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aircraft applications 
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A B S T R A C T   

Recently, hydrogen and fuel cells have gained interest as an emerging technology to mitigate the effects of 
climate change caused by the aviation sector. The aim of this work is to evaluate the applicability of this 
technology to an existing regional aircraft in order to assess its electrification, with the aim of reducing green-
house gas emissions and achieving sustainability goals. The design of a proton-exchange membrane fuel cell 
system (PEMFC) with the inclusion of liquid hydrogen storage is carried out. Specifically, a general mathematical 
model is developed, which involves multiple scales, ranging from individual cells to aircraft scale. First, the fuel 
cell electrochemical model is developed and validated against published polarization curves. Then, different 
sizing approaches are used to compute the overall weight of the hydrogen-based propulsion system, in order to 
optimize the system and minimize its weight. Crucially, this work underscores that the feasibility of hydrogen- 
based fuel cell systems relies not only on hydrogen storage but especially on the electrochemical cell perfor-
mance, which influences the size of the balance of plant and especially its thermal management section. In 
particular, the strategic significance of working with fuel cells at partial loads is demonstrated. This entails 
achieving an optimal balance between the stacks oversizing and the weights of both hydrogen storage and 
balance of plant, thereby minimizing the overall weight of the system. It is thus shown that an integrated 
approach is imperative to guide progress towards efficient and implementable hydrogen technology in regional 
aviation. Furthermore, a high-performance PEMFC is analyzed, resulting in an overall weight reduction up to 
nearly 10% compared to the baseline case study. In this way, it is demonstrated as technological advancements in 
PEMFCs can offer further prospects for improving system efficiency.   

1. Introduction 

The phenomenon of global warming requires a comprehensive 
reconsideration of the current energy supply within the transportation 
sector, particularly regarding aviation, which plays a crucial role. It is of 
paramount importance to consider the utilization of decarbonized fuels 
or energy vectors that enable zero-emission propulsion technologies. 
Since the 1980 s, CO2 emissions from aviation have increased by 3.6 % 
per year, twice the overall global growth rate, and are expected to grow 
by 4.5 % per year [1,2]. Consequently, aviation is currently responsible 

for 12 % of transport-related CO2 emissions and for about 5 % of 
anthropogenic global greenhouse gas (GHG) emissions [3]. 

In this context, the European Union (EU) has developed multiple 
strategies to reduce emissions, decarbonize fuels and mitigate the GHGs 
impact on the upper atmosphere. These strategies include the Fit for 55 
package and the Flightpath 2050. The first one concerns a range of re-
visions and initiatives related to the European Green Deal climate ac-
tions and, notably, it aims to achieve a 55 % net emissions reduction 
compared to 1990 levels. On the other hand, the Flightpath 2050 sets a 
cut of 75 % in CO2 emissions and a 90 % decrease in NOx emissions per 
passenger, as well as a 65 % reduction of perceived noise [4]. 

Abbreviations: BoP, Balance of Plant; FC, Fuel cell; FCS, Fuel cell system; CCL, Cathode catalyst layer; EM, Electric motor; GDL, Gas diffusion layer; GHG, 
Greenhouse gases; LH2, Liquid Hydrogen; LHV, Lower heating value; LOHC, Liquid organic hydrogen carrier; MEA, Membrane electrode assembly; MTOW, 
Maximum take-off weight; NTU, Number of transfer units; ORR, Oxygen reduction reaction; PEM, Proton exchange membrane; PEMFC, Proton exchange membrane 
fuel cell; RH, Relative humidity; SAF, Sustainable aviation fuel; SOFC, Solid oxide fuel cell; TRL, Technology readiness level; UAV, Unmanned Aerial Vehicle. 
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In the last three decades, the aviation sector has significantly 
improved carbon efficiency per passenger. Optimization strategies, 
including increased seat density and utilization, along with operational 
and technological enhancements, have played a significant role in this 
improvement [5]. Additionally, retrofitting options for existing aircraft, 
such as the integration of blended winglets, cabin weight reduction, 
electric taxing, and reengining, have demonstrated the potential to 
achieve a notable fuel consumption reduction ranging from 9 to 12 % 
[6]. However, the current attempts to reduce CO2 emissions are not 
enough to offset the growth in the aviation sector and meet the sus-
tainability goals. To comprehensively address these challenges, a 
multifaceted approach is crucial. In addition to ongoing optimizations 

and retrofits, integrating sustainable aviation fuels (SAFs), enhancing air 
traffic management, and continuous research into greener technologies 
are imperative [5]. 

Examining the automotive industry as a benchmark in the trans-
portation sector, it is evident that the favored approach is towards 
electrification to achieve emission reduction targets. The concept of 
aircraft electrification has attracted academic and industry interest over 
the past decade, leading to a surge in literature in the field and the 
creation of several start-up companies aiming to commercialize electric 
aircraft propulsion systems: full electric aircraft could avoid not only all 
air pollutants but mostly direct CO2 emissions [7,8]. 

The implementation of the new propulsion system necessitates a 

Nomenclature 

Acell Cell area, (cm2) 
Acooling Exchange area for cooling, (m2) 
b Tafel slope, (V) 
c Oxygen molar concentration, (mol cm− 3) 
c1, c2, c3, c4 Coefficients for calculation of air properties 
ch Oxygen concentration in the channel (p = 1 bar), (mol 

cm− 1) 
Ci Heat capacity rate of species i, (kW K− 1) 
cp Specific heat capacity, (kJ kg− 1 K− 1) 
cref Reference oxygen concentration in the channel, (mol 

cm− 1) 
D Effective diffusion coefficient of CCL, (cm2 s− 1) 
Db Effective diffusion coefficient of GDL, (cm2 s− 1) 
F Faraday constant, (C mol− 1) 
h Altitude, (m) 
j* Exchange current density, (A cm− 3) 
j Local proton current density in the CCL, (A cm− 2) 
j0 Cell current density, (A cm− 2) 
j*lim Characteristic current density, (A cm− 2) 
lb GDL thickness, (cm) 
lt CCL thickness, (cm) 
LHVH2 Lower heating value of hydrogen, (MJ kg− 1) 
ṁair Specific flow rate of air of a single cell, (g s− 1 cm− 2) 
ṁair,stack Air flow rate fed to a single stack, (g s− 1) 
ṁH2 Specific flow rate of hydrogen of a single cell, (g s− 1 cm− 2) 
ṁH2,stack Hydrogen flow rate fed to a single stack, (g s− 1) 
MH2 Mass of hydrogen, (kg) 
ṁi Flow rate of species i, (kg s− 1) 
MMair Air molecular weight, (g mol− 1) 
MMH2 Hydrogen molecular weight, (g mol− 1) 
Ncell Number of cells per stack 
nstack Number of stacks 
panode Working pressure of the fuel cell anode side, (bar) 
pcathode Working pressure of the fuel cell cathode side, (bar) 
Pcompr Electrical power required by the air compressor, (W) 
Pcompr,max Nominal electrical power of the air compressor at stack 

level, (W) 
Pfc Cell power density, (W cm− 2) 
pin,air External air pressure, (bar) 
Pmission Mechanical power required for the propulsion in a mission, 

