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Performance Assessment of
Turbocharged Pem Fuel Cell
Systems for Civil Aircraft Onboard
Power Production
In recent years, civil aircraft projects are showing a continuous increase in the demand of
onboard electrical power, both for the partial substitution of hydraulic or pneumatic
controls and drives with electrical ones, and for the consumption of new auxiliary sys-
tems developed in response to flight safety and environmental control issues. Aiming to
generate onboard power with low emissions and better efficiency, several manufacturers
and research groups are considering the possibility to produce a relevant fraction of the
electrical power required by the aircraft by a fuel cell system. The first step would be to
replace the conventional auxiliary power unit (based on a small gas turbine) with a
polymer electrolyte membrane (PEM) fuel cell type, which today is favored with respect
to other fuel cell types; thanks to its higher power density and faster startup. The PEM
fuel cell can be fed with a hydrogen rich gas coming from a fuel reformer, operating with
the same jet fuel used by the aircraft, or relying on a dedicated hydrogen storage on-
board. The cell requires also an air compression unit, where the temperature, pressure,
and humidity of the air stream feeding the PEM unit during land and in-flight operation
strongly influence the performance and the physical integrity of the fuel cell. In this work
we consider different system architectures, where the air compression system may exploit
an electrically driven compressor or a turbocharger unit. The compressor type and the
system pressure level are optimized according to a fuel cell simulation model, which
calculates the cell voltage and efficiency as a function of temperature and pressure,
calibrated over the performances of real PEM cell components. The system performances
are discussed under different operating conditions, covering ground operation, and in-
termediate and high altitude cruise conditions. The optimized configuration is selected,
presenting energy balances and a complete thermodynamic analysis.
�DOI: 10.1115/1.2772636�
Introduction
New projects of civil aircrafts are in these years frequently

nfluenced by a development strategy focusing on more electric
ircraft �MEA� or even all electric aircraft �AEA� concepts. The
artial substitution of conventional hydraulic or pneumatic con-
rols and drives with electrical ones �see Table 1�, and the intro-
uction of new auxiliary systems bring about an increase in on-
oard electric power consumption, reaching values around
60 kW for airplanes such as the B777 or A330/A340, and going
oward 1.3–1.5 MW for next generation aircrafts �1–5�.

Furthermore, the possible elimination of power offtakes from
he main engines would increase the nominal power output re-
uired by a separated onboard electricity generator.

It is well known that a fraction of electric power is generated
n-board civil aircrafts by small turbine units, acting as auxiliary
ower units �APUs�. Such machines operate with simple cycle,
ncooled operation, low turbine inlet temperature �TIT�, and pres-
ure ratio, generally with single stage radial compressor and a
ower output in the range of several tenth kilowatts and up to the
undred kilowatt scale. Their advantages include low weight,
apid startup, and robustness; disadvantages are primarily the low
fficiency �15–18%� and significant NOx and CO emissions. The
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possible removal of power offtakes from the main engines would
increase the nominal power of the APU system, making more
important to look for higher efficiency and lower pollution de-
vices.

Polymer electrolyte membrane fuel cells �PEM FCs� on their
own are widely experimented in prototypes and generally recog-
nized very attractive for future application in the automotive field;
thanks to their ability to generate electricity with high efficiency
�e.g., 50–55%� in tenth-kilowatt scale systems fed with hydrogen
and operating at low temperatures �60–70°C�. They also show a
rather high power density �in terms of kW/kg and kW /dm3�, fast
startup, and negligible emissions. The quick development of this
technology has suggested to consider their application also in the
aeronautic field, within the perspective of a step by step develop-
ment, which could also represent a new possible market for the
beginning of their commercialization.

The technology roadmap for this development includes several
steps, where the first should be introducing a pure hydrogen PEM
system with minor aircraft changes, aiming to provide a fraction
of electric power �well below the potential power requirements
shown in Table 1� for auxiliary loads and emergency systems
actually sustained by APUs and other generators �for instance, the
air turbine that is used to drive the pumps of the emergency hy-
draulic circuit�. Subsequent steps could involve the use of onboard
reformers �3� as well as different FC types with increasing power
output.

