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Fuel cells are the most popular source of power for electric air vehicles in
terms of being greener, more reliable and higher efficient. Although fuel

cells have considerably superior properties, there are some problems to be
solved, such as hydrogen storage, high cost and low flight endurance.
Therefore, more researches are needed to solve these problems with
developing technology. Purpose of this paper is to provide an overview of
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applications of hydrogen fuel cells in air vehicles. Therefore, the usage of
hydrogen fuel cells like APU and propulsion application, advantages and
working principles are presented and their challenges are determined. The
latest research activities, hydrogen storage methods with challenges are
analyzed and the developments of fuel cell powered air vehicles are
discussed. As a result, this review is important in terms of compiling the

latest technology for air vehicles, as well as fuel cell applications in large

aircraft.

1. INTRODUCTION

Risk of depletion of jet fuels and increasing
harmful gas emissions depending on the
growth of air transportation, have led future
planes to become more electric. However,
increasingly electrification of aircraft provides
many advantages such as efficiency,
reliability, low vibration, low thermal and
noise signature... etc.[1]. Although electricity
can be supplied with batteries, fuel cells, solar
batteries and ultra-capacitors [2], fuel cells
(especially PEMFC and SOFC) are the most
promising power source for air vehicles [3].
Fuel cells produce electricity from the
chemical energy contained in the fuel with
electrochemical  reaction by  breaking
molecular bonds in one step [4-6]. However,
an energy storage device such as a battery is
required next to the fuel cells to provide
longer durability in air vehicles [7]. Fuel cell /
battery systems, especially PEMFC/ lithium
ion battery, are the most common choice in
electric flight [7]. While conventional lithium
batteries allowing 60-90 min durability, can
provide specific energy of 150-250 Wh / kg, a
fuel cell based system provides higher specific
energy [3].For example, combination a fuel
cell with a pressurized hydrogen fuel tank
(with 6% weight fraction) can provide a
specific energy in excess of 800-1000 Wh/kg

[3]. The similarities and differences of fuel
cells and the batteries have been expressed by
[1, 8] and the comparative characteristics of
li-ion batteries and fuel cells are listed in table
1.

When it comes to advantages and
disadvantages of fuel cells compared to
internal combustion engine; Aktas [2] listed
as;

o Fuel cells are more efficiently than
internal combustion engines. (For
instance, Hepperle [9] analysed typical
on-board conversion chains  with
typical component and total efficiencies
for a conventional turboprop, a
conventional turbofan, a battery
powered system and fuel cell powered
system. He determined that the
efficiency was 39% for turboprop, 33%
for turbofan, 73% for battery powered
system and 44% fuel cell powered
system.)

e Fuel cells produce only water as by-
product. Thus, they are greener than
internal combustion engine burning
conventional fuel.

e Hydrogen is a renewable energy source
that can be produced from water and
again converted back into water.
However, hydrogen usage comes with
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the  difficulties of  producing,
transporting, distributing and storing.

e Most of fuel cells operate silent
compared to internal combustion
engines.

e Low temperature fuel cells are ideal for
military applications since they have
low heat conduction.

e Fuel cell based vehicles have longer
refuelling time and shorter driving
range.

e Fuel cell technology is a new
technology being developed and its
production is currently expensive [2].

Table 1. Some comparatively characteristics of li-ion
batteries and fuel cells.

Properties Li-ion battery Fuel Cells

Energy density ~ 200-500[10] 500-3000[10]

(Wh/L) 200 — 400[11]
Specific energy 75-200[10]
(Wh/ kg) 60-200[11] 800-10.000[10]

120-200[12]

Specific power  150-315[10] 500+[10]
(W/kg) 500-2000[13]
Power density ~ 1300-
(WIL) 10.000[11] SR
Power rating
(MW) 0-0.1[10] 0-50 [10]
Life time 5-15[10]
(years) Sl 20+ [14]
Daily self- Almost
discharge (%) 0.1-0.3[10] zero[10]
Discharge
efficiency (%) Eallie Sl
Cycling times 1000- 1000+[10]
(cycles) 10.000[10] 20.000+[14]
500 — 10*[11]
Cycle efficiency  90-97[10] 20-50[10]
(%) 45-66[16]
Suitable storage  Minutes- hours -
duration days[10] months[10]
Power capital 1200~ 4000 [10]
cost ($/ kW) 10,000+[10]
Energy capital ~ 600-2500 [10] 15[15]
cost ($/kW h) 2770~ 3800 [17]
Maturity Developed Developing

