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Abstract

Nowadays, fuel cells are regarded as a promising solution in the context of development of a
“More Electrical Aircraft”. Indeed, the integration of fuel cell systems in aircraft allows generating
electrical energy with high efficiency and low environmental impact. However, there are still many
questions about the functioning and the performance of these systems in typical aeronautical
conditions. The present work is focused on aeronautical conditions linked to cabin applications.
Therefore, a particular attention is paid to low pressure operation, with experimental investigations
carried out at subatmospheric pressures. Given the complexity of the possible interactions, an
experimental database was created using the Design of Experiments method. The experimental results
are first presented and discussed, then exploited via a modelling approach. The objective is to define a
model for the polarization curve able to describe its evolution when the operating conditions change.
The methodology used to construct the model is introduced step-by-step as well as the modeling
results for the various involved phenomena. At the end, the predictive behaviour of the model is
investigated with polarization curves carried out at operating conditions taken outside the definition
range of the DoE.

Keywords— PEM fuel cell, aeronautical application, Design of Experiments, modelling.
1. Introduction

Fuel cells are electrochemical devices that convert the energy of a chemical reaction directly into
electricity, water and heat. Fuel cells, and especially PEM fuel cells, have received over the past
decades particular attention due to theirs main advantages, namely high electrical efficiency and no
emission of greenhouse gases if used hydrogen is produced properly.

At present, the choice of operating conditions is still a key issue in order to optimize the operation
and performance of fuel cells, particularly in transport applications. However, due to the large number
of operating parameters that influence the functioning of fuel cells, the need for tests is considerable
and so experimental campaigns can be really time-consuming and costly. Several works have
addressed this problematic by using Design of Experiments (DoE). Let us recall that this methodology
defines a rigorously organized series of tests to determine the influence of several factors on a process
with a minimum number of testStudies have been carried out for single cells [1] [2] and for stacks
[3]. As explained in [4], DoE are often used in order to evaluate and compare materials or designs for
fuel cells, to find an optimum of operating conditions considering fuel cell performance or to evaluate
different fuel cell systems. Some authors have tried to use DoE results into model of fuel cell
performance. References [4], [5] and [6] analyzed the factor influences on the response of a fuel cell in
terms of power density to see which factors had a significant influence on performance. Their
objective was to determine which operating conditions had to be optimized to obtain maximal power
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density, using response surface methodology. Ttieoeiin reference [7] performed on a stack a full
factorial plan of 2 levels for 3 factors: temperatuinlet hydrogen humidity and inlet air humidity.
They established a semi-empirical model with 6 peters using in particular an Amphlett expression
for activation overpotential. They fitted this mbdie their experimental database and they carrigd o
a statistical analysis in order to study the infices of each factor on cell performance. Then, thesd

the response surface method to link model paramébeapplied operating factors, it is to say to see
which operating conditions have an impact on aidened model parameter. Finally, they obtained a
model which is able to estimate the experimentdrpmation curves. One of the limitations of the
proposed model is that it is only valid for low remt densities. In the thesis work of Isabelle Iciba
carried out at the LAPLACE laboratory, a model of Air PEM fuel cells in variable operating
conditions was proposed [8] [9]. This model wasidated with single cells. Considered impacting
factors were temperature, pressure, air relativeitity and air stoichiometry. The proposed model
was parameterized thanks to a database createdDegiyn of Experiments method. Experimental
relations were then established to express thatiamni of the model parameters as a function of the
operating conditions. This model allowed estimativith satisfactory results the polarization curves
of a PEM single cell which operates in a given mofj operating conditions. In addition, predictive
behaviour of this model was investigated and reséemed promising to estimate polarization curves
of cells operating outside the defined range.

In our work, a particular attention is paid to theidy of low-temperature PEM fuel cells in
aeronautical conditions. Indeed, nowadays, fuds @k getting an increasing amount of interesnfro
the actors of the aeronautical industry and theegration in airplanes is considered as a comsiste
solution [10] [11]. However, even if this technojogs quite mature in automotive and stationary
sectors, there are still many questions about Hmvdperating conditions specific to aeronautical
environment will influence the functioning and perhance of fuel cells [12]. Pressure is an opegatin
factor that requires a remarkable thinking in a@fcapplications. On one hand, increasing pressure
leads to an increase of fuel cell performance. é¢weorks have pointed out an important decrease of
performance when pressure decreases [13] [14]baereation that has been largely reported by the
DLR teams [15] [16]. On the other hand, operatinighwressurized gases requires the use of a
compressor, what means supplementary weight angmeol At an altitude of around 10 000 km,
ambient pressure is close to 0.2 bar, whereaspeess higher than 1.3 bar in a classical operating
range for PEM fuel cells. A compromise could bextract air from the aircraft cabin where ambient
pressure is around 0.8 bar.