The concept of integrating a PEM unit onboard civil aircrafts
has been already introduced in several works �2,6,7�, where the

fuel cell has been generally considered as a device with assigned
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nergy balances. The scope of this paper is to discuss with better
etail the possible plant configurations and the optimization of the
C operating conditions, using a model which takes into account

he effects of variable fuel cell performances.
The PEM fuel cell requires to be fed with a high purity hydro-

en fuel and with air; both reactants shall be properly humidified
o allow an efficient and durable operation of the cell membrane,
hich works efficiently when wet. By the point of view of the cell
perating conditions, pressurization increases the cell efficiency
nd power output �for a given fuel consumption�, but is energeti-
ally expensive because the air flow has to be compressed. If such
ompression is carried out without recovering useful power from
he cell pressurized exhausts, the compressor power consumption
s higher than the power gain by the FC, so the final effect on the
ystem is negative. For this reason, PEM systems usually work at
ressure between 1.2 bars and 1.5 bars.

Conversely, when operating at high altitude and low ambient
emperature, a certain degree of pressurization is necessary to al-
ow the presence of liquid water at the cell typical operating tem-
eratures. In such conditions, it becomes important to exploit the
xpansion of the cell exhaust gases with a turbine, leading to a
urbocharged cell design. In all cases, it is therefore necessary to
efine the optimal pressure level of the fuel cell system and the
ost suitable system arrangement, which can be used to obtain

he cell pressurization.
In the first section of the paper, a model for predicting the

erformances of PEM fuel cell, with variable pressure operation
nd hydrogen feeding, is discussed. Calculations are performed
ased on state-of-the-art performances of small PEM fuel cell
tacks. Subsequently, two system arrangements are investigated,
here the PEM system is pressurized by �i� an electrically driven

ompressor or �ii� a turbocharger unit, with �iii� an eventual
urner ahead the turbine. This work presents a detailed analysis of
he fuel cell operating parameters and of the other component
haracteristics �pressure drops and efficiencies�, together with
heir effects on the system efficiency. The performances of such a
ystem are predicted, evidencing the most suitable solution.

The option of integrating the PEM system with an eventual fuel
eformer—capable of producing onboard the hydrogen required
y the fuel cell, thus relying only on a jet fuel supply—is not
ddressed in this work, where we prefer to focus on the issues of
ntegrating the PEM and the air compression unit. However, the

able 1 Actual and future electric consumptions, active in-
ight or during ground operation, for large aircrafts. Values
ith parentheses are related to systems active in emergency
nly

Main electrical
consumers

System architecture System
power
�kW�Conventional MEA AEA

mergency pumps �X� �X� �X� �30�
ux. hydraulic pumps X X X 60
uel pumps X X X 10
ce and rain protection X X X 10
ighting X X X 15
ommercial loads X X X 25
vionics X X X 10
alley X X X 75
argo doors — X X 15
light control — — X 80
anding gear — — X 25
ngine starter — X X 350
ing antiice — — X 200

nvironmental and
ooling system �ECS�

— X X 400

otal demand �kW� 205
�235�

970
�1000�

1275 �1305�

n-flight demand �kW� 205 605 910
ption of storing hydrogen onboard is frequently regarded as pos-
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sible in the mid- and long-term future, a time scale appropriate
also for the eventual use of such kind of fuel cell systems.

2 Operating Conditions
The onboard PEM system shall work under variable ambient

conditions during the aircraft flight. A typical operating range is
shown in Fig. 1. We consider here three representative conditions
�see dots in figure�: ground operation, cruise conditions, and high
altitude, low speed flight �the last called “worst” condition�.

The following table �Table 2� shows the ambient conditions in
the three cases. As already mentioned, the pressure level of the
PEM system shall allow the presence of liquid water �avoiding the
risk of boiling�. Within a hypothesis of maximum cell local tem-
perature of 80–85°C, the minimum tolerable pressure would be
close to 0.57 bar according to water saturation tables; considering
possible pressure oscillations, startup, and dynamic load variation
issues, the design minimum pressure level can be set at 0.8 bar for
the PEM system under flight conditions.