(kW) 
Pmission,TO Mechanical power required for the propulsion during take- 

off, (kW) 
Pstack,max Maximum stack power, (W) 
Pothers Electrical power required by the auxiliaries, (W) 
Pstack Stack electrical power, (W) 
Pstack,net Net electrical power produced by the stack, (W) 

pth,cell Cell thermal power, (W cm− 2) 
Qstack Heat produced by the stack, (W) 
Qtot Heat produced by the all the stacks, (kW) 
R Heat capacity rate ratio 
RΩ Area specific resistance, (Ω cm2) 
T Temperature, (K) 
t Time, (s) 
U Heat transfer coefficient, (kW m− 2 K− 1) 
Vcell Cell potential, (V) 
VOC Open circuit voltage, (V) 
w Fuel cell working point 
wcompr Gravimetric index of compressor, (kW kg− 1) 
wcooling Gravimetric index of cooling system, (kg m− 2) 
wEM Gravimetric index of electric motor, (kW kg− 1) 
wFC Gravimetric index of fuel cell stack, (kW kg− 1) 
wH2storage Gravimetric index of storage system, (kgH2 kg-1

storage system) 
Wtot Total weight of electrified propulsion system, (kg) 
x Coordinate across the CCL, (cm) 
yO2 Molar fraction of oxygen in air 
yothers Fixed parameter for auxiliaries power requirement 

Subscripts 
0 Membrane/CCL interface 
air Air property 
b GDL 
comp compressor 
coolant Coolant property (Glysantin) 
h Channel 
in inlet 
out outlet 
t Catalyst layer 
* Characteristic value 

Greek 
β Dimensionless parameter, a function of j0 
βcompr Compression ratio 
γ Adiabatic exponent of air 
Δh̄react Molar enthalpy of reaction occurring in the cell, (J/mol) 
ε Effectiveness of radiator heat exchange 
η Local overpotential, (V) 
ηcell Cell efficiency 
ηem Electromechanical efficiency of compressor 
ηEM Electromechanical efficiency of electric motor 
ηis Isentropic efficiency of compressor 
ηnet Efficiency of the system 
λair Air excess fed in cell 
λH2 Hydrogen excess fed in cell 
σt Proton conductivity in the catalyst, (S cm− 1)  

M. Chiara Massaro et al.                                                                                                                                                                                                                      



Energy Conversion and Management 306 (2024) 118266

3

careful selection of the source of energy on-board the aircraft. Currently, 
the most promising technologies in this regard are hydrogen as fuel and 
fuel cells (FCs) as converters [9]. Even if batteries demonstrate excellent 
roundtrip efficiency, acceptable power density (under on-ground con-
ditions), and a high technological readiness level (TRL), they appear 
unsuitable for the aviation sector, particularly for fuel-intensive aircraft 
such as long-haul planes. This is primarily due to their low gravimetric 
energy densities (ranging between 0.2 and 0.5 kWh/kg) and limited 
lifetime cycles. For such applications, hydrogen exhibits a great poten-
tial owing to its gravimetric energy density of 33.3 kWh/kg, which is 
three times higher than kerosene and more than 100 times higher than 
batteries. However, on-board storage of hydrogen in aircraft remains 
challenging due to the low volumetric energy density of hydrogen, 
which requires larger tanks and adjusted aircraft designs [5,9]. At the 
same time, the enhanced efficiency of fuel cells contributes to a reduc-
tion in fuel load compared to conventional kerosene-based configura-
tions [10]. Fuel cells offer additional advantages for electric aircraft, 
such as distributed propulsion, which improves aerodynamic efficiency. 
Moreover, the multifunctional integration of the fuel cell into the 
aircraft, through the recovery of by-products such as water, heat or 
oxygen-depleted exhaust air, allows the fuel cell to be used for vital 
processes such as de-icing, cabin air conditioning, water supply or 
firefighting in the baggage compartment or fuel tanks [11]. 

In addition, the concept of electric aircraft can lead to greener air 
transport for two other reasons [12]. Firstly, unlike the gas turbine, the 
electric propulsion is not bound by the limits in efficiency of thermal 
machines (Carnot limit) and has the potential to achieve higher effi-
ciency in on-board energy conversion [13]. Secondly, these aircrafts 
would probably use a system of electric motor-driven fans, whose effi-
ciency scales better with size than that of gas turbines [14]. 

However, stringent requirements exist for an airborne application, 
including weight reduction, safety, and reliability. These aspects imply 
important challenges for the integration of fuel cell solutions in an 
aircraft, such as maintaining the weight and balance of the aircraft, 
managing the waste heat, storing hydrogen efficiently and ensuring a 
safe operation [15,16]. 

Numerous studies have approached the challenge of aircraft elec-
trification from various perspectives. Some investigations have been 
specifically devoted to optimizing the balance of plant (BoP), which is 
critical in hydrogen-powered fuel cell systems. These studies involve 
analyzing innovative cooling strategies, as well as fine-tuning parame-
ters such as temperature and pressure. Kösters et al. [16] proposed a 
novel phase-change-heat-pump (PCHP) cooling strategy to significantly 
enhance the specific power of fuel cell systems in aviation. The study 
quantifies the potentials of the PCHP cooling concept by evaluating its 
impact on aerodynamic and weight-induced drag. Finally, the study 
explores possible synergies between cooling solutions and fuel cell 
operation, emphasizing the quantification and comparison of parasitic 
drag power consumption between the PCHP cooling system and the 
conventional liquid-cooling system. Lee et al. [17] analyzed the impact 
of air pressurization in an air-cooled fuel cell system, showing the trade- 
off between fuel cell stack power improvement and parasitic power 
consumption by air pressurization and recirculation. HyPoint company 
has developed an innovative system configuration based on an air- 
cooled high-temperature proton exchange membrane fuel cell 
(PEMFC), operating at temperatures between 160 and 180◦C. By 
adopting this approach, the company asserts a noteworthy 61 % 
reduction in the weight of the FC system compared to a liquid-cooled 
low-temperature PEMFC [11]. 

Concurrently, substantial efforts are directed towards improvements 
in hydrogen storage and on-board installation. In fact, the shift to 
hydrogen introduces complexities, influencing aircraft weight, struc-
ture, and cost, highlighting the need for careful consideration and 
optimization in the integration of hydrogen-powered aviation [9]. In 
this context, Massaro et al. [11] analyzed the potential and the technical 
challenges of hydrogen-powered fuel cells for aircraft electrification and 

proposed a detailed comparison of several hydrogen storage technolo-
gies and a preliminary sizing of the electric propulsion system. The work 
showed that liquid and cryo-compressed hydrogen are the most prom-
ising solutions for on-board storage due to the higher gravimetric den-
sity and the easier and more compact hydrogen delivery. Metal 
borohydrides, liquid organic hydrogen carriers (LOHCs) and ammonia 
were also mentioned as interesting storage methods that have great 
potential for future development due to their currently low TRLs. Kadyk 
et al. [18,19] explored the application of fuel cells and hydrogen in 
aviation in two scientific papers, both published in 2018. In the first one, 
they discussed the design of hydrogen storage systems for future aircraft 
applications. In particular, they formulated a model for the design of the 
cryogenic tank that takes into account geometric, mechanical and 
thermal aspects as well as specific mission profiles considering a fuel cell 
power supply [18]. In the second paper, they focused on the design of 
the fuel cell system, starting from the electrochemical model of a single 
fuel cell [19]. Recently, the Center for High-Efficiency Electrical Tech-
nologies for Aircraft (CHEETA) program, sponsored by NASA in the 
United States, investigated the cryogenic flow circuit of all-electric 
aircraft and the design of storage tank walls. The study focused on 
exploring different designs for liquid hydrogen storage, incorporating an 
outer tank, a vacuum space, and an inner liquid hydrogen tank in each 
configuration. Finally, the identification and selection of the lightest 
weight design that provides sufficient safety margins against two failure 
modes were carried out, deeming it suitable for practical application 
[20]. Adler at al. [21] conducted a comprehensive review on hydrogen- 
powered aircraft, further highlighting key considerations in liquid 
hydrogen storage. They emphasize the significance of maintaining a low 
surface area-to-volume ratio in tank design to mitigate heat infiltration 
into the fuel. Furthermore, the study underscores the pivotal role of 
thermal insulation in minimizing boil-off, emphasizing the need for 
materials capable of withstanding cryogenic temperatures. Achieving a 
delicate balance between reducing insulation weight and adhering to 
operational constraints emerges as a critical factor in determining the 
optimal amount of boil-off for these advanced liquid hydrogen storage 
systems. 