In our present project, a benchmark study has pediormed in order to compare performance of
several types of Membrane Electrode Assemblies (B)B#ithin stacks having rigorously the same
structure (bipolar plates, cooling circuit, etcryder aeronautical conditions for cabin applications
These stacks have been supplied by ZODIAC AEROTERINwhich develops PEM fuel cell
systems dedicated to aeronautical applicationsexyerimental database has been constituted thanks
to the Design of Experiments (DoE) method. Thigdase is composed of several polarization curves
obtained in different operating conditions for diffnt stacks, with in particular several points at
subatmospheric pressures. All these tests wereedayut at the LAPLACE laboratory. The same test
bench was used for all these tests.

This paper focuses on a part of the database; hierderms, this article will deal with the
campaign achieved with one stack with one type &A%l Our objective in the present paper is
indeed to describe the methodology we are followwmngnalyze the created database, not to compare
all the tested types of MEAs. Ideally, we want &diide a global, robust and physics-linked model for
the polarization curve able to describe its evolutiwvhen the operating conditions change. In other
words, it is about ideally to obtain a physical l&w each parameter of the model according to the
operating conditions (T,P, gas flows, gas humig)jtieHaving such a model permits afterwards to
optimize, mainly from the efficiency point of viewhe system around the fuel cell stack as the air
compressor, the humidification system, the coobygtem, etc. Unfortunately, this very ambitious
objective has not been yet reached, but the readlish are presented in this paper are a new step
towards this goal.



Firstly in this paper, the carried out DoE is prasd, followed by the formulation of the
modelling we want to obtain. These two points bgngsented, the difficulty we have to overcome is
that the physical laws describing the dependendbeomodel parameters to the operating conditions
are not really formulated in a general point ofwid his is linked to the complexity of the fuel kel
operation and the strong couplings in terms of ichpa&tween all the operating conditions. That & th
reason why the approach proposed in this papeeng progressive, in order to stay general and
applicable to other characterization campaigns. Néwe adopted a step-by-step approach by
introducing progressively hypotheses to analyzeettpeerimental results. Thus, we start by analyzing
one by one each measured polarization curve taifgemends concerning the dependence of the
model parameters to the operating conditions. Ftbese trends, we simplify for each model
parameter the number of links with the operatingditions. Afterwards, we re-analyze all the
polarization curves simultaneously with the modeigdified (even if it remains complex). These last
results being obtained, we start to identify lawsatibing the dependence of the model parameters to
the operating conditions. Each time, an exploitatigpical of the DoE methodology is proposed, that
means the determination of an empirical law assgrmitinear dependence to the considered operating
conditions. If possible, another exploitation i®posed in parallel by introducing a physical lawe W
will see that this was only possible for a singéegmeter related to chemical kinetics. At the ehd o
the paper, the obtained model is tested conceitsmgedictive ability.

2. Presentation of the experimental approach and of the model used
2.1. Experimental approach

Tests were organized following the Design of Experts approach on the same test bench at the
LAPLACE laboratory with a 1kwW PEMFC stack. The inspan fuel cell performance was studied for
four operating conditions: fuel cell temperatureghs pressure P, air relative humidity JRidnd
hydrogen relative humidity Ri. Tests were conducted at constant stoichiometrieastever the
conditions:y, = 1.5 for hydrogen anidy;, = 2 for air.

Except for pressure, two levels were chosen. Fexal$ were selected for pressure which impact
is particularly not well known amongst all the a®atical conditions. Table 1 shows the selected
values for each factor. The lowest pressure (Or@)hbia typical of the cabin pressure. The highest
pressure is in the range of classical values usédriestrial applications. The values of tempegatu
are in a classical range for PEMFC operating at tlemperatures. Gas relative humidity can seem
rather low compared with classical values, butittea was here to investigate performance at low
relative humidity.

