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The implementation of hydrogen as a clean aviation energy vector faces challenges in onboard storage and
transportation due to its low volumetric energy density and the strict weight and space constraints of aircraft.
This study introduces a breakthrough approach, leveraging liquid ammonia as a hydrogen carrier for electrified
aircraft propulsion, an area largely unexplored compared to land and maritime applications. Ammonia’s high
hydrogen content, ease of storage, and existing infrastructure make it a compelling alternative to conventional
hydrogen storage methods.

An integrated system design is presented, combining ammonia storage, a high-efficiency cracking reactor for
on-demand hydrogen release, and a purification unit ensuring compatibility with the conversion system, which
consists of proton exchange membrane fuel cells (PEMFCs) and their associated balance-of-plant components. To
optimize performance and reduce the overall system footprint, a thermal integration strategy is implemented.

The paper provides a quantitative assessment of the system’s feasibility in a regional aircraft, demonstrating a
gravimetric hydrogen storage index of 9.1%, rivaling state-of-the-art physical storage solutions, and identifying
key technological gaps that must be overcome to enhance system performance and competitiveness with con-
ventional kerosene-based propulsion.

By addressing the specific challenges of hydrogen storage in aviation, this work provides new insights into the
potential of ammonia-based systems and their role in advancing sustainable airborne propulsion technologies.

require significant space and present operational risks, making them
challenging for applications like in-flight use [4].

An alternative approach could involve the use of liquid fuels, which
chemically store hydrogen, enabling easy transportation and long-term
storage [5]. Ammonia (NHj3) is a promising candidate due to its ability to

1. Introduction

Aviation accounts for approximately 13.9 % of CO; transport-related

emissions and 5 % of global greenhouse gas emissions [1]. With global
aviation demand expected to increase by 4.5 % annually [2], the avia-
tion sector must implement substantial and disruptive strategies to
effectively address its environmental footprint. These strategies include
developing highly innovative technologies, electrifying part of the fleet,
and significantly scaling up sustainable aviation fuels (SAFs) [3].

Hydrogen-based propulsion systems represent the most effective
solution for aircraft up to the short-range category, providing a sub-
stantial reduction in emissions compared to conventional propulsion
systems [3].

To successfully implement hydrogen-based mobility, hydrogen must
be stored safely, with technical advancement, economic viability, and
environmental friendliness. The most established methods, such as
liquid and compressed hydrogen, offer simplicity and rapid release but
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be liquefied under mild conditions and stored in a simple, inexpensive
pressure vessel. Ammonia is a carbon-free fuel, with a high hydrogen
content by weight (17.65 wt%), offering a volumetric hydrogen density
45 % higher than liquid hydrogen [6]. In addition, the infrastructure for
storing and transporting ammonia is well established as a result of its
widespread use in fertilizer production [7].

Table 1 compares ammonia’s performance metrics with other energy
storage technologies in terms of energy density, production and con-
version efficiencies, CO5 emissions, transmission and storage costs, and
safety issues.

In an energy system, ammonia can be used directly as liquid fuel, or
indirectly as hydrogen chemical storage medium [9]. As a liquid fuel,
ammonia can be fed in internal combustion engines (ICEs) or fuel cells
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Nomenclature

Symbols

Apr Area of the single hollow fiber, m?

ARF off Effective area of hollow fibers, m?

Apacking ~ Area of square packing into membrane reactor, m?

[ Specific heat capacity, kJ kg ™' K*

Cpeoolane  Specific heat capacity of coolant, kJ kg*1 K1

Daq Diameter of adsorption column, m

D; Internal diameter, mm

Dyacking  Hollow fiber diameter, m

Dyore Pore diameter for hollow fiber, m

e Thickness, mm

Ecen Operative fuel cell potential, V

Ey Thermodynamic fuel cell potential, V

f Function for determination of tank thickness

F Faraday constant, C mol !

h Altitude, m

k kinetic constant, s~

i Fuel cell current, A

Lag Length of adsorption column, m

Lyr Length of the hollow fiber, m

m Mass flow rate, kg s~!

Meoolane  Mass flow rate of coolant, kg s™!

Mair Molecular weight of air, g mol?

My, Molecular weight of hydrogen, g mol™*

Mnm, Molecular weight of ammonia, g mol ?

molyy, Mol of ammonia to remove from the produced hydrogen,
mol

Neey Number of cells in fuel cell stack

Nyr Total number of hollow fibers

Nyrpaseine  Total number of hollow fibers in the baseline application

Nitack Number of fuel cell stacks

p Operative pressure, MPa

Qurc Heat to be removed from fuel cell (in the high thermal
cooling system), kW

Qire Heat to be removed in the low thermal cooling system, kW
Rn Tensile strength, MPa

Rpo2 Yield strength, MPa

Tad Operative temperature of adsorption column, °C

teoolant Circulation time of liquid coolant into the circuit, s

Tin.air Air temperature at radiator inlet, °C

Tincoolans Coolant temperature at fuel cell inlet, °C
Temperature at compressor inlet, °C

TinL1C Coolant temperature at LTC system inlet, °C
Tin.air Air temperature at radiator outlet, °C
Tout.coolane Coolant temperature at fuel cell outlet, °C
Coolant temperature at LTC system outlet, °C

Tin‘compr

ToutL1C

Vermrr  Effective volume of hollow fiber reactor, m>
VNH3 Volumetric flow rate of ammonia, m> s~*

v, Reactor volume, m®

U Global heat coefficient, kJ kg ! K !

Wad Adsorption capacity, mmolys gac

Wacer  Effective mass of activated carbon, kg

Wad Total mass of adsorption column, kg

Wear Mass of catalyst, kg

Wemptycolumn  Mass of empty adsorption column, kg
Wharr Weight of hollow fiber reactor, kg

Yo, Volumetric concentration of oxygen in air
XNH; Conversion of ammonia

g Compression ratio

y Polytropic exponent

AH; Enthalpy of reaction, kJ mol~!