In all cases, we consider to design the fuel cell system for
achieving a 60 kW net electric power output at cruise conditions,
a value considered by preliminary projects at Airbus �4,8�; how-
ever, calculations may be easily extended to the case of a different
power output.

3 Calculation Model

3.1 Fuel Cell Model. We make here reference to a PEM
stack, which reflects the features of Nuvera fuel cell technology,
with operating temperature of 70°C, which has been used for
prototypes testing in the range of few kilowatt output as well as
for hundred kilowatt-scale units �9�.

The FC can be humidified by direct water injection �DWI� at
the cathode, without requiring additional humidification at the an-
ode side, because the amount of water used maintains the whole
membrane humid, avoiding dehydration problems. The water
stream can also act as the cell cooler by sensible heat exchange

Fig. 1 Operating range that must be satisfied by an APU

Table 2 Selected operating conditions

1
Ground

2
Cruise

3
Worst

Altitude �m� 0 11000 13000
Mach number 0 0.85 0.6
Static pressure �bar� 1.013 0.226 0.165
Pressure after dynamic
inducer �bar�

0.974 0.268 0.182

Static temperature �K� 288.15 216.65 243.77
Temperature after
dynamic inducer �K�

288.15 247.96 261.32
Transactions of the ASME
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nd partial evaporation, with the latter being the dominant effect
10�. Alternatively, the primary cooling effect can be carried out
ith a separated water loop, a solution preferred, for instance, for

utomotive applications; in this case, a water-glycol mixture cir-
ulates into cooling channels, which are inserted between adjoin-
ng cell groups; the coolant is then circulated in an air-cooled heat
xchanger before returning to the FC �11,12�. The two options do
ot affect significantly the system energy balances discussed in
his work; however, when applied to aircraft operation, both solu-
ions have their drawbacks: �i� the DWI concept may suffer the
ressure variations, which are experienced by the cell stack during
eal operation, requiring large variations of the amount of water
prayed at the cathode to obtain the cooling effect; moreover,
vaporation becomes progressively inefficient when the stack
ressure is increased above 1.5–2 bars, given that the cell average
emperature cannot be increased above 75–80°C with actual

embrane materials, so that heat exchange is primarily carried out
y the liquid stream which increases its mass flow rate; �ii� the
olution with a closed circuit cooling requires to adopt a saturator
n the inlet air flow, which complicates the system layout; the
aturator could be avoided during ground operation, but it be-
omes mandatory when operating with very dry inlet conditions,
s typical when the FC is fed with compressed air during high
ltitude flight.

In this paper, we consider the first solution �cell cooling with
ater injection�, presenting in some cases results of the second

lternative. The PEM is fed by an oxidizer at the cathode �as
entioned, air mixed with water sprayed for humidification� and a

uel �Fig. 2�. The two fluxes flow in contact with cathode and
node porous surfaces, separated by a solid membrane electrolyte,
hich is a good H+ ion conductor. The ionization of molecular
ydrogen to H+ takes place at the anode, thanks to the effect of
roper catalysts �generally platinum�; hydrogen is then oxidized to
team at the cathode.

If the fuel at the anode inlet is pure hydrogen, as assumed in
his paper, the PEM can work in a “dead-end” arrangement: the
node has only an entrance side and no exit �except for periodical
urging of accumulated inerts and pressure regulation�, and all the
ydrogen is used in the fuel cell. If the fuel at the anode inlet is a
ixture of hydrogen and other components, hydrogen can be elec-

rochemically oxidized only up to a maximum fuel utilization fac-
or, to avoid the large voltage losses due to reactant concentration
radients and limited gas diffusivity near the electrodes active
rea. The same consideration applies to the air flow; air and fuel
tilization factors �see Nomenclature� quantify the consumed

ig. 2 PEM module operating principles and schematic layout
ractions.

ournal of Engineering for Gas Turbines and Power
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The FC generates direct current electrical energy with an effi-
ciency proportional to its voltage. The efficiency is positively af-
fected by pressurized operation, with a gain proportional to the
operating pressure, while it decreases by increasing the cell cur-
rent density. The model calculates the cell electric power produc-
tion, heat generation, and efficiency together with the thermody-
namic properties and chemical composition of the inlet and outlet
flows, as a function of the cell operating conditions �temperature,
pressure, current density, fuel, and oxidizer composition and uti-
lization factors�.