Operating factor Levels Number of level
T 65— 80 (°C) 2
P 0.8—1-1.3-1.5 (bara) 4
RH_, 16 — 26 (%) 2
RH 16 — 26 (%) 2

H2

Table 1 - Operating conditions applied for our Design of Experiments

In practice, it was rather difficult, taking int@@unt our humidification systems, to apply this
range of relative humidity. We estimate that, defjegp on temperature and pressure, we were
between 13% and 18% when 16% was the objectivebatwieen 22% and 30% when 26% was the
target. In other words, the precision was from +@0+20% for our gas relative humidity. In the
following, the supposed reached experimentally #afiHR is given with the initial target “16%” or
“26%”.



In the DoE approach, the normalized operating d@mmdi are classically considered. For an
operating factor X(X; = T, P, RH;; or RHy), the corresponding normalized valuex = t, p, rh or
rhy,) is given by:

_ Xmax '21' Xmin

(1)

Xmax — Xmin

Where xis a value comprised between 0 and da0and X, are respectively the maximal and the
minimal value of X

Concerning the DoE experiments achieved, only 3tarization curves have been measured
whereas 32 tests should have been carried outetfieadly (multiplication of all the levels for athe
considered factors: 2x4x2x2=32). Indeed, curve esponding to the operating point
(t, p, rhr, rhyp) = (1, -1, -1, -1) could not be tested becauseoof low performances (cell voltage
security level has been reached). In other words,operating conditions were too constraining: too
high temperature, too low pressure and too lowtikgdumidities.

Let us underline that Electrochemical Impedancec®pscopies (EIS) were also carried out at
the same time that the measurement of a polarizatiove for each current, step by step. These EIS
will be exploited here to obtain the global ohmésistance (named Rohm in the following) including
ionic and electronic phenomena.

Only the significant and representative resultstted carried out DoE are presented in the
following.

«+3-- Ucell_exp Curve 5-T = 65°C, P = 1.5 bara, RH_air =30 % (/"'26%""), RH_H2 = 30% (/"26%"")
++ Ucell_exp Curve 9-T = 65°C, P = 1.3 bara, RH_air = 28% (/"'26%""), RH_H2 = 28% (/"'26%")
s+ Ucell_exp Curve 21 -T = 65°C, P = 1 bara, RH_air = 25% (/"'26%"), RH_H2 = 25% (/''26%"")

Ucell_exp Curve 28 - T = 65°C, P = 0.8 bara, RH_air = 22% (/"'26%""), RH_H2 = 22% (/"26%"")
«+ak--Ucell_exp Curve 1-T = 80°C, P = 1.5 bara, RH_air = 30% (/"'26%"), RH_H2 = 30% (/''26%"")

-4 Ucell_exp Curve 13 - T = 80°C, P =1.3 bara, RH_air = 28% (/"'26%""), RH_H2 = 28% (/''26%")
-+ Ucell_exp Curve 17 - T = 80°C, P = 1 bara, RH_air = 25% (/"'26%"'), RH_H2 = 25% (/''26%"")

.++ Ucell_exp Curve 25 - T = 80°C, P = 0.8 bara, RH_air =22% (/''26%""), RH_H2 = 22% (/"'26%")

* % 65°C, 1.5bara

Li:65°C, 1.3bara
80°C, 1.5bara

“#80°C, 1.3bara

Mean cell voltage (V)
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Current density (per unit)

Figure 1 — Selected experimental polarization curves of the DoE: illustration of the influence of temperature and pressure,
the gas humidities being the highest possible (around 26%)

Figure 1 presents all the curves obtained for tighdst gas relative humidities supposed to be
around 26%.



At given temperature, the ranking of measured peréomce according to pressure is very clear:
the more the pressure increases, the better thHerpance. Unfortunately, performance decreases
very strongly when pressure decreases under subphm@oc pressures. These results are very
consistent with the state-of-art [13] [15] [17]:etl©®, concentration is too low at low pressures to
obtain satisfying operation.