€ Heat exchange effectiveness

EHF Porosity of the hollow fiber substrate

is Isentropic efficiency

Nem Electro-mechanic efficiency

Aair Air stoichiometry for fuel cell reaction

An, Hydrogen stoichiometry for fuel cell reaction
P Density, kg m~3

Pac Density of activated carbon, kg m~3

Pai,04 Density of the hollow fiber material, kg m™>
Pb Density of reactor bed, kg m 3

T Residence time, s

Abbreviations

AC Activated carbon

DAFC Direct ammonia fuel cell

DSU Dissociation and separation unit

FC Fuel cell

GT Gas turbine

HF Hollow fiber

HFR Hollow fiber reactor

HGS Hydrogen Generation System

HTC High thermal cooling

HT-PEMFC High-temperature proton exchange membrane fuel cell

ICE Internal combustion engine

LHV Low heating value, MJ kg !

LTC Low thermal cooling

MTOW  Maximum take-off weight

OEW Operational empty weight

PEMFC Proton exchange membrane fuel cell
SAF Sustainable aviation fuel

SOFC Solid oxide fuel cell

T Temperature

TMS Thermal management system

such as solid-oxide fuel cells (SOFCs), high-temperature proton ex-
change membrane fuel cells (HT-PEMFCs) or direct ammonia fuel cells
(DAFCs). However, the direct use of ammonia is limited by high ignition
energy, slow flame propagation, and NOx emissions, while fuel cells
struggle with slow dynamics at high operating temperatures or low
energy efficiency for the DAFCs [9,10].

A more practical approach for mobile applications involves the in-
direct use of ammonia, which can be stored on-board and converted into
hydrogen for feeding the energy system [9,10]. In the latter case, the
hydrogen, chemically bound within the ammonia molecule, is released
through a catalytic decomposition process.

The hydrogen release process occurs via ammonia decomposition
(cracking), which follows the endothermic reaction [11]:

2NH;—N, + 3H,  AH, = 46.2 kJmol ! @

The cracking reaction is endothermic, thermodynamically favored
by low pressures and high temperatures [11]. It is facilitated by catalysts
such as nickel, ruthenium, or cobalt-based materials to enhance effi-
ciency and reduce energy consumption [12]. The released hydrogen can
then be directly fed into a fuel cell or combustion system for propulsion.

The conversion and reconversion processes result in an energy loss of
7 % to 18 %, depending on system size and location [13]. While small-
scale, high-temperature cracking is commercially available, more effi-
cient lower-temperature methods are needed to improve efficiency, cost,
purity, and scalability—key concerns for applications like fuel cell ve-
hicles, which require ammonia concentrations below 0.1 ppmv [4,7].
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The use of membrane reactors enhances yields by integrating hydrogen
production and separation in a single unit [14-16]. Another approach for
reactor optimization involves the use of an autothermal unit, which
enables a continuous, self-sustained hydrogen supply in a compact
structure through alternating reductive and oxidative zones, using the
combustion of part of ammonia to drive the endothermic decomposition
reaction [17,18].

This paper shifts its focus from ammonia conversion reactor tech-
nology to a more comprehensive view of ammonia storage technology.
Many studies in the literature are exploring the use of ammonia for on-
board energy storage in transportation.

Stolz et al. [7] demonstrated the potentialities of ammonia as a
storage solution for powering Europe’s bulk cargo shipping through a
comprehensive evaluation of various fuels and energy converters. They
compared hydrogen, ammonia, methane and diesel as fuels, and
assessed different energy converters, like electric motors, ICEs, SOFCs
and PEMFCs. After considering factors such as gravimetric energy den-
sity constraints, electricity demand for fuel production, and overall
costs, they found ammonia to be a well-balanced carbon-free fuel option
[71.

To use ammonia on-board as a fuel with minimal modifications to
the propulsion system, Comotti et Frigo [19] designed a system where
ammonia is directly fed into conventional ICEs with a combustion pro-
moter. Ammonia is stored on-board and converted into hydrogen within
the thermally integrated Hydrogen Generation System (HGS) for effi-
cient fuel utilization [19].

To enhance thermal integration and efficiency, many studies have
explored the potential use of ammonia storage in hybrid systems
featuring both ICE and fuel cells. Ezzat at Dincer [20] proposed two
integrated vehicular systems utilizing ammonia as source. The first
system is powered by an ICE, while the second is a hybrid configuration
with a PEMFC as the main power source and an ICE providing additional
power. Both systems utilize a mixture of ammonia and hydrogen
generated on-board from ammonia in a thermally integrated dissocia-
tion and separation unit (DSU). Integrating the fuel cell with the ICE
improved overall efficiency, despite potential increased costs [20]. Al-
Hamed et Dincer [21] instead, designed a system combining a SOFC-
gas turbine (SOFC-GT) with an ammonia DSU and a PEMFC for on-
board hydrogen production and utilization in a passenger locomotive.
Waste heat from the ammonia-SOFC was used to produce hydrogen in
the DSU for PEMFC. The system showed an efficiency of 61.2 %, high-
lighting the advantages of waste heat recovery [20].

