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Abstract — In recent work carried out in the LAPLACE laboratory, a model of PEM
fuel cells in variable operating conditions was proposed and investigated [1] [2].
This model allows predicting with satisfactory results the polarization curves of
PEM single cells which operate in a defined operating range. First results seem also
promising if we want to extend the validity domain of this model to other operating
condition ranges. The purpose of our work is to study the behaviour of this model
when it is applied to a PEM fuel cell stack operating in typical aeronautical
conditions in order to be able to estimate its performance. Particular attention will be
paid to low pressure functioning. An experimental database is created using the
Design of Experiments method and is then exploited to parametrize the model. First
modelling results will be presented and analysed.

Keywords — PEM fuel cell, aeronautical application, Design of Experiments,

modelling.

1. INTRODUCTION

Nowadays, fuel cells are getting an increasing
amount of interest from the actors of the
aeronautical industry and their integration in
airplanes is considered as a consistent solution [1]
[2]. However, even if this technology is quite
mature in automotive and stationary sectors, there
are still many questions about how the operating
conditions specific to aeronautical environment will
influence the functioning and the performance of
fuels cells [3].

In the thesis work of Isabelle Labach carried out
recently in the LAPLACE laboratory, a model of
Ho/Air PEM fuel cells in variable operating
conditions was proposed [4]. This model was
validated with single cells. Impacting factors which
were considered are temperature, pressure, air
relative humidity and air stoichiometry. The
proposed model was parameterized thanks to a
database created with Design of Experiments
method. Experimental relations were then
established to express the variation of the model
parameters as a function of the operating
conditions. This model allowed predicting with
satisfactory results the polarization curves of PEM
single cells which operate in a given range of

operating conditions. In addition, results seem also
promising to estimate polarization curves of cells
operating outside the defined range.

Zodiac Aerotechnics develops and produces PEM
fuel cell systems which are dedicated to
aeronautical applications. A benchmark study has
been achieved in order to compare performances of
several stacks supplied by Zodiac Aerotechnics.
Tests include a study of the performance of the
stacks submitted to operating conditions specific to
aeronautical applications like low temperatures and
low pressures.

The idea proposed in this article is to use this test
campaign to provide first elements to model PEM
fuel cell in aeronautical conditions. The first part of
our work is to apply the previous developed model
to stacks supplied by a different company
(compared to the previous work [4]) and submitted
to another operating field. Additional work consists
then in studying the behavior of the model for
operating conditions specific to aeronautical
environment.
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2. EXPERIMENTAL APPROACH

2.1. TEST BENCH DESCRIPTiON

One test bench is dedicated to the Benchmark
testing. The test bench is equiped with 2
commercial pumps, one for hydrogen and one for
oxygen, in order to be able to recreate
subatmospheric pressure functioning.

Stacks which are used in the Benchmark study are
provided by Zodiac Aerotechnics.

2.2. DESIGN OF EXPERIMENTS (DOE)

Tests are organized following the Design of
Experiments approach. The first DoE (DoE n°1) is
constructed with a factorial plan made of 4 factors:
temperature T, pressure P, air relative humidity
RH.ir and hydrogen relative humidity RH2.

I. Factors and associated levels for DoE n°1

Factor Levels

T 65— 80 °C

P 0.8-1-1.3-1.5bars
RH.ir 30-50 %

RH, 30 -50 %

Air and hydrogen stoichiometries are held
constants: Aair = 2 and Anyg = 1.5.

In all, 32 points, defined by their operation
condition set (T, P, RHair, RH42), have to be tested
in the DoOE n°1.

The second part of the tests (DoE n°2) is entirely
devoted to the study of operating conditions
specific to aeronautical environment. DoE contains
points at low pressures until 0.6 bar and at low
temperatures until 40 °C.

2.3. EXPERIMENTAL PROCEDURE DESCRIPTiON

For each point of the achieved DoE, a polarization
curve is plotted (18 levels). Electrochemical
Impedance Spectroscopy (EIS) measures are
carried out from 16 kHz to 1 Hz at each current
level. A reference polarization curve is plotted at
the beginning and at the end of each testing day in
order to verify the stability of the fuel cell.

2.4. FIRST EXPERIMENTAL RESULTS

First experimental results for DoE n°1 applied to
the stack n°1 are given in Figure 2. Polarization
curves are plotted for every operating condition set.

It appears that best performances for this stack are
obtained for T= 65°C, P = 1.5 bar, RHair = 50%
and RHu2 = 50%.