The amount of hydrogen that permeates and reacts with oxygen
is calculated by multiplying the mass stream at the anode inlet
with the fuel utilization factor. In the same way, the inlet air flow
is estimated based on the air utilization factor. The anode outlet
mass flow is computed as the difference between the inlet mass
flow and the hydrogen permeated; the cathode outlet stream is the
sum of the cathode inlet air, the water for cooling, and the hydro-
gen permeated.

The cell voltage Vc is estimated based on the cell current den-
sity ic by means of the following equation �13�:

Vc = A + B log10 ic + Cic �1�
This formula does not consider the concentration losses, because
in this study we assume that the fuel cell operating conditions
always fall in the linear portion of the polarization curve, where
the dominant effect is a linear resistance loss. The parameters A,
B, and C are function of temperature and pressure and they can be
expressed by the following equations �14,15�:

A = a + b log10 P �2�

B = c + dT �3�

Table 3 Constants in Eqs. „1…–„4…

a 0.779
b 0.104
c 0.0324
d −2.21�10−4

e −1.50
f 3.85�10−3

Fig. 3 Cell polarization curves at variable pressure „data for
GORE® Primea Series 56 membranes, T=75°C Ref. †16‡….
MARCH 2008, Vol. 130 / 021701-3
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C = e + fT �4�

he constants a– f of the equations are calibrated by interpolation
f experimental data for state-of-the-art PEM membranes �Fig. 3�.
he final equation, whose constants are reported in Table 3, al-

ows us to reproduce experimental results with an average voltage
rror below 1% in the regions of interest.

Based on the cell voltage, the stack electric power is calculated
y

Pel = 2 � F � NH2,p
� Vc �5�

here NH2,p �mol /s� are the moles of hydrogen permeated from
node to cathode. It is then possible to find the cell active area, Ac,
s the ratio between power output �Pel� and the product of current
ensity and cell voltage �icVc�.

The amount of water injected for cooling is calculated itera-
ively with to respect the energy balance of the system, reaching
n assigned value of the cathode and anode outlet temperature
75°C�. Compositions are calculated based on the quantity of
ydrogen permeated.

The following table �Table 4� shows other fuel cell simulation
ssumptions. Fuel is assumed here to come from pressurized
anks, so that no fuel compressor is required.

3.2 Compressor and Other Components. The system layout
ncludes a compressor, with the function of ralsing the cell pres-
ure up to a desired value, and may include a turbine. These
omponents work with maximum pressure ratios in the range 3.5–
.5, similar to those of radial turbomachines used for gas micro-
urbines �17–19�. However, the air mass flow rate handled in the
EM system considered here is rather low �below 0.1 kg /s, i.e.,

hat of a few kilowatt microturbine�, suggesting the necessity to
dopt very high speed components �20,21�, comparable to those
sed for the turbochargers of the car industry. The assumptions
sed for their simulation, together with those of other plant com-
onents �heat exchangers�, are shown in Table 5 �22–24�.

Based on the aircraft operating conditions considered above,
he compressor system has to deal with a large variation of pres-
ure ratio �1.2–4.5� and an extremely wide variation of inlet volu-
etric air flow rate, the latter yielding a sixfold variation of cor-

ected mass flow at compressor inlet �Eq. �6�� going from ground
peration to high altitude flight.

mr = min

�T/Tref

p/pref
�6�

he typical operating range for centrifugal compressors allows a
orrected mass flow variation around 1:3 between the minimum
nd maximum pressure ratios requested here �22�; this consider-
tion suggests that the compressor system has to be designed with
wo parallel units, the first operating at ground and low altitudes,
nd the second added at high altitude when the inlet air volumetric
ow rate becomes too large.