Other researchers focused on the use of ammonia in full-electric
solutions, with fuel cells as converters. For example, Di Legge et al.
[22] investigated the direct use of ammonia in SOFCs in a feasibility
study for a 130 kW general aviation case study. They introduced a semi-
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empirical model showing the effectiveness and potential of ammonia-
powered fuel cell technology for aircraft propulsion. The analysis indi-
cated a 5.9 % reduction in fuel consumption during a one-hour mission
compared to kerosene-fueled aircraft, highlighting the advantages of
using ammonia as a fuel source [22]. On the other hand, Cha et al. [18]
combined ammonia with PEMFCs to create a 1 kW hydrogen power
pack, generating high-purity hydrogen via a catalytic reactor and a
zeolite adsorption tower. Surplus hydrogen from the fuel cell was used
to supply the required heat for ammonia cracking, boosting the system’s
overall efficiency to above 49 % while eliminating the need for an
external heat source. Applied to a drone, the system enabled over 4 h of
flight, significantly longer than the 14-minute flight time achieved with
a lithium-polymer battery [18]. Similarly, Ye et al. [23] designed elec-
tric propulsion systems for two different scales of maritime applications
(i.e., water taxi and container ship), using ammonia with an integrated
cracking system. The study examined three storage options: liquid and
compressed hydrogen, and ammonia with an integrated cracking sys-
tem. All storage methods met ship volume and mass constraints except
for gaseous hydrogen, which was found to be impractical for cargo ships.
Electrified systems, using green hydrogen and ammonia, achieved
nearly zero operational emissions, leading to a 90 % reduction in life-
cycle GHG emissions, despite higher costs compared to the current
fuel-oil engine setups [23]. Moreover, Lin et al. [24] developed a
physical-chemical model of an indirect ammonia PEMFC system with
integrated catalytic reactor for ammonia decomposition, investigating
different layouts to optimize energy efficiency and economic viability.
Hunter et al. [25] showcased a compact experimental setup using
ammonia to produce 40 W of electricity in a heat and mass balanced
system. The system included a catalytic reactor with light metal amide-
imides, a post-reactor gas purification column and a 100 W PEMFC.
They also suggested HT-PEMFCs as an intermediate solution between
SOFCs and PEMFCs, offering better thermal integration and greater
tolerance to feed impurities, potentially eliminating the need for puri-
fication [25]. On the other hand, Cinti et al. [26] proposed a design for a
heat-integrated ammonia-fuelled HT-PEMFC system that included a
cracking reactor and heat exchangers. Experimental tests on a short-
stack HT-PEMFC fuelled with nitrogen and hydrogen showed a total
efficiency of 40 % at a power density of 0.21 W cm™2 [26].

Previous studies have primarily focused on land and maritime ap-
plications, leaving the use of ammonia as a hydrogen carrier for aviation
largely unexplored. Moreover, the stringent weight and volume con-
straints in aviation make hydrogen storage a critical challenge, limiting
current solutions to small-scale or hybrid configurations [4].

This study presents a systemic evaluation of ammonia-based
hydrogen storage for an all-electric propulsion system in megawatt-
class regional aircraft, utilizing onboard hydrogen generation via

Table 1
Comparison of performance metrics for batteries, hydrogen, and ammonia.
Li-ion H, Compr. H, 700 bar, 25 °C Liquid H, Liquid NH3
battery 1 bar, 25 °C
Grav. density kWh kg™ [7] 0.17 33.3 1.40 2.50 3.60
Vol. density MWh m 2 [7] 0.30 0.003 0.60 1.32 2.70
Well-to-tank” efficiency [7] 0.95 0.70 0.60 0.55 0.54
Tank-to-wake” efficiency [7] 1 0.60 0.60 0.60 0.80x0.60
(PEMFC) (PEMFC) (PEMFC) (cracking + PEMFC)
Well-to-wake efficiency 0.95 0.42 0.36 0.33 0.26
CO, emissions” gkWh 1 [8] Not available 0-114 0-114 0-114 0-178
(electrolysis) (electrolysis) (electrolysis) (electrolysis + Haber-Bosch)
Transmission costs $ kWh ! [8] / Not applicable 0.060 >0.060° 0.004
Storage costs $ kWh™! [8] / Not applicable 0.030 >0.030° 0.007
Safety issues [4] / Not applicable High-pressure tank Cryogenic tank, boil-off Toxicity, corrosion

@ Well-to-tank efficiency refers to the production of fuel in its storage form, while tank-to-wake efficiency refers to fuel conversion into electricity.
b derived from fuel production, with a range depending on the proportion of renewable energy used during electrolysis.
¢ Due to the lack of data on transmission and storage costs for liquid hydrogen, values are assumed to be higher compared to compressed hydrogen.
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ammonia cracking to supply PEMFCs. The proposed system integrates
ammonia storage, a high-efficiency cracking reactor, and a purification
unit to ensure fuel cell compatibility, with a thermal integration strategy
to enhance performance and reduce system footprint.

Beyond feasibility assessment, this work quantifies the impact of
ammonia storage on aircraft payload relative to conventional kerosene
propulsion, demonstrating its potential as a competitive hydrogen
storage solution with advantages in onboard safety and cost-effective
hydrogen transport. By identifying key technological challenges and
optimization pathways, this study establishes the groundwork for
ammonia-based hydrogen storage in sustainable, electrified aviation.

2. Methodology
2.1. System and case study description

The hydrogen storage system for an aircraft with fuel cell propulsion
includes all equipment that facilitates the supply of hydrogen to the fuel
cell, meeting the required temperature, pressure, and purity conditions
starting from ammonia.

The sizing process involved identifying system components and
selecting their types. As reported in Fig. 1, key components of the
storage system include:

the tank, which stores ammonia in liquid form at 25 °C and 10 bar;
a heating section to achieve the required fluid temperature at the
reactor’s inlet;

a reactor facilitating the cracking reaction;

a hydrogen purification section to remove nitrogen and traces of
ammonia harmful to the fuel cell system;

Compression and cooling sections to bring the purified hydrogen to
nominal conditions at the fuel cell system’s inlet.

To establish the definitive architecture of the storage system, a
thermal optimization study was conducted to achieve optimal integra-
tion between the storage and fuel cell systems.

Finally, the fuel cell system was sized, including the stacks and the
balance of plant.

The sizing of all components was performed using a regional aircraft
as a case study. In particular, a retrofitting of the ATR72-600 was un-
dertaken, involving the replacement of the conventional kerosene pro-
pulsion system with a properly sized electrified system. This electrified
system encompasses the storage section, the fuel cell system, and an
electric motor responsible for converting the electrical power generated
by the fuel cell system into mechanical power.

Once established the power requirement for the reference commer-
cial aircraft, an iterative procedure was executed to determine the
hydrogen necessary for the fuel cell to meet the on-board power de-
mands, including both propulsion and auxiliary equipment needs. The
determined quantity of hydrogen for the fuel cell was then used to
calculate the corresponding amount of ammonia, enabling the sizing of
all components and the thermal integration of the entire system with an
optimization perspective.

Table 2 reports the main features of ATR72-600 and the components’
weight for the kerosene-based propulsion system.

