a sharp reduction in the ESPG weight was found up to a gravimetric storage
density of approximately 15 wt%, indicating that values above this threshold should be
targeted. Additionally, since the cooling system contributes significantly to the ESPG weight
(up to 50%), research should delve into the challenges related to on-board thermal
management of fuel cells. In this context, the high-temperature PEM technology represents a
promising candidate worth exploring in future studies.
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