In contrast, a decline of the performances is
observed for the functioning at low pressures,
especially for P = 0.8 bar. Curve n°28, which
correspond to the operating conditions T = 80°C,
P = 0.8 bar, RHair =30% and RHu2 =30%, could
not have been plotted because cell voltages were
too lows (security cell voltage level was reached).
These first observations are in accordance with
available literature elements showing performances
drop with the pressure decrease [5] [6] [7].

3. PEM FUEL CELL MODEL

3.1. PREVIOUS MODELING WORK

The global model equation is:

U FC = Erev ~Mact —Maitt — Mohm (1)

with

Uec: Fuel Cell voltage

Erev: theorical thermodynamic reversible voltage
Nact, Ndiff, Hohm - activation, diffusion and ohmic
losses

The thermodynamic reversible voltage can be
defined thanks to the following relation:

Erev = Eorev %ln[pm(poz%)] (2)

Activation losses, represented by 7., are linked to
the chemical reactions Kkinetics. Thanks to a
simplified Butler-Volmer equation, #a: can be

written:
RT J+1J
=——In n 3

Mact == ( 3 j 3)

Diffusion losses #qirr refer to the reactant gas
transport in the Gas Diffusion Layer (GDL) and in
the Active Layer (AL). These losses are mainly
occuring at the cathode side. Combining Fick and
Faraday laws, and assuming that diffusion losses
are mainly occuring at the cathode side, the
following relation can be proposed for #yi:

Maire = RTI”[]-_JJ 4)

IBnF ‘]Iim

Ohmic losses #onm includes voltage drops linked to
the membrane resistance, to the electronic
resistance of the others elements of the cell
(electrodes, bipolar plates, etc.) and to contact
resistances existing between the different layers.




Assuming that the main ohmic losses are located in
the membrane, 70nm Can be expressed by:

nohm = Rohm‘:| Wlth Rohm = Rmemb (5)

I1. Equation parameters

Symbol Quantity

o charge transfer coefficient

n number of exchanged electrons in the global
reaction (n =2)

Jn parasitic reaction equivalent current density
(A/lcm?)

Jo exchange current density (A/cm?)

B diffusion coefficient

Jiim limiting diffusion current density (A/cm?)

Rohm ohmic resistance (Q.cm?)

Rinemb membrane resistance (Q.cm2)

Fuel cell voltage can be expressed with the
following relation:

ﬂ.,{l_;]

mF ‘]Iim

RT  (J+J,)
UFC_Erev_ﬁln( Jg J

Parameters to be identified are a priori a, Jo, Jn, 8

and Jiim.

- Rohm‘] (6)

Ronm is not identified but measured thanks to EIS.
As described before, Ronm is assimilated t0 Rmemb
which is given by the intersection of the spectrum
with the abscissa axis.

In recent work of the laboratory, a quasi-static
model taking into account the dependency on
operating conditions was proposed. The influence
of temperature T, pressure P, air relative humidity
RHair and air stoichiometry Zair on the polarization
curve is studied and modelled. A DoE using 4
factors (T, P, RHair, Zdair) with 2 levels was
performed to make an experimental data base (16
polarization curves and EIS measures). Thanks to
first  experimental results, but also to
bibliographical work, the precedent model was
completed to integrate the operating condition
influences:

RT In[J +Jn(I',P)]

al

Uy =E,  (T,P)-——In 2t/
FC rev(T ) nF JO(T,P)

()

=R (T, P, RHGi Agir s 1)d

air 1

ﬂm[l_+]
mF ‘]Iim (T*P'RHair’/lair)

o is considered invariant with the operating
conditions: a = 0.5.

B, which is related to electrode geometric
properties, is also considered invariant with the
operating conditions but has to be determined.

Parameters to be identified for each set (T, P, RHair,
Aqir) are Jo, Jn, B and Jiim. The approach proposed is
to carry out a simultaneous optimization on all the
polarization curves. A least square criteria is used
for optimization process.

In the second part of this modelling work, relations
giving the variation of the model parameters as a
function of operating conditions were developed.
Combine effects of several operating factors could
also be taken into account with the introduction of
interconnected factors in these laws.

The relation giving the exchange current as a
function of operating conditions is a physical based
relation constructed with an Arrhenius law.

4
P E T
‘JO(T- P) = ‘Jo_arr(P\J exp{_ Railc_t (1_1-}} (8)
ref ref

with Jo arr reference exchange current density, y
reaction order with respect to oxygen and Eaq
activation energy.

‘]n(T'P):‘]nimean+aJnXt+anXp+CJnXtXp (9)

With Jn_mean, @i, ban, Can: CONStants to be identified
thanks to the experimental data.

Relations for the limiting current is giving in Eq. 10
With Jiim_mean, @3tim, D3tim, Catim, Oatim, €3tim, fatim, Qatim,
haiim, iim and jaim constants to be identified thanks
to the experimental data.