Energy Conversion and Management: X 26 (2025) 101034

Table 2

ATR72-600 features.
Technical characteristics Value Unit
Number of passengers 72
Take-off power (half-wing) 1845.6 kw
Max. cruise power (half-wing) 1589.8 kw
Maximum altitude 25,000 Ft
Maximum payload 7550 kg
Maximum take-off weight (MTOW) 22,800 kg
Operational empty weight (OEW) 13,450 kg
Kerosene-based system
Structure 10,478 kg
Fuel 1800 kg
Fuel system 1667 kg
Thermal engine 481.7 kg

2.2. Hydrogen storage section

2.2.1. Storage tank section

Ammonia was supposed to be stored in a pressurized vessel at
ambient temperature and 10 bar.

The procedure carried out to determine the volume of the storage
tank proceeded as follows:

- The volume required to store the necessary amount of ammonia,
based on the demand for hydrogen to meet energy needs, was
calculated.

- An additional 20 % of empty volume was considered as a safety
margin.

- The vessel was designed following the methodology outlined by
Perry et al. [27] for vertical vessels. Length and diameter were
determined based on the total internal volume, with toro-spherical
heads considered at the ends.

A critical aspect of storage sizing was the selection of material
capable of withstanding ammonia corrosion. Austenitic steel AISI316
was chosen for its suitable properties, as reported in Table 3. These
include the tensile strength R, (MPa) and the yield strength R;, 9.2 (MPa),
fundamental to calculate the thickness necessary to resist the mechan-
ical stress caused by the operating pressure, and the density p (kg m™~>).

The vessel thickness e (mm) was calculated with the following
equation:

p-Di

¢=2-p @

where p (MPa) is the operative pressure, D; (mm) is the internal diameter

of the tank and f = min <RP02. Rm) )

1524

A safety margin of 2.5 mm was added to the calculated thickness to
account for corrosion.

Table 3
AISI316 properties.

Parameter Value Unit
R, (20°C) 515 MPa
Ry0.2 (20 °C) 200 MPa
p) 806 kgm~3
Liquid ammonia Heat.lng Cracking Purlflc'atlon Fuel cell
tank section section system

|

Fig. 1. Block diagram of the main sections of the storage system.
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After calculating the thickness of the tank, it was possible to proceed
with the calculation of the volume of the empty vessel.

The total weight of the storage system comprised the sum of the
weight of the empty tank and the weight of stored ammonia.

2.2.2. Cracking section

The cracking section encompasses the cracking reactor and upstream
equipment required to meet the specified input requirements for the
reactor. The cracking reaction occurs at 450 °C and 1 bar in the presence
of a ruthenium-based catalyst, within a membrane reactor with hollow
fibers. The membrane reactor design, utilizing hollow fibers (HFR),
enhances the efficiency of the cracking process by allowing for selective
separation of reaction products while maintaining a compact size and
optimal conditions within the reactor. This selective permeation helps in
maximizing the yield of hydrogen and minimizing the presence of by-
products in the downstream [16].

The catalytic process was assumed to be isothermal, leading, at
equilibrium, to an ammonia conversion equal to xyg, = 99.8%.

The reactor was sized starting from literature data of a HFR designed
to produce hydrogen for a 100 kW vehicle [16]. The scale-up was per-
formed by maintaining constant the resident time into the reactor 7 (s),
calculated as function of the reactor volume V; (m®) and the volumetric
flow rate VNH3 m3s™):

Vi

Vi,

3

T =

The amount of catalyst W, (kg) was calculated by maintaining the
values for bed density p, (kg m~3) and kinetic constant k (s 1) present in
the reference paper, using the following formula:

VNH3 In (1 — xNH3) (4)

Wcat = —Pp* k

Finally, the scaled-up reactor was sized in terms of weight, intended as
the sum of the weight of the structure and the weight of the catalyst.
For the volume scale-up, the area of the square packing Apacking (m?),
containing four hollow fibers, was calculated from [16] by considering
the total number of hollow fibers (Nyr pqseiine) Of the automotive case
study:
4'AHF

Apucking = (5)
NHF.buseline

where Agr (m?) is the area of the single hollow fiber obtained as function
of the hollow fiber diameter Dpgcking (m):

n (D, ki 2
Ay — . [ Zpacking 6
HF 4< 5 6)

In this way, the respective number of hollow fibers for the present case
study (Nyr) was derived.
Assuming a pore diameter Dp,r. of 500 um, the effective area of the
hollow fiber Apg o (m?) was calculated as:
T2
AHF,eff =Apr — 4'Z'Dpore )

Finally, the actual volume Vg prr (m®) and the weight of the system
Whyrr (kg) were derived:

Vesrirr = 4+Anr.eff-Nur-Lur ®
Ware = Vegarc:(1 — €ur)-Pat0, + Wear )

where Lyr (m) is the fiber length, p,,o, (kg m~3) is the density of the
hollow fiber, and eyr is the porosity of the hollow fiber substrate.

The input parameters used for the calculation are reported in
Table 4.

Energy Conversion and Management: X 26 (2025) 101034

Table 4

Input parameters for reactor scale-up.
Parameter Value Unit
XNH, 0.998
Py 26 kg m~3
k 2200 h!
NHF paseline 1100
Dyore 500 pm
Lyr 0.85 m
Pano, 3940 kg m~>
EHF 0.43

2.2.3. Purification section

Following the cracking section, the hydrogen stream underwent a
purification step to remove traces of NHs, which are pollutants detri-
mental to the PEMFC. Adsorption using activated carbon-filled columns
was selected for the separation. A specific type of activated carbon
impregnated with MgCl, (4 wt% Mg) was identified in the literature
[28], distinguished by its superior adsorption capacity compared to
conventional activated carbon.

Since adsorption is an exothermic process, operating at lower tem-
peratures enhances efficiency and reduces the amount of activated
carbon needed, leading to weight and equipment volume savings [28].
However, lower temperatures require more cooling in the preceding
section, increasing refrigerant demand and necessitating larger, heavier
heat exchangers. A sensitivity analysis revealed 40 °C as the trade-off
operating temperature for minimizing the size of the equipment while
maintaining high adsorption efficiency.