Other works had a strong focus on overall system design aspects and 
on-board integration. Guida et al. [15] implemented a mathematical 
tool for designing a fuel cell power supply system powered by liquid 
hydrogen. The approach is based on the optimization of each system 
component in order to achieve the highest specific energy value of the 
power unit. Nicolay et al. [22] proposed a new design approach for 
sustainable general aviation, distinct from retrofit designs. The objective 
was to optimize the entire aircraft configuration, considering compo-
nents such as liquid hydrogen tanks, fuel cells, electric motors, as well as 
passenger seats and cargo hold. Sparano et al. [10] presented a model- 
based preliminary design methodology for a hybrid regional aircraft 
assisted by a battery-hybridized fuel cell powertrain, introducing a 
control strategy that meets the specific needs of the aeronautical 
application. 

The multi-approach investigation on hydrogen fuel cells for aviation 
reflects the multifaceted nature of integrating such systems on-board the 
aircraft. Advancements in both auxiliary systems and core fuel cell 
technologies are indispensable for achieving sustainable and efficient 
electrification of airborne systems. 

The use of fuel cell and hydrogen in aviation applications is already 
being tested in demonstration projects across different use cases. How-
ever, due to the unique challenges posed by aviation (i.e., extremely 
large energy demands), projects to date focus on light small-scale Un-
manned Aerial Vehicles (UAVs) and passenger airplanes (less than 5 
passengers) [10]. For example, in 2023 a significant milestone was 
reached with the successful completion of the world’s first piloted flight 
of a liquid hydrogen-powered electric aircraft, realized within the Eu-
ropean government-supported HEAVEN project led by H2FLY [23]. 
ZeroAvia is actively involved in the development of a customized 
hydrogen fuel cell propulsion system for aviation, with the aim of 
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commercializing a 9–19 seat electric aircraft with 300 NM range, fueled 
by gaseous hydrogen tanks, by 2025 [24]. 

Contrary to existing literature, the present work introduces an inte-
grated methodology that encompasses multiple scales (ranging from 
individual cells to aircraft scale) to address the efficiency of the pro-
posed propulsion system, a parameter intrinsically linked to the specific 
mission profile of the aircraft. This approach offers a comprehensive but 
precise methodology that allows for the consideration of potential 
technological advancements in individual system components and their 
impact on the overall system size. 

Specifically, the present work aims to advance the analysis and 
design of the fuel cell system and integrate it with the hydrogen storage 
design. The distinctive feature of this work is that the electrochemical 
model of the fuel cell was exploited to size the components of the pro-
pulsion system and optimize their operation, minimizing the overall 
weight of the system. Numerical methods were employed to validate the 
model-generated curves by comparing them with experimental data, 
and the efficiency of the fuel cell system was adapted to the mission 
profile of the aircraft. The whole design process was applied to a com-
mercial regional aircraft, considering its mission profile. A comparative 
analysis between the current propulsion system and the designed elec-
tric propulsion system was conducted, and potential future improve-
ments were evaluated to recalculate the sizing and achieve the technical 
requirements. 

2. Methodology 

This section illustrates the methodology adopted to calculate the size 
of a full hydrogen-based propulsion system for an all-electric aircraft. All 
calculations were carried out using MATLAB and the associated tools. 
The calculation procedure unfolds across three distinct levels: individual 
electrochemical cell, fuel cell system, and aircraft system. 

First, the appropriate technology for both the fuel cell and the on- 
board hydrogen storage was selected. This step was crucial for identi-
fying and designing the components of the propulsion system. 

Proton exchange membrane fuel cell was chosen as technology of 
conversion because of its suitability for transport applications [25], 
while a cryogenic tank was selected for the hydrogen storage in its pure 
liquid form, because of its good gravimetric density [11]. Both tech-
nologies are characterized by a high TRL among hydrogen technologies, 
with a consequent reliability for short-term application. 

Regarding the design of the fuel cell, there are two viable options. 
The first option involves selecting an existing commercial PEMFC stack 
and conducting the sizing analysis based on its available technical data. 
This was the strategy adopted by the same research group for a previous 
feasibility study [11]. The limitation of the approach just described is 
that the selected fuel cell is already a well-established commercial 
product; consequently, it restricts the ability to make significant modi-
fications and evaluate the impact of new solutions or optimizations on 
the overall performance of the fuel cell. The second option, which was 
selected for the present study, involves developing an electrochemical 
model that accurately reproduces the physical behavior of an individual 
cell. This model is then validated with real technology data, subse-
quently scaled up for the sizing process and used to analyze technical 
solutions for improvement of the FC-based powertrain. 

The initial step was to establish an electrochemical model of a single 
cell that comprehensively describes all the multi-physical phenomena 
occurring within the cell, enabling the determination of its polarization 
curve, power curve, and efficiency curve. Once these characteristics 
were achieved, the scaling up to the stack level was carried out, begin-
ning with a predefined geometric structure. Finally, the complete pro-
pulsion system was sized, considering a sufficient number of stacks and 
the relative balance of plant. 

2.1. Electrochemical model of single cell 

The electrochemical model of the single cell consists of a set of 
equations that simulate the most relevant transport phenomena occur-
ring within the fuel cell. This model provides results in terms of polar-
ization curve, as well as power and efficiency curves. Additionally, it 
enables the calculation of reactant flow rates and thermal power to be 
removed, which are fundamental input for the sizing of the BoP. 

2.1.1. Electrochemical model description 
The electrochemical analysis of the single cell is based on a PEMFC 

model developed by Andrei Kulikovsky [26]. The model allows for 
obtaining a simplified but accurate analytical solution by incorporating 
the most relevant processes occurring within the cell. These processes 
are described in a simple manner, considering physically meaningful, 
macroscopic parameters. 

The model has three main advantages:  

1. the functional relationship between parameters and interesting 
variables is directly revealed;  

2. the model has no computational limitations and can be included into 
larger model hierarchies, e.g., for aircraft design, aircraft fleet 
models or future aviation scenario modelling;  

3. the effective, physical parameters can be used to estimate potential 
improvements due to future materials’ development. 

In the model, the main losses of the fuel cell system come from the 
cathode catalyst layer (CCL), while the anode losses are considered 
negligible [19]. 

For the cathode performance, a well-known model based on pio-
neering works of Perry, Newman and Cairns [27] as well as Eikerling 
and Kornyshev [28] was used. 