A unique set of parameters is obtained for all the
curves.

Experimental data :
16 polarization curves
+ associated EIS measures

Results of the identification process :
1 parameter set (Jg, J,,, B, Jjim)
identified for each operating
condition set (T, P, RH,;, A,;,)

air

Expression of the parameter variations as
a function of the operating conditions :
LR J(TP)  JylT P RH,, Ay

Fig. 1. lllustration of the modelling approach

Last step of the modelling approach was the
validation of the model with points which are not
considered in the DoE testing or with points taken
outside the defined operating field. Quite
satisfactory results were obtained.



3.2. VALIDATION OF THE MODELING TOOL

The aim of this step is to validate our modeling tool
before applying it to our experimental database.

A set of parameter is arbitrarily chosen to be the
reference parameter set. Using these parameters, a
“fictional” database is created applying laws and
relations which compose the studied model. This
database is the equivalent of the experimental
database in a classical optimization process. The
optimization process is then applied to our fictional
database to identify a parameter set using a least
square criteria. At the end, these estimated
parameters are compared to the reference
parameters, which are known because database has
been defined with imposed reference, in order to
validate the identification tool.

Choice of reference parameters

Generation of a fictional database

Obtaining estimated parameters

Comparison between estimated and
reference parameters

Fig. 2. lllustration of the validation step of the
identification tool

This method has been applied using the parameters
identified for the DoE defined in the work of
I. Labach [4]. It is to say that 16 operating condition
sets have been considered (see table 111).

111. Factors and associated levels for DoE n°1

Factor Levels

T 60— 75 °C
P 1.5 -4 bars
RH.ir 70 -90 %

)Lair 15 - 225

Identification of Jo, Jn, B and Jiim

A database giving several polarization curves
(voltage Ucen versus current density) for different
operating conditions is created using imposed
reference parameters.

Parameters to be identified are Jo, Jn, £ and Jiim. AS
in the thesis work of I. Labach [4], parameter
dependencies on operating conditions are
considered.

IV. Parameter dependencies on operating

conditions
Parameter Dependencies on operating conditions
Jo TP
Jn T,P
S S = constant
Jiim T, P, RHair, Aair

For exemple, Jo depends on T and P. As 4 different
couples (T, P) are considered to create the fictional
experimental database, 4 Jo have to be identified.

The global parameter vector to be identified is (see
Fig.3. for more details):

Jl'h" ‘](J_'" J!JJ' JI'H' Jm" Jn.’! ‘]}13' ‘]114’ }G' J!iml" ey J[{'mlﬁ |

Every set of operating conditions is linked to a
couple of parameters (Jo, Jn, B, Jiim).

Curve
--
1 Jos I p

1 1 1 1 Jima
2 1 1 1 1 Jo1 Jn1 B Jima
3 1 1 -1 1 Jos It p Jiim3
4 1 1 -1 1 Joi Jog B Jiima
5 1 1 1 1 Joo e B Jims
6 1 1 1 1 Joa Jnz B U]
7 1 1 -1 1 o Jnz B Stz
8 1 1 -1 1 Joz Jna2 B Jime
9 -1 1 1 1 Joz Jos i Jima
10 il 1 1 1 Jos M £ o
11 -1 il -1 il Joa Jna B Jiimaz
12 -1 1 1 1 Joa Jna B iz
13 il 1 -1 1 Jos Jns £ i
14 -1 1 1 1 Jos Jnz i3 Jim1a
il -1 1 -1 1 Jos Jnz B Jimas
16 =il 4l =il 1 I Ji B Jimts

Fig. 3. Link between operating condition set and
associated parameter set (Jo, Jn, S, Jiim)

In this table, variables t, p, rhar and A are
normalized compared to the middle point of the
DoE. For exemple, t is given by:

T -Tuy
T

norm

t (10)

with T = Tmax +Tmin and T Tmax _Tmin
moy

norm =
2

The algorithm objective is to minimize the error ¢
using a least square criteria (Eq. 11).

i . 2
&= Z Z [U cell _estimated ( J) -u cell _reference ( J) J

n_curves j UceII 7reference( J)