In addition to the above, Surer and Arat [1]
pointed out some of the disadvantages of fuel
cells that need to be improvement compared
to combustion engine. These can be listed as
late response to transient loads, greater

volume requirement for a given power and
smaller specific power [1].

Fuel cells have two major areas of usage on
aviation: instead of jet engines in small air
vehicles for propulsion and instead of gas
turbine APUs (Auxiliary Power Unit) in large
air vehicles [18-19]. Detailed information on
the usage application of fuel cells in
micro/macro air vehicles is given in section 3.
In this review, the usage applications of fuel
cells in air vehicles, advantages and working
principles are presented and their challenges
are determined. The latest research activities,
hydrogen storage methods with challenges are
analyzed and the developments of fuel cell
based air vehicles are discussed. As a result,
this review is important in terms of compiling
the latest technology for manned / unmanned
air vehicles.

2. FUNDAMENTAL PRINCIPLE OF
FUEL CELLS

A fuel cell consists of a fuel electrode (anode),
an oxidant electrode (cathode) and an
electrolyte sandwiched between them. The
electrodes have porous material that is coated
with a layer of catalyst [4]. Fuel cells mainly
have 6 different types. However, the most
commonly used fuel cells for propulsion and
APU applications in aviation are SOFC and
PEMFC.

2.1. Polymer Electrolyte Membrane Fuel
Cells (PEMFC)

During the operation of the PEMFC, hydrogen
on the anode side is electrochemically
oxidized. Then, the protons (H") formed here
are carried along the separating membrane.
On the cathode side, oxygen is
electrochemically reduced and forms water
(H20) with protons coming from the anode
[20]. The general working principle of
PEMFC is illustrated in figure 1.

The efficiency of a PEMFC varies between
40-60% and achieves the highest efficiency at
partial loads [1]. Numerous test flights aimed
at research and demonstration has proved
suitability of PEMFC usage on UAV [3].
Thus, PEMFCs are the most promising choice
on electric air vehicles [1, 3].
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Figure 1.Basic schemes of PEMFC and SOFC [21].

Features that make PEMFC suitable for flight
can be counted as: low working temperatures,
partly higher power density, rapid response to
load changes, good load following ability, and
short warm-up time [3, 22]. However,
PEMFCs are not without challenge.
Especially, the use of expensive platinum
catalysts and membranes used in PEMFC is a
significant drawback in terms of cost [23]. In
addition, usage of PEMFCs requires hydrogen
of high purity as fuel [22].

2.2. Solid Oxide Fuel Cells (SOFC)

While ion movement at the other fuel cells is
seen from anode to cathode, this movement at
SOFC is executed from cathode to anode by
O, ions [24]. On the anode, hydrogen is
divided into protons and electrons by high
heat and electrons pass through an external
circuit to the cathode. The oxygen gas in the
air supplied to the cathode combines with the
electrons to form O2~ ions. These O, ions
formed pass through the electrolyte and
combine with hydrogen at the anode and
produce water and electricity. The main
chemical reaction in this fuel cell is the
combustion of water [24]. Principal structure
of SOFC is given in figure 1.

Table.2 The properties of mostly used fuel cells

SOFCs operate high temperature between
600- 1000 C and this situation comes with
both advantages and disadvantages [3]. For
example, this high temperature allows SOFCs
to use hydrocarbon fuels that increase fuel
availability and reduce storage requirements
[3].But, due to high temperature; SOFC
cannot rapid respond to changes in load.
Because, it takes time to heat the SOFCs and
reach the operating temperature [1]. In the
study by done [22], the advantages and
disadvantages of SOFC are listed.