Once the quantity of ammonia molyy, (mol) to be removed and the
adsorption capacity at 40 °C were determined, the amount of activated
carbon Wy (kg) needed per cycle was calculated, assuming 80 %
saturation.

TnOlNH3 / MNH3

08 (10)

WAC.eﬁ‘ =
where Myg, (8 mol ™) is the molecular weight of ammonia.

The column volume was computed, considering activated carbon
occupies 80 % of total volume and requires replacement every two cy-
cles. Column dimensions, i.e., length L, (m) and diameter D,4 (m) were
derived from volume, with an L,3/Dy4 ratio of 3. Using AISI 316 for
column material and estimating thickness as for the storage tank (sec-
tion 2.2.1), the equipment weight W4 (kg) was estimated as:

Wad = Wemptyculumn + 2'VVAC,eff (11)

where Wenpyconmn (kg) represents the weight of the empty column.
Table 5 summarizes the most important features of the equipment.

2.2.4. Hydrogen compression section

Before entering the fuel cell, hydrogen needs to be compressed up to
the operating pressure of the fuel cell. The equation for sizing the
compressor power Peompr (kW) is reported below:

y-1 1
Pcompr = m'cp'Tin.compr' (ﬂ ro—= 1) . (12)
77isrlem
Table 5
Characteristics of the adsorption column.
Parameter Description Value Unit
Mg [28] Amount of magnesium in the activated 4 Y%wt
carbon
Tad Operative temperature for adsorption 40 °C
Waa[28] Adsorption capacity 6.48 mmolnus 8ac
1
Pac Density of activated carbon 0.81 gem™3
Lad/Daa Length to diameter ratio 3 mm?
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Table 6 shows the most important data relating to the sizing of hydrogen
compressor and the relative explaination. In particular, the mass flow
rate of hydrogen was calculated with Faraday law considering the fuel
cell current i (A), Faraday constant F (C mol’l), the hydrogen molecular
weight My, (g molfl) and its stoichiometry (Ay, = 1).

2.3. Fuel cell section

FC system is constituted by the fuel cell stacks, the air compressor,
the cooling system, and other auxiliaries (valves, pumps...). The
following paragraph describes the calculation of the weights of the main
equipment of this system. For more details, the sizing procedure
employed for the fuel cell system was partially derived from our previ-
ous work [29].

2.3.1. Compression section

While the power required for hydrogen compression remains
consistent across various mission profiles, dictated solely by storage and
release conditions, additional considerations must be made for the air
compressor. In fact, the reactant air is sourced from the external envi-
ronment, where temperature and pressure conditions vary depending on
the altitude of the mission profile. The sizing of this equipment was
conducted by selecting the cruise condition as the designing point,
corresponding to the lowest external pressure and thus resulting in the
maximum compression ratio. The external air conditions were calcu-
lated with equations detailed in [29].

A two-stage compressor was selected due to the high compression
ratio required and commercial models were used to derive the gravi-
metric and volumetric indexes, equal to 1.03 kW kg ™! and 1.05 kW L,
respectively [30].

Table 7 shows the most important data relating to the sizing of air
compressor. In particular, the mass flow rate was calculated with
Faraday law as for hydrogen, considering the air stoichiometry Aq; of
1.75 and oxygen volumetric concentration in air yo,.

2.3.2. Fuel cell stack

For the sizing of the fuel cell stack, differently from ref. [29], a
commercial model was considered to estimate its weight and occupied
volume. PowerCellution manufactured by PowerCell [31] was selected
for this purpose, with the features detailed in Table 8.

Once the polarization curve of the commercial fuel cell stack was
defined, the operating point was determined as the nominal one because
of the higher electrochemical efficiency. The sizing of the fuel cell
involved calculating the number of stacks (Nyqck) required to meet the
electrical demands of both auxiliary components and the aircraft pro-
pulsion system at every point of the mission profile. According to our
previous studies [4,29], the take-off stage was identified as the mission
phase requiring the highest amount of gross power from the fuel cell,
and this point was used as the design reference.

2.3.3. Thermal management system

The thermal management system (TMS) comprises two subsystems:
the high thermal cooling (HTC) and the low thermal cooling (LTC)
systems. The HTC is responsible for cooling the fuel cell, ensuring that

Table 6
Input parameters for sizing hydrogen compressor.
Parameter Description Value Unit
m Inlet flow rate i
Aty o M,
[ Specific heat capacity 14.3 kJ kg 'K
Tin.compr Inlet temperature 40 °C
Compression ratio 2
7 Polytropic exponent 1.41
is Isentropic efficiency 0.78

Nem Electro-mechanic efficiency 0.90
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Table 7
Input parameters for sizing air compressor.
Parameter Description Value Unit
m Inlet flow rate Aair 1
———Mair
Yo, 4F
[ Specific heat capacity 1.005 kJ kg 1 K!
Tincompr Inlet temperature function of h °C
B Compression ratio function of h
7 Polytropic exponent 1.4
s Isentropic efficiency 0.80
Nem Electro-mechanic efficiency 0.88
h Altitude 25,000 ft
Table 8
Main features of PowerCellution 125 kW [31].
Stack configuration
Max power output 125 kw
Cell count 455
Dimensions 420x582x156 mm
Weight 42 kg
Performance
Operating temperature 80 °C
Operating pressure 2 bar

the heat produced during the electrochemical reaction is efficiently
removed to maintain the fuel cell’s temperature within its operating
range; the LTC handles the cooling of the air which, after compression,
could be at a higher temperature than the required operating one.