Plant Configurations and Thermodynamic Results
The proposed plant configuration is shown in Figs. 4�a�–4�c�

ith the corresponding energy balances and with the thermody-
amic conditions of all the relevant cycle points. The analysis of

Table 4 PEM model assumptions

p / p air/fuel side 1%
eat loss 1%
c-ac efficiency 94%
uel utilization factor Uf

100%
ir utilization factor Ua

50%
urrent density ic 0.4 A /cm2

uel composition 100% H2
he complete power cycle is made with a modular simulation code

21701-4 / Vol. 130, MARCH 2008
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�GS� already described in previous works and tested on a wide
variety of gas turbine and fuel cell cycles �25–27�.

The fuel cell is designed to work at a given current density
�0.4 A /cm2, Table 4� at cruise conditions, where the system air
mass flow rate is adjusted to achieve the desired power output.
The remaining operating conditions are calculated within the hy-
pothesis of keeping the same cell active surface Ac and changing
the current density �influencing the cell voltage according to Eq.
�1�� to reach the same power output.

4.1 Base Case. The base case arrangement �A� is shown in
Fig. 4�a�. The air flow enters the system from the intake �1�,
where speed is turned into pressure by a diffuser, and then it is
compressed up to the pressure required by the FC. After compres-
sion, the air flow �3� shall be cooled to the temperature required
by the FC with a heat exchanger, for instance, going from
95°C to 100°C down to 80°C. At the inlet of the cathode �5�, air
is mixed with water at about 55°C �6� for cell humidification,
resulting in a further reduction of temperature. Hydrogen �4� feeds
the PEM anode after being depressurized to the same pressure of
the air flow1. The water required for humidification is separated
by condensation from the cathode exhaust stream and recycled;
the remaining exhausts are vented in the atmosphere �7�. Thermo-
dynamic properties and composition of the main streams are
showed in Table 6.

Preliminary optimization of the cell operating pressure has
shown, with all the operating conditions of Table 2, that there is
no practical gain to operate the fuel cell at higher pressure when
the external ambient pressure is lower than the minimum pressure
level considered above �0.8 bar�: It always happens that the power
required to drive the compressor is much higher than the gain
obtained with a higher cell voltage and cell power output �24�.
Consequently, cell pressure is set at a minimum of 0.8 bar during
flight, while at higher ambient pressure conditions �i.e., ground
conditions� the system is only slightly pressurized at 1.2 bars to
sustain internal pressure drops. The system energy balances are

1Fuel preheating at 15°C is necessary when the tank temperature is too low. It is
accomplished with a small heat exchanger �not shown in figures for simplicity�,

Table 5 Compressor and other component model assump-
tions „cases A–C are presented in Sec. 4…

Compression system

Design conditions �cruise�
Pressure ratio 3.0
Mass flow at compressor inlet �kg/s� 0.07
Corrected mass flow �Eq. �6�, kg/s� 0.274
Compressor isentropic efficiency �6� 0.76
Turbine isentropic efficiency �1� 0.82
Operating range
Pressure ratio 1.2–4.4
Mass flow at compressor inlet �kg/s� 0.06–0.09
Corrected mass flow �Eq. �6�, kg/s� 0.07–0.46

Combustor

Combustor �p / p �air side, Case C� 3%
Combustion efficiency �Case C� 0.96

Mechanic and electric losses

Organic efficiency 0.92 �A,B�–0.97 �C�
Electric motor efficiency 0.85 �A�–0.81 �B�

Heat exchangers

Minimum �T �°C� 10
�p / p hot/cold side 1%
Heat loss 1%
recovering heat from the cell cooling loop.

Transactions of the ASME
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resented in Table 7. They indicate a design efficiency of 43.5% at
ruise conditions, while the efficiency is 52.5% during ground
peration, where the compressor consumption becomes
egligible.