The CCL model is one-dimensional (1D) in through-plane direction, 
steady-state and isothermal, and it consists of the governing equations 
reported in Table 1. 

Since the diffusion coefficients in CCL and GDL (i.e., D and Db, 
respectively) are effective parameters, polarization curves for flooded 
conditions can be simulated. However, a changing water balance (i.e., a 
dependency of the diffusion coefficients on current) was not modelled in 
detail here. 

Under these assumptions, Kulikovsky was able to obtain the 
analytical solution for the polarization curve η0(j0), which is valid for 
large overpotentials, η0≫b: 

η0 = arcsinh

(
(j0/jσ)

2

2
(
ch/cref

)
(1 − exp(j0/2j*) )

)

+
σtb2

4FDch

(
j0

j*
− ln

(

1

+
j2
0

j2
*β2

))(

1 −
j0

j*lim
(
ch/cref

)

)− 1

− b ln

(

1 −
j0

j*lim
(
ch/cref

)

)

(4) 

with three characteristic current densities: 

j* =
σtb
lt

(5) 

Table 1 
Governing equations used for the one-dimensional, through-plane model of the 
single PEM fuel cell.  

Phenomenon Governing equation 

Rate of the oxygen reduction reaction (ORR) in CCL dj
dx

=

j*
( c

cref

)

exp
(η

b

)

(1) 

Ohm’s law for proton conduction − σt
dη
dx

= j (2) 

Oxygen diffusion through gas diffusion layer (GDL) and 
CCL 

D
dc
dx

=
j0 − j
4F  

(3)  
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jσ =
̅̅̅̅̅̅̅̅̅̅̅̅
2i*σtb

√
(6)  

j*lim =
4FDbch

lb
(7)  

where lt and lb are the thickness of CCL and GDL, respectively. The 
parameter β is a solution to the equation below: 

βtan(β/2) = j0/j* (8)  

and can be accurately approximated by 

β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(j0/j*)

√

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1.12(j0/j*)

√
exp
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(j0/j*)
√ )+

π(j0/j*)
2 + (j0/j*)

(9)  

The first term on the right-hand side of Equation (4) characterizes the 
overpotential due to the combined effect of ORR activation and proton 
transport, while the second and the third terms describes the potential 
losses due to oxygen transport in the CCL and in the GDL, respectively. 

The cell voltage (in V) was calculated as the difference between the 
open circuit voltage and the overpotential losses contributions: 

Vcell(j0) = Voc − RΩj0 − η0 (10) 

In this model, the cross-over effects on the Voc were neglected, even if 
they could be easily implemented in the model. 

For the validation of the model, some parameters were adjusted 
during the curve fitting process, considering their physical reliability:  

• the volumetric cathode exchange current j*, which influences mainly 
activation losses, is strictly linked to the catalyst loading and can 
vary generally from 1 ⋅ 10− 3 to 4 ⋅ 10− 2 A cm− 3 [29];  

• the GDL thickness lb, which influences mostly the concentration 
losses, can vary generally from 0.015 to 0.04 cm [30]; 

• the conductivity D in the CCL, which evenly influences the concen-
tration losses with the mass transport limitation, can vary generally 
from 1 ⋅ 10− 4 to 3 ⋅ 10− 4 cm2 s− 1 [26];  

• the ohmic resistance RΩ, which influences mainly ohmic losses and 
involves both ionic and electrical resistance, can vary generally from 
0.2 to 0.045 Ω cm2 [31]. 

2.1.2. Mass balance 
The specific hydrogen flow rate ṁH2 (in g s− 1 cm− 2) was calculated 

from the Faraday’s law as function of the cell’s current density (j0) and 
the hydrogen excess (λH2), and taking into account the molecular mass of 
hydrogen (MMH2): 

ṁH2(j0) = λH2
j0

2F
MMH2 (11) 

In the present case study, the excess of hydrogen was imposed equal 
to 1, because it was supposed a complete recirculation of the outlet 
hydrogen flow rate. 

The specific air flow rate ṁair (g s− 1 cm− 2) was calculated in a similar 
way, considering the Faraday’s law for oxygen, its concentration in the 
air (yO2), the excess of air fed into the cell (λair) and the molecular mass 
of air (MMair): 

ṁair(j0) =
λair

yO2

j0

4F
MMair (12)  

2.1.3. Power density and efficiency 
After validating the polarization curve, the power and efficiency 

curves of the fuel cell were calculated. The electrical power density (W 
cm− 2) of the cell is expressed as 

Pfc(j0) = Vcell(j0)j0 (13)  

while the electrical efficiency of the cell is 

ηcell(j0) =
Pfc(j0)

ṁH2(j0)LHVH2103 (14)  

The specific heat released per cell during the FC operation (W cm− 2) can 
be computed as follows: 

pth,cell(j0) = j0

(
− Δh̄react

2F
− Vcell(j0)

)

(15)  

where Δh̄react is the molar enthalpy of reaction, which was assumed 
constant with the operating temperature and equal to − 286,000 J 
mol− 1. 

2.2. Fuel cell system 

The fuel cell system is composed by the electrochemical stack sur-
rounded by a series of components that constitute its BoP and play a 
crucial role in managing the stack itself. Fig. 1 illustrates the control 
volume, regarded as the repetitive unit for the sizing of the fuel cell 
system, consisting of the stack and the most impactful components of its 
BoP. Detailed descriptions of these components are provided in the 
present section. 

2.2.1. Fuel cell stack 
The stack was designed by considering the performance of the single 

cell and defining its area and the number of cells from a reference 
geometrical stack structure [32], as reported in Table 2. The assumption 
underlying the design of the stack is that it exhibits similar performance 
to that of the single cell. This approximation is justified by the primary 
objective of the present paper, which is to conduct a preliminary feasi-
bility study. In this context, the focus has been on assessing the funda-
mental viability of the proposed system, and as such, it was not explicitly 
accounted for the distribution of water and temperature within the 
stack. 

From the stack features, it was possible to determine all the input/ 
output quantities referred to the stack: voltage, current, electrical and 
thermal power, reactant flow rates. 

In particular, the power (in W) produced by the stack was computed 
as: 

Pstack(j0) = Pfc(j0)NcellAcell (16)  

The flow rate of air at stack level (ṁair,stack) was computed in a similar 
way based on the value at the cell level (Equation (12)). Similarly, the 
flow rate of hydrogen sent to a single stack (ṁH2,stack) was derived from 
the cell-level term (Equation (11)). 

2.2.2. Balance of Plant: Energy-intensive components 
The main energy-demanding components of the BoP were identified 

and sized in relation to their power requirements. Indeed, these com-
ponents are powered directly by the fuel cell, underscoring the signifi-
cance of accurately sizing them to determine the gross power output 
needed from the stack, as well as the resulting stack size. 

The power absorbed by the auxiliary units is divided into two 
different contributions:  

• the compressor absorbs a large variable amount of power;  
• others: absorb a small, fixed amount of power. 

The power consumption of the air compressor (in W) was calculated 
under adiabatic conditions with fixed efficiency. Hence, the equation of 
the power absorbed by the compressor was used. 

Pcompr(j0, h) = ṁair, stack(j0)cp,airTin,air

(
βcompr

γair − 1
γair − 1

) 1
ηis

1
ηem

(17)  

In order to calculate the power consumed by the compressor, some pa-
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rameters must be set, first of all the air intake conditions. In particular, 
the inlet temperature Tin,air and pressure pin,air are both function of the 
altitude (h). The first one drops linearly, the second one drops expo-
nentially with the following laws: 

Tin,air = 288.19 − 0.00649h (18)  

pin,air = 1.0129
(

Tin,air

288.08

)5.256

(19)  

where h indicates the altitude and is in meters, pin,air is in bar and Tin,air in 
K. 