For the HTC, a refrigerant fluid was sent to the cooling plates of the
fuel cell to remove the produced heat, and its temperature was brought
back to the initial one in a closed circuit with an air radiator. In this high-
temperature circuit, GLYSANTIN® 50/50 v/v% was selected as refrig-
erant [32], working between 60 °C (Tincootant) and 90 °C (Tout.coolant)-
Usually, the cooling system is sized so that the temperature variation of
the refrigerant fluid is equal to 10 °C. However, an optimized thermal
management architecture for PEMFC was found in the literature [33], in
which the FC system is divided into several units in series from the point
of view of the flow of the refrigerant fluid. In this way, each FC unit
operates at different temperatures, but each unit has a driving force of
10 °C, while the driving force of the whole system will be higher. This
method allows not only to reduce the flow rate of refrigerant fluid (and
therefore the quantity to be stored on the aircraft) but also allows a
reduction of the exchange area and the weight of the radiator.

It was decided to carry out the calculation using this method and
dividing the FC system into three units: in this way the refrigerant fluid
has a global temperature increment of 30 °C, generating a considerable
saving in terms of weight.

The first step in the sizing procedure was the definition of heat to be
removed from the fuel cell Qur¢ (kW), calculated as follows, assuming
10 % of the heat was already dissipated by convective fluxes of reactants
in the cell:

Qurc = Neeit  Nyack @ 1 @ (Eth - Ecell) hd (1 - 010) 13)

where N is the number of cells in a single stack, Ny is the total
number of the stacks, i (A) is the operative current of the PEMFC, E, (V)
and E.y; (V) represent the theoretical and the operative potentials,
respectively.

For the sizing of the radiator, the calculation was carried out in the
take-off phase, considering the worst external conditions of 40 °C for the
inlet of air in the radiator (Tin,qir), and imposing a driving force of 15 °C.
The sizing procedure was detailed elsewhere [29].

The volume and the weight of the radiator were defined with indexes
derived from literature, intended as surface gravimetric density and
surface volumetric density [34].
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The total weight of the equipment was given by the sum of the heat
exchanger, auxiliaries (pump, fan) and refrigerant fluid to be loaded in
the closed circuit. The weight of the auxiliaries was estimated as 10 % of
the overall cooling system weight.

For the LTC system, the sizing procedure was almost the same,
calculating the heat to be removed Qy7¢ (kW) as:

QLTC = mcoulant'cp.coolant' (Tuut.LTC - Tin.LTC) (14)

where M¢goian: (kg s™1) is the coolant flow rate, Cp,coolant (KJ kg’1 K D isits
specific heat capacity, Tourrrc (°C) and Ty ¢ (°C) represent the system
outlet and inlet temperature, respectively.

The parameters used for sizing the cooling system are reported in
Table 9.

2.4. Thermal integration

The thermal integration is crucial within the electrified propulsion
system, as there are several thermal management systems to handle in
addition to those described for the fuel cell and the compressor.
Specifically:

- The ammonia stream needs to be heated from ambient temperature
to 450 °C before entering the reactor due to the cracking operating
temperature;

- The hydrogen stream exiting the reactor must be cooled down to 40
°C to efficiently undergo the exothermic adsorption process.

- The hydrogen stream exiting the compressor must be cooled down to
80 °C before entering the fuel cell.

So, there is a heating section and a cooling section that could
potentially be integrated to minimize heat exchangers and dedicated
fluids.

The heating section was designed with two heat exchangers in which
the ammonia is pre-heated by energy integration with the reaction
products and with the hydrogen exiting the compressor, respectively.
Additionally, a furnace was designed to heat ammonia completely up to
the operating temperature of the reactor.

Table 9
Set parameters for the sizing of both HTC and LTC systems [29].
HTC system
Tin.coolant 60 °C Inlet temperature of FC coolant
Tout.coolant 90 °C Outlet temperature of FC coolant
U 0.1 kJkg™!  Global heat coefficient
K1
LTC system
TinrrC 190 °C Inlet temperature of air (equal to air
temperature at compressor outlet)
Toutr1C 80 °C Outlet temperature of air (equal to FC
operative temperature)
U 0.1 kJ kg’1 Global heat coefficient
K1
General parameters
Cp.coolant 3.55 kJ kg~! Specific heat capacity of coolant
K1
Cp.air 1.005 kJ kg ! Specific heat capacity of air
K1
teoolant 10 s Circulation time of liquid coolant into the
circuit
Tin,air 40 °C Inlet temperature of air in the radiator
Tout.air 55 °C Outlet temperature of air from the radiator
3 0.7 Effectiveness
Grav. surface 1.0 kg m~?2 Gravimetric surface density
density
Vol. surface 800 m?2m~3  Volumetric surface density

density
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The cooling section was designed to bring the temperature of the
hydrogen stream down to 40 °C before entering the purification section.
GLYSANTIN® was selected as coolant, in alignment with the PEMFC
cooling system, with temperature variations ranging between 10 °C and
30 °C. The described cooling section comprises a closed circuit with two
equipment: the first is a heat exchanger where the hydrogen stream is
cooled using the refrigerant fluid, and the second is a radiator where the
refrigerant is cooled back to its initial temperature using air.

The sizing of the heat exchangers was carried out following the trial-
and-error procedure proposed by Kern [35] for shell and tube counter-
current heat exchangers, while the radiator was sized as described in
paragraph 2.3.3.

The constraints of the first pre-heating exchanger were the hydrogen
inlet and outlet temperature. For the second pre-heating exchanger, the
constraint was instead the temperature of the outgoing ammonia stream,
which must be heated up to 380 °C.

Once the calculation procedure and the verification of the U ex-
change factor was performed, the number of pipes, the diameter of the
shell and the length of the exchanger were obtained. The material
selected for the design of the exchangers was AISI 316, as one of the
treated streams is pure ammonia.

The calculation of the weight of each exchanger was carried out by
adding the weights of shell, pipes and end plates. Before calculating the
weight, however, the thickness of the various components must be
known. For the shell the procedure is the same as for the ammonia
storage system; for the pipes, the thickness was defined in the design
phase; for the plate the thickness was estimated as 15 times the thickness
of the shell.