A possible improvement of this configuration would be to ex-
loit the expansion of the vented gases �point 8 in Fig. 4�a�� in a
urboexpander; however, direct expansion is not feasible because

ig. 4 „a… Schematic layout of the base case. „b… Schematic
ayout of the case with turbocharger. „c… Schematic layout of
he case with combustor and turbochanger.
he low turbine inlet temperature would easily lead to frost forma-

ournal of Engineering for Gas Turbines and Power
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tion in the expander. It could be possible to stop the turbine ex-
pansion at a higher pressure than atmospheric in order to avoid
this problem, but the power gain would be too low to justify the
complexity added to the system. The solution of adopting a tur-
boexpander becomes feasible only changing the system layout as
presented in the following cases.

4.2 Case With Turbocharger. In the second case �B�, shown
in Fig. 4�b�, the cooling of compressed air is done with the cell
exhaust gases. This solution allows us to avoid introducing an
additional cooling flow, and the temperature of the gases becomes
acceptable for a turbine expansion. The resulting TIT is anyway
very low, so that expansion power remains lower than compres-
sion power; therefore, an electric motor is required to cooperate in
driving the compressor. However, the electric power consumption
of the motor is significantly lower than in Case A, giving the
possibility to achieve a higher system efficiency. The system net
electrical efficiency reaches 50.5% at cruise conditions �Table 8�,
with an operating pressure higher than in Case A.

The system optimal operating pressure is set to maximize the
efficiency, as shown in Fig. 5 for the case of cruise conditions,
where the optimized pressure of 1.2 bars corresponds to a com-
pressor pressure ratio �=4.5.

At the other two operating conditions, the effect of pressure is
different: Efficiency decreases with pressure in the worst case, due
to the extremely low initial pressure at compressor inlet, then the
PEM is operated at 0.8 bar �and ��4.5�. At ground conditions,
pressurization gives instead some advantages, with the efficiency
reaching a flat maximum at about 2.5 bars ���2.5�2

Although the electrical efficiency is very high, the system lay-
out is complicated by the concept of powering the compressor
partly by the turbine and partly by the electric motor, a solution
which would probably face significant control issues under the
very different operating points required by this application. How-
ever, it should be noted that such arrangement is, in principle,
similar �except for the direction of the power flow� to the one
commonly used in gas turbines, where the turbine drives the com-
pressor and the alternator; moreover, the electric motor could be
used during startup and other transient operation procedures.

4.3 Case With Combustor and Turbocharger. Case C is
similar to the previous one, with a combustor added to make the
turbocharger always self-sustained �Fig. 4�c��. The system layout
avoids using the electric motor3, but the combustor consumes ad-
ditional fuel; aiming to reduce the hydrogen consumption, we
have assumed here to use the same jet fuel already onboard the
aircraft to feed this combustor.

In all cases, the system efficiency remains between that of
Cases A and B, reaching 48.7% under cruise conditions �Table 9�.
The cell active area is about 6% lower than in Case B and 20%
lower than in Case A, allowing significant savings on the PEM
cost, because the fuel cell does not have to sustain the consump-
tion of the electric motor.

The effects of cell pressure on electrical efficiency and the re-
sulting TIT are shown in Figs. 6 and 7. At cruise conditions,
results are similar to what has been found in Case B. The required
TIT is always very low �i.e., below 550 K�, so the combustor
should be operated with an extremely large excess air, with the
possibility of achieving low NOx emissions.

At ground conditions, the efficiency rises up to ��4, but the
majority of the gain is already achieved at �=2–3; setting the
operating point within this range allows us also to minimize the
TIT.

On the other hand, the very low TIT remarks that the gas cycle,

2Above this pressure level pressurization would require a substantial increase of
the water spray necessary to sustain the DWI cooling concept, as discussed at Sec.
3.1.

3This yields also an increase of mechanical efficiency thanks to the absence of a

gearbox.