While the PEMFCs have an output power up
to 50-250 kW (67-335 hp), the SOFCs also
have an output power up to 100kW (134hp)
[25]. The comparative characteristics of the
PEMFC and SOFC are given in table 2.

3. FUEL CELL APPLICATIONS ON
AVIATION

3.1. Propulsion Application

Fuel cells are commonly used as propulsion
system in UAVs for military purposes (such
as reconnaissance, battlefield monitoring,
ordnance delivery... etc) and civilian purposes
(such as search and rescue operations,
geological surveying...etc.)[7].However, the
first use of fuel cells on manned aircraft was
in 2008 for a two-seat aircraft [26].

Generally, propulsion system of UAV s
divided into four elements. These include:
energy source (chemical fuels, electricity,
solar energy, hydrogen... etc), storage media
(tanks, batteries, capacitors, metal
hydrides...etc), mechanical energy converter
(internal combustion engine and fuel cell +
electric motor) and lift/thrust converter (rotor,
fan, propeller, jet engine...etc)[27].

on aviation for propulsion and APU application [1, 3]

Operation - Stac!<_ SYSt?'T”
Fuel Efficiency | specific specific .
Fuel temperature Reactions
cell C) (%) power power
(W/kg) (W/kg)
Anode: H, — 2H+ + 2¢
PEM Hydrogen 30-100 40-60 >500 >150 Cathode: %2 O, + 2H" +2¢°
—>H20
Anode:H, + O, — H,0+ 2e-
SOFC | Hydrocarbon | 500-1000 30-50 >800 >100 Cathode: ¥ O, + 2e- — O,




For example, in the propulsion system shown
in fig. 2, hydrogen as a energy source,
hydrogen tank as a storage medium, fuel cell
+ electric motor as a mechanical energy
converter, and propeller as a lift/thrust
converter were selected [27].

Hybridization of fuel cells and batteries is the
best propulsion solution in UAV in terms of
endurance [8].In  ENFICA-FC research
project, internal combustion engine of two
seat Rapid 200 aircraft is replaced with an
electric propulsion system [28]. Figure 3
shows a propulsion system with fuel cell
proposed for this aircraft. This hybrid fuel
cell-battery power system basically consists of
a FC stack (about 20-22 kW power
generation), a pack of batteries (20 kW power
generation at take off), two DC-DC converter,
a DC/AC inverter and brushless motor [28].
Fuel cells and batteries are used to get
propulsion as primary power source and
secondary power source, respectively. DC-DC
boost converter which steps up a low- voltage
DC come from the fuel cell and battery is used
to get a desired voltage value at the input of
the DC/AC inverter. The inverter also
converts the DC to a three-phase variable
voltage and variable frequency power for
getting changes in the speed and torque of the
electric machine [28].

3.2. APU application

APU, feeding a number of subsystems such as
lubrication system, fuel system, fuel heating
system, ignition system, air system,
thermostat system, cooling system, indicator
system, fire warning and extinguishing
system, electrical system; is a small scale gas
turbine and consists of compressor, turbine,
combustion chamber and gear box [29].
According to the models and series of APUSs,

compressor and turbine stages can be in
various numbers [29].
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Figure 3. Schematic View of modified Propulsion
Assembly done by ENFICA-FC research project
[28].

APU’s have the same mechanical properties
as the main engines, but the control systems
are more advanced and automatic running gas
turbine motors[29]. APU also burns jet fuel
and produces emissions and noise [30].
Current gas turbines APUs operate at 15 %
load cycle efficiency and cause 20 % of the
aircraft emissions [30]. In addition, according
to research done by Zurich airport, the APU is
responsible for emission of 18 % NOx and
significant amount CO [31].

The suitability of the usage of fuel cells
instead of APUs has been encouraged by
several projects such as Airbus (CELINA
project), Boeing and NASA (NEXCAP
project) [30]. Especially PEMFC, SOFC are
most promising candidate for APU application
[32]. The DOE has published that fuel cell
APU in aircraft could reduce in a 2-5% in the
total amount of fuel used by the U.S. Air
Force, saving 1 million to 3 million barrels of
jet fuel [33]. Nasa jointly with Delphi and
Boeing conducted a research on hybrid
FCAPU development for large, 305-seat
commercial aircraft (Boeing 777) [34].
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Figure 2. An exemplary fuel cell and electric

motor based UAV propulsion system [27].