As far as the furnace is concerned, given the difficulty of finding
sizing methods in the literature due to the low flow rates involved, it was
decided to derive the size from commercial models manufactured by
York [36]. Ammonia enters the furnace at 380 °C and must be heated to
the reaction temperature of 450 °C. As fuel it was necessary to decide
whether to still use ammonia, or a part of the hydrogen produced by
cracking. Hydrogen is characterized by a very high calorific value, but it
is still necessary to store a greater quantity of ammonia to produce both
the hydrogen to be sent to the fuel cells system and that to be burned in
the furnace. To choose the fuel it is therefore necessary to calculate in
which of the two cases the quantity of excess ammonia to be stored is
less.

Table 10 and Table 11 report the most important characteristics of
the heating and cooling section and of the furnace, respectively.

Table 10
Input parameters for the heating section.

Heating section

Pre-heating 1 Pre-heating 2

Type of Ammonia from storage Ammonia from Pre-
Cold fluid heating 1
fluid T inlet 25°C Defined by Pre-heating 1
T outlet Calculated 380 °C
Type of Hydrogen from Hydrogen from reactor
. fluid purification
Hot fluid T inlet Defined by compression 450 °C
T outlet 80°C Calculated
Cooling section
Cooling 1 Radiator
Type of Glysantin Air
Cold fluid
fluid T inlet 10°C 40 °C
T outlet 30°C 55°C
Type of Hydrogen from pre- Glysantin
. fluid heating 2
Hot fluid T inlet Defined by pre-heating 2 30°C
T outlet 40 °C 10°C
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Table 11 Table 12
Furnace parameters. Characteristics of ammonia tank.
Parameter Value Unit Input parameters
T inlet 380 °C H, to produce 365 kg
T outlet 450 °C NHj; required 2057 kg
LHV Ammonia 18.6 MJ kg™t st tank
LHV Hydrogen 120 MJ kg™! orage tan
Volume 4.0 m®
Length 3.0 m
3. Results and discussion Diameter 1.3 m
Thickness 7.5 mm
. g . . . . . igh . k
The identified architecture of the storage system is depicted in Fig. 2. Weight 845 i
The energy integration between pure ammonia, sourced from the 25
°C tank and requiring heating for entry into the reactor, and the from the Hy/NHj; stream exiting the reactor, which, in turn, must be
hydrogen stream, which necessitates heating to meet the fuel cell sys- cooled before entering the purification process.

tem’s inlet temperature, is observable. This integration is facilitated by
the heat exchanger labelled “pre-heating 1” in the figure. Subsequently,
the ammonia flow undergoes additional heating through the “pre-
heating 2" heat exchanger. This is accomplished by transferring heat

3.1. Storage system

The storage system outlined in this case study, as detailed in the
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Fig. 2. Block flow diagram representing the hydrogen storage system thermally integrated with the PEM fuel cell system.
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Table 13
Sizing of components for the thermal management of hydrogen storage system.

Heating section

Pre-heating 1 Pre-heating 2

Type of fluid Ammonia from storage Ammonia from Pre-

Cold heating 1
fluid T inlet 25°C 101 °C
T outlet 101 °C 380 °C

Type of fluid Hydrogen from Hydrogen from reactor

. purification
Hotfluid = 1je¢ 143°C 450°C
T outlet 80 °C 208 °C
Heat 45.5 kW 179.5 kW
Number of 109 203
tubes
Tube diameter 18.3 mm 18.3 mm
Sizing Shell diameter 0.34m 0.45m
Shell thickness 3.5 mm 3.5 mm
Length 1.83m 2.44m
Volume 0.17 m® 0.38 m®
Weight 27.5kg 53.6 kg
Cooling section
Cooling 1 Radiator
Type of fluid Glysantin Air
C°&‘:i 4  Tinlet 10°C 40°C
T outlet 30°C 55°C
Type of fluid Hydrogen from pre- Glysantin
. heating 2
Hot fl
otfluid 1 i et 208 °C 30°C
T outlet 40 °C 10°C
Heat 122.2 kW 124.4 kW
u - 0.1kWm2K!
E - 0.5
Number of 61 -
tubes
Sizing Tube diameter 18.3 mm —
Shell diameter 0.26 m -
Shell thickness 3.5 mm -
Length 1.83m -
Volume 0.1 m® 0.1 m?
Weight 21.5kg 82.9 kg

methodology section, comprises several key components: the ammonia
tank, the reactor, the absorber, and the heat exchangers for managing
the flow of hydrogen and ammonia throughout the storage system.

To meet the power demands for a two-hour flight, 365 kg of
hydrogen is required, calculated based on the fuel cell efficiency. This
translates to 2057 kg of ammonia, which was the input parameter for
calculating the size of ammonia tank, with its specific characteristics
reported in Table 12.

The hollow fiber converter was designed to maintain a consistent
residence time into the reactor, aligning with literature data indicating a
value of 0.86 s. This duration ensures an ammonia conversion of 99.8 %,
as reported in literature. This design resulted in a total volume of 0.7 m5,
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I Ammonia tank

[ Liquid ammonia

] Cracking reactor

Il Heating section

[ ] Cooling section

[ ] Hydrogen purification
] Hydrogen compression

33.4%

5.4%

3.7%
2.5%
2%
21%
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Fig. 3. Weight distribution of hydrogen storage system.

accommodating 4243 packing units of hollow fibers.

Furthermore, the total weight of the hollow fiber reactor, including
both its structural elements and catalyst, amounts to 1347 kg.

The third fundamental step in hydrogen release involves the ab-
sorption of the product stream from the cracking reactor to eliminate
any remaining traces of ammonia. Sufficient activated carbon was
allocated to purify hydrogen for two flights, totaling 93.2 kg. Based on
this requirement, a size of 0.14 m® was determined, with dimensions of
1.18 m in length and 0.39 m in diameter. Consequently, the total weight
amounted to 101.1 kg.

The thermal management segment was appropriately dimensioned
with the findings detailed in Table 13 for the integrated section and
Table 14 for the furnace. Specifically, the utilization of hydrogen as a
fuel in the furnace resulted in a minimal increase in its storage weight,
amounting to just 1.1 %, due to its higher heating value compared to
ammonia. The commercial furnace selected for this purpose was the GAS
FURNACE X-13 MOTOR with a capacity of 100,000 BTU (29.3 kW), so
two furnaces in series were allocated.