MARCH 2008, Vol. 130 / 021701-5
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lthough self-sustained, has poor thermodynamic quality; this
urns into the efficiency decrease—in all operating points—with
espect to Case B.

4.4 Comparisons. The energy analysis shows that both Cases
and C, relying on a turbocharger to drive the compressor,

chieve better electrical efficiency and reduce the electric power
utput required to the PEM with respect to Case A. The system
ayout of Cases B and C is of course more complicated, but given
hat the specific costs of the PEM are much higher than those of
he expander, it is possible that these solutions are preferable also
rom an economic point of view4

Among the two favored cases, plant B reaches maximum effi-
iency, also featuring zero NOx and CO emissions, thanks to the
bsence of any conventional combustor.

4A detailed economic analysis, which goes beyond the scope of this paper, should

Table 7 Energy balances for Case A „PEM Ac=27.5 m2
…

Cruise Worst Ground

EM pressure �bar� 0.8 0.8 1.2
ressure ratio � 3.0 4.4 1.2
ell voltage Vc �V� 0.700 0.685 0.722
ell current density �A /cm2� 0.400 0.461 0.333

air �kg/s� 0.079 0.091 0.066
EM fuel heat input
mfuel,PEM�LHV� �kW�

137.7 158.7 114.7

el,PEM �kW� 72.36 81.52 62.15

el,compressor �kW� 12.36 21.52 2.15
lectric efficiency �el �%� 43.57 37.82 52.31

Table 8 Energy balances for Case B „PEM Ac=23.7 m2
…

Cruise Worst Ground

EM pressure �bar� 1.2 0.8 2.5
ressure ratio � 4.5 4.4 2.6
ell voltage Vc �V� 0.719 0.695 0.757
ell current density �A /cm2� 0.400 0.421 0.381

air �kg/s� 0.068 0.072 0.065
EM fuel heat input
mfuel,PEM�LHV� �kW�

118.7 125.1 113.1

el,PEM �kW� 64.00 65.20 64.21

el,motor �kW� 4.00 5.20 4.21

compressor �kW� 12.11 13.26 7.89

turbine �kW� 9.13 9.39 4.76
osses �mech., el.� �kW� 1.02 1.33 1.08
lectric efficiency �el

50.53 47.98 53.04

Table 6 Stream data for Cas

T
�°C�

P
�bar�

m
�g/s� Ar

1 −56.5 0.23 79.2 0.92
2 −25.2 0.27 79.2 0.92
3 95.4 0.81 79.2 0.92
4 15 0.81 1.15 —
5 80 0.80 79.2 0.92
6 55.4 0.80 25.1 —
7 75 0.79 105.5 0.57
8 53.8 0.75 80.4 0.83
e carried out to investigate this aspect.
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It is interesting to compare the best PEM configurations �Cases
B and C� with a conventional APU. Table 10 shows the energy
balances of the plants: both PEM cases have of course a much

Table 9 Energy balances for Case C „PEM Ac=22.2 m2
…

Cruise Worst Ground

PEM pressure �bar� 1.2 0.8 2.5
Pressure ratio � 4.5 4.4 2.6
Cell voltage Vc �V� 0.719 0.697 0.757
Cell current density �A /cm2� 0.400 0.412 0.380
mair �kg/s� 0.064 0.066 0.061
GT TIT �K� 546 593 692
PEM fuel heat input
�mfuel,PEM�LHV� �kW�

111.3 114.7 105.7

GT fuel heat input
�mfuel,GT�LHV� �kW�

11.8 15.5 21.6

Pel,PEM �kW� 60.0 60.0 60.0
Pcompressor �kW� 11.36 12.16 7.37
Pturbine �kW� 11.71 12.54 7.60
Losses �mech.� �kW� 0.35 0.38 0.23
Electric efficiency �el

48.73 46.09 47.12

Fig. 5 Electrical efficiency of Case B as a function of pressure
at cruise conditions

„Fig. 4„a……, cruise conditions

Molar fractions �%�

CO2 H2 H2O N2 O2

0.03 — 1.03 77.28 20.73
0.03 — 1.03 77.28 20.73
0.03 — 1.03 77.28 20.73
— 100 — — —