It should be noted that altitude varies during flight and is the most 
important variable for the calculation of the auxiliaries. The increase in 
altitude has a double effect on the specific power absorbed by the 
compressor: the drop in pressure leads to an increase in the compression 
ratio and consequently in the absorbed power, while the decrease of 
temperature has the opposite effect. The first factor is more influential 
than the second, leading to an increase in absorbed power with altitude. 

To obtain a final conservative design, the maximum cruising altitude 
was chosen, i.e., the worst condition for compressor operation was 
considered. 

The adiabatic exponent (γair) and the specific heat of the air (cp,air, in 
kJ kg− 1 K− 1) were calculated as a function of the air temperature (Tin,air, 

in K), by performing a fitting process of thermophysical data [33]. The 
coefficients of the fitting equations are resumed in Table 3. 

cp,air = c1Tin,air
3 + c2Tin,air

2 + c3Tin,air + c4 (20)  

γair = c1Tin,air
3 + c2Tin,air

2 + c3Tin,air + c4 (21)  

Finally, the compression ratio βcompr was calculated as the ratio between 
air pressure at the compressor inlet (i.e., external air pressure) and 
cathode pressure: 

βcompr =
pcathode

pin,air
(22)  

By considering the power requirement of the compressor as function of 
current and altitude, the compressor size at stack level (Pcompr,max) was 
determined. 

The power consumption of the other auxiliary units was modelled as 
a fixed term called Pothers, which represents the power consumption of all 
small equipment such as pumps, valves, control units that are constantly 
in operation. This was evaluated with a fixed percentage of the 
maximum power of the stack: 

Pothers = yothersPstack,max (23)  

where yothers is a constant value set to 1% [11] and Pstack,max is the 
maximum power of the stack, calculated through Equation (16) in the 
maximum power point. 

2.2.3. Balance of Plant: Cooling system 
The thermal power generated by the stack, denoted as Qstack (in W), 

which is function of the current density j0, was derived from the heat of 
the single cell, as follows: 

Qstack(j0) = pth,cell(j0)NcellAcell (24)  

This parameter was crucial for determining the size of the cooling sys-
tem in the subsequent step of aircraft-scale dimensioning of fuel cell 
system. 

The designed cooling system consists of a closed circuit where a 
liquid coolant is used to cool the stack and then returns to its initial 
temperature conditions through an air radiator. 

In particular, the initial assumptions were:  

• the liquid coolant is Glysantin [34]; 

Fig. 1. General layout of the propulsion system of the hydrogen-powered aircraft, which includes: hydrogen storage, fuel cell system (FCS) and electric motor [11].  

Table 2 
Stack features.  

Parameter Value Unit Description Reference 

Ncell 309  Cells per stack [32] 

Acell 480 cm2 Area of the cell [32]  

Table 3 
Thermophysical coefficients for the estimation of the adiabatic exponent and the 
specific heat of air.  

Parameter Value Value  

cp,air [kJ kg− 1 K− 1] γair [-] 
c1  − 3.612 ⋅ 10− 10  1.877 ⋅ 10− 10 

c2  7.897 ⋅ 10− 7  − 3.837 ⋅ 10− 7 

c3  − 0.0003288  0.0001469 
c4  1.0417  1.385  
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• the liquid coolant water exits the fuel cell at the same operative 
temperature of the stack;  

• the air at the inlet of the radiator, which is the external air, has a 
sizing temperature of 40◦C;  

• the variation of the coolant temperature is equal to 10◦C;  
• the variation of the cooling air temperature is equal to 15◦C. 

2.2.4. Net power and system efficiency 
The net electrical power Pstack,net of the fuel cell system was calcu-

lated as a function of both the operative current and the mission profile, 
considering the power provided to the compressor and the other auxil-
iaries: 

Pstack,net(j0, h) = Pstack(j0) − Pcomp(j0, h) − Pothers (25)  

This step was crucial for the subsequent sizing of the propulsion system 
at the aircraft level. Indeed, the number of stacks was determined based 
on the net power that each stack can supply to the electric motor. 

Finally, starting from the stack net power, the efficiency curve of the 
fuel cell system was defined as function of the operative current and 
altitude. 

ηnet(j0, h) =
Pstack,net(j0, h)

ṁH2,stack(j0)LHVH2103 (26)  

2.2.5. Input parameters 
Table 4 reports the input parameters imposed for the design of the 

fuel cell system. 

2.3. Sizing criteria 

The successive step was to model the propulsion system of the full 
hydrogen-powered aircraft. This model identifies three different main 
sections: the hydrogen tank, the fuel cell system (including stacks and 
BoP) and the electric motor. The general layout of the entire FC-based 
propulsion system is shown in Fig. 1. 

The commercial regional aircraft ATR72-600, whose specifics are 
summarized in Table 5, was selected for the sizing of the propulsion 
system. As indicated in Table 5, the maximum take-off weight (MTOW) 
of the selected aircraft is 22.8 tonnes, which is divided into the following 
components: structure, payload, propeller and kerosene-based propul-
sion system [11]. The latter term includes a thermal engine per half- 
wing, the fuel (i.e., kerosene) and the relative storage system. 

The sizing consisted of calculating the number of stacks required for 
the FCS, the exchange area of the cooling system, and the mass of 
hydrogen required for the hydrogen tank. For this purpose, the working 
point of the stack was selected. Then the weights of the devices were 
calculated via:  

• the specific power (kW kg− 1) for the stacks, compressor and electric 
motor;  

• the gravimetric density for the hydrogen tank;  
• the gravimetric specific area (m2 kg− 1) for the cooling system. 

The determination of the number of stacks (nstack) involved a com-
parison between the required propulsive power (Pmission), which is a 
function of the mission profile, and the net power generated by each 
individual stack (Pstack,net) as a function of the current and altitude, while 
considering the electro-mechanical efficiency of the electric motor 
(ηEM). It is important to highlight that the number of stacks is an integer 
derived from rounding up the value obtained through the calculation: 

nstack(j0, h) =
Pmission(h)

ηEMPstack,net(j0, h)
(27)  

As initial strategy, the nominal power (i.e., maximum power) of the 
stack was adopted as the designed working point for the sizing of the 
overall propulsion system. The calculation was conducted in steady- 
state conditions and for two distinct on-design points within the 
mission profile: the cruise and the take-off. The final on-design point of 
the fuel cell was determined by selecting the condition with the 
maximum number of stacks between the two mission phases. 

For the air compressor, the on-design point corresponds to the one 
where the maximum compression power is required. It is not guaranteed 
that the fuel cell’s on-design point aligns with the compressor’s on- 
design point, as the latter is mainly influenced by altitude. 

The amount of hydrogen (MH2, in kg) that is necessary to cover the 
power profile of the mission was estimated in the following way: 

Table 4 
Input parameters for the model of the fuel cell system.  