The hybridization of SOFC / GT has been
selected in this work because it works more
efficiently than separate cycles. The FCAPU
was planned to get the following minimum
target for the 305-seat research aircraft: design
power output of 440 kW, peak system power
output of 438 kW in flight, lifetime of 40,000
h, less than 880 kg of system weight [34]. The
system structure of the proposed hybrid fuel
cell APU for this work is shown in Fig.4.

4, HYDROGEN STORAGE ON FUEL
CELL APPLICATION

The methods of hydrogen storage are
basically divided into two sections as physical
storage (compressed H, tank, liquid H, tank)
and chemical storage (metal hydrides, carbon
nanotubes, glass microspheres, chemical
hydrides) [1]. Among these storage methods,
the most common storage methods used in
aviation research for fuel cells application are
compressed H, storage, liquid H, storage and
chemical hydrides storage. Although other
storage methods require more development,
all storage methods have problems to be
solved [1]. At the beginning of these
problems, hydrogen comes in low volumetric
energy density [35]. Hydrogen, which has a
upper heating value of 143 MJ/kg all of the
existing fuels in terms of mass energy density,
has the lowest density of volumetric energy
with 0.0108 MJ/L in gaseous state [35].
Numerous studies have been conducted to
overcome these problems and to efficiently
store the hydrogen. Research on metal
hydride, carbon nanotubes and glass
microspheres was compiled by [1, 35-38]

1. Compressed H; Storage

Hydrogen is stored by pressurizing due to its
low density [1]. In this storage method in
which storage pressure varies from 35 to 70
MPa [3], hydrogen gas density increases as
pressure increases [38]. Although very high
pressures make fuel filling difficult, the
advantages of this method are the rapid filling
releasing rate is possible and the easiness of
technology[1]. However, the method of
pressurizing hydrogen is a simpler, more
economical and more efficient method than
other methods, but the storage weight is a
significant problem for especially air vehicles
[35, 37]. In order to solve this problem, fiber-
composite structures with lightweight in
certain proportions and high mechanical
strength are used in new technology high
pressure tanks [35]. On the other hand, the
amount of energy used to compress hydrogen
to high pressures which varies depending on
the circuit and system efficiency, is an issue to
consider in cost evaluations [35].

4.2. Liquid H; Storage

For large scale storage, hydrogen should be
stored in liquid form which requires but very
low temperatures not high pressure [3]. The
density of liquid hydrogen (70.8 g/ L) at 20 K
temperature and 1 atmospheric pressure is
about two times the density of hydrogen gas
(38.7 g / L) at 700 bar pressure [35]
.However, since liquid hydrogen tanks can be
made much lighter and smaller in volume than
high-pressure gas tanks, the weight problem
of gas storage is solved [35].
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Figure 4. Proposed hybrid fuel cell APU [34].



Due to the usage experience on spacecraft and
higher density under lower pressure, hydrogen
stored in liquefied form is considered to be the
easiest way to apply to aviation [37]. Gong
and Verstraete [3] specified that according to
research conducted by the NRL (Naval
Research Laboratory),using liquid hydrogen
instead of compressed gas on UAV may
provide an increase in flight time from 26 to
72 hours[3]. Liquefied storage has many
advantages compared to gas storage, but there
are still has problems to need solve for its
widespread use in aviation. Liquefaction of
hydrogen with very low values such as critical
temperature of 33 K and liquefaction
temperature of 20 K is relatively difficult and
requires special techniques [35]. Because
liquid hydrogen is stored at very low
temperatures (21 K), it is practically
impossible to completely prevent the heat
transfer from the surrounding to fuel tank and
the evaporation of hydrogen [35]. In addition,
fuel system components such as liquid fuel
pumps, fuel lines, heat exchangers, filters,
valves will be needed [37].