0.03 — 1.03 77.28 20.73
— — 100 — —

0.018 — 44.99 47.98 6.44
0.03 — 19.72 70.02 9.39
e A
better efficiency, which allows significant advantages in terms of
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educing the weight of the fuel consumed during flight5

By the point of view of water consumption, the amount of
ater sprayed at the PEM cathode for cell humidification and

ooling �by partial evaporation and sensible heat exchange� ranges
etween 375 g /s and 353 g /s for Cases B and C at cruise condi-
ions �Table 10�, and can be entirely recovered by condensation of
he system exhausts.

For comparison, the alternative of cooling with a separate water
ircuit would require 624.5 g /s for scenario B and 588.3 g /s for
cenario C �with heat exchange only through sensible heat, under
he same temperature differences�, while reducing the amount of
ater to be evaporated for the saturation of the cathode flow at

bout 8.3 and 7.8 g /s, respectively, for Cases B and C.

Conclusions
This work has considered the issue of integrating a PEM fuel

ell onboard an aircraft for generating a fraction of auxiliary sys-

5Further analysis would be required to compare the systems in terms of weight at
akeoff; for instance, the PEM generator is expected to be significantly—but not

ig. 6 Electrical efficiency and TIT of Case C as a function of
ressure for cruise conditions

ig. 7 Electrical efficiency and TIT of Case C as a function of
ressure for ground conditions
xtremely—heavier than a conventional APU.

ournal of Engineering for Gas Turbines and Power
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tems electric consumption. Calculations have been performed
with a model that takes into account the effects of temperature and
pressure on the cell efficiency, optimizing the fuel cell operating
point at variable flight conditions. Different system architectures
have been considered, where the FC is fed with hydrogen as fuel
and compressed air taken from the external surroundings as oxi-
dizer: the first �Case A� with the air fed to the FC by an electri-
cally driven compressor, the other �Cases B and C� relying on a
turbocharger to drive the compressor, reaching better electrical
efficiency and reducing the size of the PEM. Optimized pressure
ratios have been found, with the cell operating pressure ranging
from 0.8 bar to 2.5 bars. In all cases, the proposed system yields
relevant fuel savings with respect to a conventional gas-turbine
APU, with the distinctive advantage of achieving zero NOx emis-
sions in the most efficient configuration, where net electrical effi-
ciency exceeds 50% at aircraft cruise conditions.
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Nomenclature
Ac � cell active area �cm2�
F � Faraday’s constant �96 439 C /mol of electrons�
ic � cell current density �A /cm2�
m � mass flow rate �kg/s�
p � pressure �Pa�

Pel � electric power �MW�
Qth � thermal power �MW�

T � temperature �°C or K�
Ua � cell air utilization factor:

Ua=O2,consumed /O2,inlet
Uf � cell fuel utilization factor:

Uf =H2,consumed /H2,inlet
Vc � cell voltage �V�
� � pressure ratio

�el � electric efficiency �LHV base�

Acronyms
dc/ac � direct/alternating current

FC � fuel cell
GT � gas turbine

LHV � lower heating value �kJ/kg�
PEM � polymer electrolyte membrane fuel cell

Table 10 Energy balances for a conventional turbine APU „�
=3, TIT=1073 K… and for the PEM Cases B and C „cruise
conditions…

Energy balances
PEM

B
PEM

C GT

System net power output �kW� 60.0 60.0 60.0
PEM fuel heat input
�mfuel,PEM�LHV� �kW�

118.7 111.3 0.0

GT fuel heat input
�mfuel,GT�LHV� �kW�

— 11.8 349.3

Hydrogen consumption �kg/h� 3.56 3.34 —
Jet fuel consumption �kg/h� — 0.99 21.43
mair �kg/s� 0.068 0.064 0.30
Stack outlet temperature �K� 280 391 836
Electric efficiency �el

50.53 48.73 17.75
TIT � turbine inlet temperature
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