Component Parameter Value Unit Description 

FC stack pcathode = panode 1.5 bar Working pressure of the fuel cell [35,36] 
λair 2 – Air molar excess respect to stoichiometry [37,38] 
λH2 1 – Hydrogen molar excess respect to stoichiometry 

Compressor ηis 0.75 – Isentropic efficiency 
ηem 0.95 – Electro-mechanic efficiency 

Auxiliaries yothers 1 % Percentage of nominal fuel cell power for general auxiliaries [11] 
Cooling system Tin,coolant 70 ◦C Inlet temperature of FC coolant 

Tout,coolant 80 ◦C Outlet temperature of FC coolant (equal to FC operative temperature) 
cp,coolant 3.55 kJ kg− 1 K− 1 Specific heat capacity of coolant [34] 
Tin,air 40 ◦C Inlet temperature of air in the radiator 
Tout,air 55 ◦C Outlet temperature of air from the radiator 
cp,air 1.005 kJ kg− 1 K− 1 Specific heat capacity of air 
tcoolant 10 s Circulation time of liquid coolant into the circuit [39] 
U 0.1 kW m− 2 K− 1 Heat transfer coefficient  

Table 5 
Technical data of ATR72-600 [11].  

ATR72-600 aircraft  

Main features  
Standard configuration 72 seats 
Engines Pratt & Whitney Canada PW127 M/N 
Take-off power (half-wing) 1846 kW 
Max cruise power (half-wing) 1590 kW 
Weights   
Max take-off weight (MTOW) 22,800 kg 
Structure 10,479 kg 
Max payload 7550 kg 
Propellers 342 kg 
Kerosene-based propulsion system 

(2x engines + fuel + fuel system) 
4429 kg 

En-route performance   
Max altitude 15,000 

(4600) 
ft 
(m)  
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MH2 =
1

103LHVH2

∫ tend

0

Pmission(t)
ηEMηnet(j0, h)

dt (28)  

where Pmission (in kW) is the mechanical power of the mission profile at 
time t, ηEM is the electromechanical efficiency of the electric motor, and 
ηnet is the net efficiency of the FC system, which is a function of the 
operating power and the altitude. The hydrogen mass was calculated 
assuming a constant flow rate throughout the entire duration of the 
mission (two hours), and equal to the flow rate required during the 
cruise phase. This approximation is reasonable because the cruise phase 
typically occupies most of the flight time. 

The cooling system was designed considering the ε-NTU method for 
the calculation of the required exchange area, as reported in [39]. The 
weight of the cooling system was subsequently determined using a 
gravimetric index. 

In this method, some quantities need to be defined in order to pro-
ceed with the calculation, in particular the heat capacity rate for both 
fluids (Ci), the heat capacity rate ratio (R), the number of transfer units 
(NTU) and, finally, the effectiveness (ε). 

The different fluid sides are characterized by their heat capacity rate 
for both the hot fluid (Glysantin [34]) and cold fluid (air), defined as the 
product of mass flow rate (ṁi) and specific heat capacity (cpi ): 

Ci = ṁicpi =
Qtot

ΔTi
(29)  

where ΔTi was calculated considering the inlet (Tin,air) and outlet 
(Tout,air) temperature of the cold fluid, and the inlet (Tin,coolant) and outlet 
(Tout,coolant) temperature of the hot fluid, as reported in Table 4. 

The heat capacity rate ratio (R) is described as: 

R =
min{Ci}

max{Ci}
(30)  

The number of transfer units defines a relationship between the product 
of the overall conductance for heat transfer (U) and the heat transfer 
area (Acooling) to the minimum heat capacity rate (Cmin) of the two fluids 
involved in the heat transfer: 

NTU =
UAcooling

Cmin
(31)  

In the ε-NTU method, the effectiveness ε is defined as a measure of the 
thermal performance of the heat exchanger. It is a function of the 
number of transfer units (NTU), the heat capacity rate ratio (R) and the 
flow arrangement of the heat exchanger. In particular, the expression to 
compute ε for a counterflow heat exchanger is given by: 

ε =
1 − e− NTU(1− R)

1 − Re− NTU(1− R) (32)  

The heat exchange area was calculated based on the design value of the 
thermal power, imposing an effectiveness ε of 0.6 [39]. The mass flow 
rates of both cold and hot side were obtained considering the parameters 
reported in Table 4. 

Finally, the overall weight of the system was assessed as the sum of 
the different explained contributions: 

Wtot =
Pstack,maxnstack

wFC
+

Pcompr,maxnstack

wcompr
+Acoolingwcooling +

MH2

wH2storage
+

Pmission,TO

ηEMwEM

(33)  

where wi represents the gravimetric index of the component i, nstack is the 
number of stacks, Pmission,TO is the mechanical power of the mission 
profile at the take-off, and ηEM is the electromechanical efficiency of the 
motor. The values considered for the calculation are reported in Table 6. 

3. Results 

3.1. Fitting of electrochemical model of single cell 

The values of the electrochemical parameters that are part of the 
illustrated model were selected from the scientific literature and are 
summarized in Table 7. The last four parameters of the table, instead, 
are the result of the fitting by means of numerical methods with the aim 
to calibrate the model and to use it as a tool for the design. 

The polarization curve was calibrated using experimental data 
extracted from literature. Fig. 2 illustrates the polarization curve of a 
PEMFC with good performance from ref. [35] (TEC36VA32 at the 
beginning of the lifetime, 100 % RH, 150 kPa, 80◦C and 0.1 mgPt/cm2), 
referred as the baseline case study in the present paper. 

3.2. Efficiency curves 

The system efficiency was assessed as a function of the net power 
output, which varies depending on the considered control volume from 
the stack to the system level. The resulting curves, calculated with 
respect to the hydrogen LHV, are reported as solid line in Fig. 3, 
depicting three distinct efficiency curves, as reported below. 

Table 6 
Gravimetric indexes for the components of the electric propulsion system.  

Component Parameter Value Unit 

Fuel cell stack [40] wFC 3 kW kg− 1 

Compressor [41] wcompr 1.03 kW kg− 1 

Cooling system [42] wcooling 1.08 kg m− 2 

Hydrogen storage [43] wH2 storage 0.12 kgH2 kgstorage system
-1 

Electric motor [19] wEM 5.2 kW kg− 1  

Table 7 
Input parameters for the electrochemical model fitting the MEA of ref. [35].  

Electrochemical Parameters 

Fixed parameters 

Parameter Value Unit Description Ref. 

b 0.03 V Tafel slope 
[26] 

ch 7.36 ⋅ 10− 6 mol cm− 3 Oxygen concentration in the 
channel (p = 1 bar) [26] 

cref 8.58 ⋅ 10− 6 mol cm− 3 Reference oxygen concentration in 
the channel [26] 

σt 0.03 S m− 1 Proton conductivity in the catalyst 
[26] 

F 96,485 C mol− 1 Faraday constant 
[26] 

lt 0.0007 cm CCL thickness 
[35] 

Db 0.0259 cm2 s− 1 Effective diffusion coefficient of 
GDL [26] 

VOC 1.145 V Open circuit voltage 
[26]  

Variable parameters 

Parameter Fitted value Unit Description Range Ref. 

j* 2.00 ⋅ 10− 3 A cm− 3 Exchange current 
density 

1.00 ⋅ 10− 3 – 
4.00 ⋅ 10− 2 [29] 

lb 0.0312 cm GDL thickness 0.015 – 0.04 
[30] 

D 1.00 ⋅ 10− 4 cm2 s− 1 CCL effective 
diffusion coefficient 

1.00 ⋅ 10− 4 – 
3.00 ⋅ 10− 4 [26] 

RΩ 0.0801 Ω cm2 Area specific 
resistance 

0.045 – 0.2 
[31]  
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1. The efficiency of the stack (solid green curve), derived from the 
performance of the designed stack with respect to the theoretical 
chemical potential of the hydrogen. This efficiency decreases with an 
increase in current.  