4.3. Chemical hydrides

Methods in which the host material is
chemically converted during use or hydrogen
is obtained from different chemicals during
use are classified as chemical storage [35].
Chemical hydrides with higher energy density
have begun to attract attention as they contain
light elements [1]. But, the very high
temperatures required for thermal
decomposition of hydrogen from chemical
hydrides make this method unpractical. At the
same time, investigations (catalyst etc.)
continue to reduce the decomposition
temperature of these hydrides [35]. Sodium
borohydride (NaBH4) and ammonia borane
are the most investigated chemical storage
compounds for UAVs [1]. Advantages of
sodium borohydride include: stable reaction,
rapid reaction at ambient temperature, low
hydrolysis heat, and a more stable and easy to
handle fuel source compared to liquid or
compressed hydrogen [1].

5. DEVELOPMENT OF FUEL CELL
BASED AIR VEHICLES
In this section, projects which are related with
fuel cell powered aircraft were given in
historical order .Detailed information on these
projects is shown in table 3.

6. CONCLUSION

Due to factors such as increasing energy
consumption and emissions, a lot of areas
containing energy are in the way of
electrification. Air transportation also is the
stage of transition from gas turbine to electric
propulsion. Despite the fact that the first fuel
cell based UAV was built in 2003, for the first
time after 13 years the 4-seat fuel cell based
manned aircraft test flight successfully
completed. This means that there are many
problems that need to be solved for
electrification in air vehicles. Most of the
research projects focus on PEMFC because it
is the most promising candidate that obeys
future aviation strategies and application
(minimizing emissions, high efficiency... etc.);
this situation requires effective production and
storage of hydrogen. However, storage system
with the desired characteristics and enough
endurance cannot be achieved for enabling
fuel cells to be used extensively in large and
small-scale all aviation. Therefore, there are
many studies to solve these problems and new
methods (such as hybridization) are being
developed. Although the usage of fuel cells as
primary energy sources for commercial
aircraft requires a great deal of time and
technological suitability, they are currently
being developed primarily in UAVs and are
seen as an important candidate.

In this review, the usage applications of fuel
cells in air vehicles like propulsion, APU,
hydrogen storage are given in detail.
Advantages and working principles of these
applications are presented and their challenges
are determined.



Table 3. Examples of the development of fuel cell based aircraft in historical order.

Test
Prototype Aircraft Name | Year FL%'/;?" Fuel Type [Hydrogen Storage| Flight Explanatory
Time
elLength:1.55m
e\Wingspan: 3.11 m
ScanEagle Combressed 8+ eMax. takeoff weight:22 kg
(UAV/Insitu) | 2017 PEM Hydrogen h d?o en hr eMax. speed:41.2 m/s
[39-40] ydrog " |eMax.flight altitude: 5,944
m (19,500 ft).
®1.3 kW fuel cell system
eLength: 7.4 m
e Wingspan: 21.36 m
. eMax. takeoff weight:
e o
- rp ft/DLgl]? 2016 PEM Hydrogen hydrogen 10 min. [@Max. speed: 200km/h
aire 6[‘41] ) (4,300-5,800 psi) 80 KW power output
eHY4 can achieve a range of|
between 750 and 1500
kilometers.
lon Tiger (UAV- Crvogenic liquid oWir_lgspan: 518 m
_ NRL) 2013 | PEM | Hydrogen yhg i g 48 hr. [#Weight: 16.78kg
[42] ydrogen eMax. payload: 2.25kg
ePower: 550W (0.75hp)
Stalker XE .
\ (UAS- Boeing e\Wingspan: 12 ft.
|Lockheed Martin, Small propane 8+ :ﬁ:ﬁ z;l;ee(c)lff:;?rl]%lr:t' 221bs
iy Adapt_lve 2011 SOFC Propane fuel storage tank hr.  |eMax.flight altitude: 15,000
o ip Materials it
. Incf;goijf;ed) ePayload: Up to 5.5 Ibs
iy ) )
e\Wingspan: 10 m
Rapid 200-FC Compressed e Max. speed: 150 km/h
w Lo (Manned-known . |@Total weight: 550kg
R as ENFICA-FC) | 2010 | PEM | Hydrogen ?g’géot?:r’)‘ A5MIN- 1920 KW two fuel cell
o [45] system
e\Wingspan: 5.18 m
lon Tiger (UAV- Compressed e\Weight: 16.78kg
NRL) 2009 PEM Hydrogen hydrogen 26 hr. |@Max. payload: 2.25kg
[42] (5,000 psi) ePower: 550W (0.75hp)
e\Wingspan: 20 m
Antares DLR-H2 e Max. takeoff weight:875 kg
(First manned eMax. speed:170 m/s
aircraft with fuel Compressed eFusclage length:47.4 m
_ cell solely/DLR) 2009 PEM Hydrogen hydrogen 5 hr. eRange : 750 km