Parameter | Reference parameter | Estimated parameter Relative error

Jor 3.91 x 10° Afem? 3.91 x 10° Afem? 8,73 x10°®
oz 2.44 x 106 Afcm? 2.44 x 106 Afem? 5,72 x 10
o3 1.59 x 10 Afem? 1.50 x 10 Afem? 1,66 %10
Joa 9.76 x 107 Afem? 9.76 x 1077 Afem? 1,95x 10
Joz 0.006 Afcm? 0,006 Afem? 6,53 x10°
Joz 0.002 Afem? 0.002 Afem? 1,12 x10°
Joa 0.005 Afcm? 0.005 Afem? 1,88 x 107
Js 0.001 Afcm? 0.001 Afem? 6,20 x 10

p 0122 0122 1,63 x 1010
Joms 1.85 Afem? 1.85 Afem? 6,17 x 109
Jimz 1.54 Afem? 1.54 Afem? 1,42 x10%
ims 2.11 Afem? 2.11 Afem? 1,90 x 104
Jima 1.58 Afem? 1.58 Afem? 8,66 x 10
Jims 1.23 Afem? 1.23 Afem? 7,59 x 10°¢
Jims 1.10 Afem? 1.10 Afem? 5,78 x 1020
Jimz 1.39 Afem? 1.39 Afem? 1,58 x 10°®
Jime 1.15 Afem? 1.15 Afem? 3,35 x 10710
Jims 1.37 Afem? 1.37 Afem? 8,91 x10*
Jimia 1.12 Afem? 1.12 Afem? 6,80 x 10
Jimis 1.14 Afem? 1.14 Afem? 8,24 x 1020
Jimaz 1.04 Afem? 1.04 Afem?® 1,44 x 109
Jimz 1.58 Afcm? 1.58 Afcm? 6,68 x 107
Jimia 1.23 Afem? 1.23 Afem? 8,43 x10¢
Jimis 1.33 Afem? 1.33 Afem? 1,51x10%
imis 1.04 Afer? 1.04 Afem? 1,38x10%°

Fig. 3. Identification results for the parameter
vector

Results show a maximal relative error lower than
107,

Identification of the parameters for the variation
laws giving Jo, Jn, B and Jim as a function of
operating conditions

Once the vector containing 25 parameters has been
found, the objective is to determine the general
variation laws of Jo, J» and Jim as a function of
operating conditions T, P, RHair and Aair.

Parameter vectors which have to be identified are
presented below:

| Jf.‘ arp Vs Ea.-f
J, A by iy

n_moy

| '].l'r.Hmeun‘ @i B iime st tions i St ot Pt Ltions st |

As for the previous optimization process, the
algorithm objective is to minimize the error using a
least square criteria.

Reference parameter | Estimated parameter

Jo_arr 9.70 x 107 Afcm? 9.70 x 107 Afecm? 0.1577 x 10°%
¥ 0.5 0.5 0.3421 x 10°®
[ 58.8 x 10° J/mol 58.8 x 10%)/mol 0.0580 x 10°®

Fig. 4. Identification results for Jo(T, P)

Reference parameter | Estimated parameter

Iy wece 0.0034 Afem? 0.0034 Afem? 0.0123 x 107
ay, 32x10% 3.2x10% 0.2450 x 107
b, 0.0018 0.0018 0.0113 x 107
€ 1.6 x10* 1.6 x10* 0.2661 x 107

Fig. 5. Identification results for Ju(T, P)

Parameter | Reference parameter | Estimated parameter Relative error

i mean 1.3620 1.3620 0.0023 x 10
[ 0.1310 0.1310 0.0121 x 10
By 0.2096 0.2096 0.0098 x 10
Citm -0.0542 -0.0542 0.0340 x 10°
[ 0.1070 0.1070 0.0077 x 10°
. 0.0638 0.0638 0.0026 x 10
B 0.0128 -0.0128 0.1659 x 10
. 0.0354 0.0354 0.0296 x 10°
[ 0.0254 -0.0254 0.0304 x 10
(- 0.0382 0.0382 0.0059 x 10
= -0.0248 -0.0248 0.0053 x 10°

Fig. 6. Identification results for Jiim(T, P, RHair, Aair)

Maximal error obtained between reference and
estimated parameters is lower than 10°.

3.3. USE OF THiS MODEL FOR OUR DOE ANALYSiS

At present, the objective is to use the previously
described model tool, which has been validated, for
exploiting our real experimental database obtained
with a first stack.

First difficulties to adapt the approach to our DoE
testing come from several points:

e previous model and experiments were made
at single cell level

e our DoE is defined with different operating
factors (T, P, RHair, RHH2) whereas precedent
DoE was made with operating factors (T, P,
RHair, iair)-

e our DoE testing includes subatmospheric
pressure tests.

Simulations are still in progress to parametrize the
model.

CONCLUSION

A first step has been necessary to validate the
identification tool. This tool is able to identify
parameters with a satisfactory accuracy.

However, as expected, it appears that the accuracy
of the optimization process is linked to the number
of available curves for the identification.

The experimental database exploitation is still in
progress and appears to be more difficult than
expected.
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