2. The efficiency of the system (solid blue curve), considering solely the 
fixed contribution of the general auxiliaries (without the air 
compressor). This contribution leads to a peak in the efficiency 
curve.  

3. The efficiency of the overall fuel cell system (solid black curve), 
which includes the air compressor and further shifts the curve 
downwards. 

The maximum power output varies among the three curves, 
following the trend indicated by the red arrow, due to different levels of 
BoP power requirements. While the gross power and net power align at 
the stack level (green curve), the net power is reduced when moving to 
the system level (blue and black curves). This reduction is a direct result 
of utilizing a portion of the stack’s gross power to meet the demands of 

the balance of plant. 
Regarding the air compressor, it is important to note that its power 

requirement varies with altitude, which determines different values of 
inlet air pressure and temperature. Consequently, the system efficiency 
is represented by infinite curves parametrically related to altitude. 
Specifically, in Fig. 3 the solid black curve was determined in the take- 
off phase, while the dashed black curve was calculated under the cruise 
conditions (highest altitude) of the present case study. 

3.3. Regional aircraft scenario 

3.3.1. First approach of sizing: Minimum number of stacks 
First of all, the sizing point for the fuel cell system was defined 

through a comparison of the stack counts at two distinct design points 
within the mission profile: the cruise and the take-off. In the calculation, 
the nominal power of the stack was adopted as the designed working 
point. Based on these assumptions, it was finally determined that the 
design point corresponded to the take-off stage, consequently resulting 
in a power consumption at the cruise stage (off-design point) of 
approximately 78 % of nominal power. The results in terms of compo-
nent weights are reported in Table 8. 

From Fig. 4, it is evident that storage and cooling systems have a 
significant impact on the overall weight of the electrified system, ac-
counting for approximately 26 % and 54 %, respectively. It is important 
to emphasize that the obtained value for the weight contribution of the 
cooling system aligns well with the literature data [11]. 

The sizes of both storage and cooling systems are correlated to the 
stack efficiency, which decreases as the working point increases. 
Therefore, a sensitivity analysis on the fuel cell working point was 
further conducted. 

3.3.2. Variation of fuel cell working point 
A further sensitivity analysis was conducted to determine the 

optimal working point of the fuel cell (w). In this phase, the efficiency 
curve serves as the initial tool for the optimization process. The cruise 
stage was selected as the reference condition for this analysis because it 
is associated with the longest step of the mission in terms of duration. 
Fig. 5 represents the system efficiency at the cruise stage, and two 
limiting working points were identified. The first working point, deno-
ted in red and located to the left, provides the maximum efficiency that 
determines the minimum weight of the hydrogen storage. On the other 
hand, the second working point, depicted in blue and positioned to the 
right, reflects the previous sizing approach that minimizes the stack 
numbers and leads to a power consumption at the cruise stage equal to 
almost 78 % of the nominal power. To the right of the blue point, it 
becomes evident that the number of stacks is inadequate to meet the 
maximum power demand of the aircraft during take-off. Conversely, to 
the left of the blue point the fuel cell system starts to be oversized, 
resulting in a weight increase; but this trade-off is accompanied by an 
improvement in the system efficiency until reaching the red dot. Sub-
sequently, moving further to the left of the red dot, the efficiency 

Fig. 2. Curve fitting of the baseline case study for the calibration of the PEMFC 
electrochemical model. 

Fig. 3. Efficiencies curves as function of the power output. SLS/ISA refers to 
Standard Atmosphere (ISA) conditions at Sea Level (SLS) equal to 15◦C and 1 
bar. FL150/0.5MN/ISA refers to the atmosphere conditions at 15,000 ft of 
altitude and with a Mach Number (MN) of 0.5. 

Table 8 
Results of the sizing with the approach of minimum number of stacks.  

Parameter Value unit 

Mass of H2 446 kg 
Mass of storage (LH2 + tank) 3716 kg 
Number of stacks 49  
Nominal power tot (gross) 4310 kW 
Nominal power tot (net) 3691 kW 
Mass of FC stacks 1437 kg 
Compressor Sizing power 628 kW 

Weight 609 kg 
Cooling system Sizing power 8725 kW 

Weight 7641 kg 
Electric motor 747 kg  
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experiences a decline, while the weight of the fuel cell system continues 
to increase. Operating the fuel cell system under such conditions is 
deemed infeasible. Hence, the optimal sizing point, which minimizes the 
overall weight of the propulsion system, was detected within the region 
situated between the two limiting points (the continuous black curve 
depicted in Fig. 5) during the cruise stage. 

3.3.3. Optimized sizing results 
The results of the calculation are here discussed and compared with 

the current technology. Considering that H2 technologies in the aero-
nautic sector are still in their emerging state, their potential develop-
ment towards future targets is assessed as well, and different scenarios 
are analyzed. 

Table 9 shows the trend of the computed weights when imposing 
different options of working points of the FC system during the cruise, 
meaning different sizing of the FC system. In Table 9, the propulsion 
system weight includes the weight of the fuel cell system, the hydrogen 
storage and the electric motor. 

The results obtained in this study reveal a noteworthy relationship 
between the sizing working point and the weight of the electrified 
propulsion system. In all examined scenarios, there is a consistent in-
crease in the weight of the electrified propulsion system compared to the 
conventional kerosene-based one. However, the magnitude of this in-
crease varies as the fuel cell is sized at different percentages of its 
nominal power. As can be seen in Fig. 6, for low operating points, a 
substantial oversizing of the number of stacks is observed, significantly 
impacting the overall weight of the electrified propulsion system. The 
weight of the stacks plays a pivotal role in determining the system’s total 
mass at lower operating points. Conversely, for operating points near 
nominal conditions, the fuel cell exhibits its lowest efficiency. Conse-
quently, the hydrogen storage and balance of plant components require 
larger sizes to compensate for this reduced efficiency. The optimal 
compromise between these two extreme conditions is found at inter-
mediate operating points, notably at a working point of 50 %, which 
corresponds to approximately 64 % under on-design conditions. The 
analysis reveals that it is advantageous to oversize the number of stacks, 

Fig. 4. Weight distribution of the components of the electrified propulsion 
system in the case of minimum number of stacks approach. 

Fig. 5. System efficiency in cruise stage as function of the working point. Red 
dot and blue dot represent the limiting points for the optimization process. 

Table 9 
Sizing results with different working point at cruise.  

Off-design 
working point 
(cruise) 

System 
efficiency in 
cruise 

On-design 
working point 
(take-off) 

System 
efficiency in 
take-off 

# 
stack 

FC system 
weight, kg 

H2 Storage 
weight, kg 

Propulsion system 
weight, kg 

MTOW increase compared 
to kerosene-based aircraft 

20 %  0.546 26 %  0.567 186 9278 3065 13,091  38.0 % 
30 %  0.534 38 %  0.553 127 7778 3136 11,661  31.7 % 
40 %  0.519 51 %  0.533 95 7185 3226 11,158  29.5 % 
50 %  0.506 64 %  0.513 77 6997 3307 11,051  29.0 % 
60 %  0.488 77 %  0.486 63 7006 3430 11,183  29.6 % 
70 %  0.467 90 %  0.450 54 7442 3585 11,775  32.2 % 
78 %  0.450 100 %  0.362 49 9687 3716 14,150  42.6 %  

Fig. 6. Weight distribution of the components of the electrified propulsion 
system for different off-design working points. 