Finally, the last component of the storage system was the hydrogen
compressor, which size was estimated equal to 80 kg.

The sizing procedure results in a total weight of the storage system
equal to 4036 kg, with a gravimetric index of 9.1 %, representing the
mass of hydrogen stored relative to the overall weight of the storage
system. Fig. 3 illustrates the distribution of weights among the various
components of the system. It is evident that the primary contributors to
the overall weight are the ammonia itself (51 %) and the cracking
reactor (33 %). Conversely, the secondary equipment responsible for
adjusting the streams to meet the operational conditions of different
sections (such as heating, cooling, compression, and purification) does
not significantly affect the system’s weight. Collectively, their impact on
the entire system weight is approximately 16 %.

Table 14

Sizing of furnace for pre-heating of ammonia up to the reactor operating temperature.
Parameter Value Unit
Total heat to provide 56 kw
Furnace model X-13 MOTOR 100000 BTU 2000CFM 95 %, TM9E100C20MP12-C
Combustion efficiency 0.95
Single furnace capacity 29.3 kw
Number of furnaces 2
Weight of fuel required 21.6 kg
NH; increase 1.1 %
Volume 0.87 m®
Weight 138 kg
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3.2. Fuel cell system

In sizing the fuel cell system, the power contribution from each
component was preliminarily calculated in its design point.

Then, the total electrical power required was defined, encompassing
the propulsion power during take-off (designated as the point with
maximum gross power requirement in the mission profile) and the
power demands from auxiliary components (such as compressors,
pumps, valves, etc.). The obtained value of gross electrical power
facilitated the determination of the number of commercial stacks and,
subsequently, the final dimensions of the electrochemical stack rack.

The results in terms of electrical power, weights and volumes for
each component of the fuel cell system are reported in Table 15, while
their weight distribution is depicted in Fig. 4.

As expected, half of the weight of the fuel cell system is attributed to
the thermal management of the fuel cell. However, the optimized
thermal management technique outlined in the methodology (para-
graph 2.3.3), which employs the step-fractioned driving force, led to a
weight saving of approximately 27 % compared to the conventional
system. In the conventional setup, the lower driving force necessitated a
larger radiator, contributing to this difference.

Based on the results obtained, the specific power of the fuel cell
system was estimated at 0.7 kW/kg, consistent with the current data
found in literature.

3.3. Comparison with conventional propulsion system

In the previous paragraphs, the design of both the storage and fuel
cell systems was presented. Subsequently, the overall weight of the
designed electrified propulsion system, comprising the storage system,
fuel cell system and electric motor, was compared with the conventional
kerosene-based propulsion system of the ATR 72-600. The comparison
revealed that retrofitting the aircraft with the installation of the inno-
vative system incurred a weight increase of 26 %. Consequently,
addressing this weight increment necessitates strategies such as aug-
menting the required take-off power, potentially oversizing the pro-
pulsion system, or reducing the payload by up to 80 %.

To make the ammonia-based system feasible with current technol-
ogies, innovative architectures must be devised to counterbalance the
aircraft’s weight increment. Moreover, optimization efforts should focus
on components with the most significant impact on overall weight,
including the thermal management system of the fuel cell, the ammonia
storage and the subsequent hydrogen release system, as depicted in
Fig. 5. An indirect method to optimize the system would involve
enhancing the efficiency of the fuel cell. This improvement would

Table 15
Sizing results for each component of the fuel cell system.
Parameter Value Unit
Mass of Hp 365 kg
Number of stacks 35
Nominal power tot (gross) 4114 kw
Fuel cell Nominal power tot (net) 3691 kw
Mass of FC stacks 1470 kg
Volume of FC stacks 1.33 m®
Sizing power 820 kw
Compressor Weight 702 kg
Volume 0.69 m>
Sizing power 3045 kw
HTC system Weight 2784 kg
Volume 2.8 m®
Sizing power 412 kw
LTC system Weight 94 kg
Volume 0.11 m®
Auxiliaries (valves, pumps...) 568 kg
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Fig. 5. Percentage impact of the different sections of the electrified propulsion
system on its overall weight.

benefit both the thermal management system and the required quanti-
ties of reactants. Additionally, optimizing the operational conditions,
such as pressure and temperature, would further enhance system
efficiency.

4. Conclusions

This study demonstrates the feasibility of using ammonia as a
hydrogen storage medium for a fully electrified propulsion system based
on PEMFCs. A preliminary analysis yields a gravimetric hydrogen stor-
age index of 9.1 %, which positions ammonia as a competitive solution
for hydrogen storage. Moreover, the use of ammonia instead of pure
hydrogen enhances onboard safety due to milder storage conditions and
offers a cost-effective solution for hydrogen transportation and storage.

A systemic approach was employed to assess the potential of this
storage method coupled with PEMFC system for regional aviation. While
the system is theoretically viable, it currently faces a challenge in
competitiveness, with an estimated 26 % increase in the MTOW
compared to conventional kerosene-based systems. This increase would
likely require reducing the payload to maintain the MTOW weight or
optimizing the aircraft’s architecture to reduce structural weight, thus
allowing for more weight allocation to storage. The main contributors to
the size of the proposed system are the amount of liquid ammonia to
store, together with the fuel cell thermal management system.

Improving fuel cell efficiency, as well as optimizing system
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integration, is critical to improving performance and reducing overall
weight. Additionally, the optimization of the operating conditions and
the equipment integration can increase the specific power of the overall
propulsive system in terms of kW/kg and kW/L. Further research is
essential to optimize energy efficiency, such as by exploring direct-
ammonia fuel cell options (e.g., HT-PEMFC), which could enhance
thermal integration and reduce system weight.

With this approach, the potential of ammonia as a hydrogen carrier
for aviation has been clearly defined, along with the critical techno-
logical gaps that must be addressed. Key areas for optimization have
been identified to enable its practical implementation. Ultimately, this
work emphasizes ammonia’s role in advancing sustainable aviation and
sets the foundation for the transition to greener, electrified propulsion
systems.
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