[46-47]

eMax 33 kW fuel cell power
and up to 52% fuel cell
efficiency.




e\Wingspan: 16.3 m

[49,54]

First fuel cell Compressed eMax.flight altitude: 3500 ft
g
manned airplane hydrogen 26 to 28 |eMax. speed:100 m/s
(Boeing-two seat) 2008 PEM Hydrogen (350 bar) min. |eMax. 24 kW gross fuel-
[26] cell system power
®=  Endurance
(UAV- University . )
| of Michigan) | 2008 SOFC Propane fusgrz::)fgogigsk 10 hr. eWingspan: 1.524 m
[48-49] J
i eEnergy density of the total
ngdi%wgg) Sodium system: 1,000 W.hr/kg
y 2007 PEM Hydrogen - 5+ hr.  |ePEMFC was fabricated by
MAYV (KAIST) borohydride .
[50] stacking 24 cells that have
3.8 cm” active areas.
. elength: 1.3 m
HyFish . )
(UAVIDRL) | 2007 | PEM | Hydrogen | COMPressedfq o5 fetingspan: 11
[49,51] ydrogen e Total weight: 5 kg
' eMax. air speed: 200 km/h
eLength: 1.4 m
PUMA eWingspan: 2.8 m
(VAV/ Sodium eEmpty weight: 5.9 kg
AeroVironment) 2007 PEM Hydrogen borohydride 9 hr. eSpeed: 37 to 83km/h
[49,52] eMax.flight altitude: 500ft
Georgia Institute .
of Tgechnology e\Wingspan: 6.58 m
and Colorado Compressed e Takeoff weight: 16.4 kg
State University 2006 PEM Hydrogen hydrogen 0.75 hr. le1.3 kW fuel cell system
oA 500 W 32-cell PEMFC
(UAV) K
[3,49] stac
. e\Wingspan: 2.2 m
L Spider Compressed 3hr leWeight: 2.5 kg
ion(UAV/NRL)| 2005 PEM Hydrogen hydrogen M 110 W fuel I
[49,53] (4500 psi) oViax uet ce
system
Global
Observer(UAV/ I . )
AeroVironment) 2005 PEM Hydrogen | Liquid hydrogen | 24 hr. |[eWingspan: 15.24 m
[49]
Hornet (MAV/ Sodium
AeroVironment) | 2003 PEM Hydrogen borohydride 0,25 |eWingspan: 0,381 m




Nomenclature

PEMFC: Polymer Electrolyte Membrane Fuel
Cell

SOFC: Solid Oxide Fuel Cell

FC: Fuel cell

APU: Auxiliary Power Unit

FCAPU: Fuel Cell Auxiliary Power Unit
GT: Gas Turbine

UAV: Unmanned Aerial Vehicle

UAS: Unmanned Aerial System

DC/AC: Direct Current/ Alternative Current
DOE: US Department Of Energy

CELINA: Fuel Cell Application In A New
Configured Aircraft

NEXCAP: Next Generation Clean Aircraft
Power and Propulsion

ENFICA: Environmentally Friendly Intercity
Aircraft

NASA: National Aeronautics and Space
Administration

NRL: Naval Research Laboratory

DLR: Deutsches Zentrum fur Luft- und
Raumfahrt

MAV: Micro air vehicle

H,: Hydrogen

H,O: Water

NOx: Oxides of Nitrogen

CO: Carbon Monoxide

CO,: Carbon Dioxide
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