M. Chiara Massaro et al.                                                                                                                                                                                                                      



Energy Conversion and Management 306 (2024) 118266

11

ensuring that even under on-design conditions, the power output from 
the fuel cell is lower than the nominal rating. This approach allows for 
operation at higher stack efficiencies, leading to a reduction in the 
impact of components whose size depends on stack efficiency. Specif-
ically, the cooling system benefits from lower heat generation, the 
compressor operates with reduced air flow rates, and the hydrogen 
storage system incurs lower hydrogen consumption due to enhanced 
stack efficiency. The trade-off between the number of stacks and their 
operational efficiency adds a layer of complexity to the optimization 
process. Achieving the right balance becomes imperative for maximizing 
the benefits of electrified propulsion while addressing weight 
constraints. 

A further step of optimization was to modify the variable electro-
chemical parameters by an algorithm to fit the modelled polarization 
curve to a high-performance experimental curve, as reported in 
Table 10. The latter is a polarization curve of a high-performance PEM 
fuel cell with the following characteristics from ref. [25]: PtCo/C cath-
ode catalyst-based MEA, 100 % RH, 150 kPa, 80◦C and 0.25 mgPt/cm2, 
with the relative polarization curve shown in Fig. 7. 

The fitting results were subsequently utilized as input for sizing the 
electrified propulsion system at various off-design working points within 
the previously identified range. The weight distribution is illustrated in 
Fig. 8, along with a comparison of the overall weight of the system, 
considering both the baseline PEMFC (dashed red line) and the high- 
performance PEMFC (solid red line). 

By employing the high-performance fuel cell as referenced in [25], it 
becomes feasible to achieve a weight reduction at all working points 
compared to the baseline case. Furthermore, it is noteworthy that the 
condition of minimum weight is shifted to an operating point of 40 % 
during cruise, compared to the previous 50 %. This shift emphasizes the 

pivotal role of stack behavior in shaping the weight dynamics of the 
electrified propulsion system. In particular, comparing the polarization 
curves in Fig. 7, it is crucial to highlight that, while the initial segment of 
the high-performance polarization curve experiences slight enhance-
ments primarily attributed to a higher platinum loading compared to the 
baseline case, significant performance improvements can be attained in 
the middle and high current density regions. These improvements are 
governed by resistance and mass transport phenomena, allowing for 
substantial enhancements through the optimization of cell parameters. 
At cell level, this translates to a 30 % increase in maximum electrical 
output of the high-performance cell compared to the baseline one. 

In terms of MTOW increment, the results indicate a weight increase 
for the ATR72-600 aircraft ranging between 26.5 % and 37.8 % 
compared to the kerosene-based system. However, at the point of min-
imum weight, it is possible to achieve nearly 10 % reduction in the 
weight of the electrified system compared to the baseline case. 

Table 10 
Input parameters for the electrochemical model fitting the MEA of ref. [25].  

Electrochemical Parameters 

Fixed parameters 

Parameter Value unit Description Ref. 

b 0.03 V Tafel slope 
[26] 

ch 7.36 ⋅ 10− 6 mol cm− 3 Oxygen concentration in 
the channel (p = 1 bar) [26] 

cref 8.583 ⋅ 10− 6 mol cm− 3 Reference oxygen 
concentration in the 
channel 

[26] 

σt 0.03 S m− 1 Proton conductivity in the 
catalyst [26] 

F 96,485 C mol− 1 Faraday constant 
[26] 

lt 0.0007 cm CCL thickness 
[35] 

Db 0.0259 cm2 s− 1 Effective diffusion 
coefficient of GDL [26] 

VOC 1.145 V Open circuit Voltage 
[26]  

Variable parameters 

Parameter Fitted value Unit Description Range Ref. 

j* 1.75 ⋅ 10− 2 A cm− 3 Exchange 
current 
density 

1.00 ⋅ 
10− 3 – 
4.00 ⋅ 
10− 2 

[29] 

lb 0.0188 cm GDL thickness 0.015 – 
0.04 [30] 

D 1.40 ⋅ 10− 4 cm2 s− 1 CCL effective 
diffusion 
coefficient 

1.00 ⋅ 
10− 4 – 
3.00 ⋅ 
10− 4 

[26] 

RΩ 0.0978 Ω cm2 Area specific 
resistance 

0.045 – 
0.2 [31]  

Fig. 7. Fitting of experimental high-performance PEMFC with the electro-
chemical model. 

Fig. 8. Weight distribution of the components of the electrified propulsion for 
different off-design working points in the case of high-performance PEMFC. The 
dashed red line refers to the total system weight in the case of baseline PEMFC. 
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4. Conclusion 

Hydrogen and fuel cells are currently undergoing a robust phase of 
development, characterized by rapid advancements in materials, inte-
gration, and manufacturing. This trend is expected to intensify, pro-
pelled by the increasing global interest in hydrogen, valued both for its 
inherent benefits and as a pivotal element in decarbonizing energy 
systems. In the transportation sector, hydrogen is emerging as a viable 
solution for long-distance travel, especially in high carbon footprint 
sectors such as air travel. For this reason, a preliminary design of a fuel 
cell system and a hydrogen storage system for use in aircraft was 
developed in this paper. An existing regional jet with its mission profile 
was considered as a case study. In particular, the overall weight of a 
hydrogen-based fuel cell system for propulsion was calculated and 
compared to that of the existing propulsion system. The findings reveal 
that the fully hydrogen-powered aircraft, employing the current tech-
nology, weighs up to 40 % more than its conventional counterpart. This 
weight disparity poses significant challenges to the feasibility of 
implementing the proposed system within the constraints of the existing 
aerodynamic structure. 

The present work clearly illustrates that the feasibility of imple-
menting hydrogen-based fuel cell systems depends not only on hydrogen 
storage capacity but also on the performance of the electrochemical cell 
itself. This is essential not only to reduce the required hydrogen quan-
tities but also to mitigate the amount of heat generated during 
operation. 

A strategy for improving the system’s efficiency involves operating 
the fuel cell below its nominal operating point, thus oversizing the 
number of stacks. In fact, it was observed that a trade-off emerges be-
tween the weight of the stacks and the sizes of both storage and balance 
of plant. The weight of the stacks decreases with the increase of the 
working point, while the sizes of storage and the balance of plant 
components increase in tandem with the working point due to the 
electrochemical cell efficiency trend. As a consequence, the shift of the 
working point from the nominal condition has proven promising in the 
present study, resulting in up to 22 % system weight reduction for an on- 
design working point of about 64 % (of the nominal power). 

Additionally, technological advancements in PEMFC offer further 
prospects for improving system efficiency, as demonstrated for the 
proposed high-performance PEMFC, which enables a weight reduction 
up to nearly 10 % compared to the baseline case study. Future studies 
should involve the optimization of the balance of plant, specifically 
focusing on thermal management strategies, thereby further reducing 
the overall system weight. 

In conclusion, an integrated approach is crucial to address the 
complexities of interactions and scales involved, guiding progress to-
wards efficient and implementable hydrogen technology at a regional 
aviation scale. 
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