At given pressure, the ranking according to tentpegas not really the expected one: each time,
the best performance is obtained for 65°C the lbwasperature tested. Generally, an increase of
temperature has indeed a benefic effect on themeaihce of a fuel cell because a lot of phenomena
are favored: kinetics of the involved chemicalctems, protonic conduction and the involved specie
transport because water in liquid form decreasbat Mmeans that the operation of the tested MEAs is
more complex than that of the classical ones. At doirrent densities where dynamics is dominated
by the kinetics of the involved chemical reacti¢astivation phenomena), it appears that the omerati
is clearly sensitive to pressure, and in a moreptexway to temperature. These trends were not
expected illustrating all the operation complexifya fuel cell.

For some selected points of the carried out Dolguré 2 illustrates the influence of gas
humidities.

Firstly, let us underline that, in this figure, ateawn the best and the worst polarization curves
obtained during this campaign. The best one cooredpto 65°C, 1.5 bara and gas humidities of 26%:
except temperature, that was obtained for the bigilues for the operating conditions. The worst
one was obtained for 80°C, 0.8bara, and gas hupsdif 16%/26% (air/k): except temperature, this
was for the lowest values tested in terms of opegatonditions (let us recall that the case 80°C,
0.8bara and RH of 16%/16% (aig)tthe worst case possible in our DoE, was not ipkesgo
measure).

«+3-- Ucell_exp Curve 5-T = 65°C, P = 1.5 bara, RH_air = 30% (/"26%"), RH_H2 = 30% (/"26%")
-+ #--Ucell_exp Curve 6 - T = 65°C, P = 1.5 bara, RH_air = 18% (/"16%"), RH_H2 = 30% (/"26%")
<-4+ Ucell_exp Curve 7 -T = 65°C, P = 1.5 bara, RH_air = 30% (/"26%"), RH_H2 = 18% (/"16%")
Ucell_exp Curve 8 -T = 65°C, P = 1.5 bara, RH_air = 18% (/"16%"), RH_H2 = 18% (/"16%")
- A - Ucell_exp Curve 21-T = 65°C, P =1 bara, RH_air = 25% (/"26%"), RH_H2 = 25% (/"26%")
- # - Ucell_exp Curve 22 -T = 65°C, P = 1 bara, RH_air = 15% (/"16%"), RH_H2 = 25% (/"26%")
- ® - Ucell_exp Curve 23 -T = 65°C, P = 1 bara, RH_air = 25% (/"26%"), RH_H2 = 15% (/"16%")
- 3~ Ucell_exp Curve 24 -T = 65°C, P = 1 bara, RH_air = 15% (/"16%"), RH_H2 = 15% (/"16%")
<+« Ucell_exp Curve 25-T = 80°C, P = 0.8 bara, RH_air = 22% (/"26%"), RH_H2 = 22% (/"26%")
’f‘,w -4+ Ucell_exp Curve 26 - T = 80°C, P = 0.8 bara, RH_air = 13% (/"16%"), RH_H2 = 22% (/"26%")
% s -+ Ucell_exp Curve 27 - T = 80°C, P = 0.8 bara, RH_air = 22% (/"26%"), RH_H2 = 13% (/"16%")

s
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&
=
]
>
©
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Figure 2 — Selected experimental polarization curves of the DoE: illustration of the influence of gas humidities

Let us now observe the influence of gas humiditieskigure 2, three series of curves can be
clearly separated corresponding respectively to tthiee couples of operating conditions (65°C,
1.5bara), (65°C, 1bara) and (80°C, 0.8bara). Fohn eauple, the ranking for the humidity influense i
always the same: the best performance is wherelaitive humidity has its highest value (26%). The



highest value for hydrogen relative humidity (26#proves also performance, but the influence air
relative humidity is priority. The impact of gasrhidlities is not chaotic, but ordered or even lobica

Figure 3 proposes the evolutionRf,, according to the current for selected operatinglitmns.

Let us recall thaR,m is measured by EIS. When no value was measuresdvaturrent densities, the
value considered foR,, is that of the lowest current density measureds talue is arbitrarily
blocked to that value if necessary.

The evolution according to the current is globaligssical: at low current densities, less water is
produced and moreover it is difficult to maintaionstant the gas overstoichiometries, leading to a
progressive drying of the membranes and thus arase oR,., when the current tends towards zero.
On the other hand, the behavior Bf., is a little bit amazing concerning temperaturedeied
temperature is usually favorable to decrease Robnirarily to the trends observed here. Presswse ha
a nonlinear and very important impact on the valtiB,, as it can be seen clearly in Figure 3.a: the
more the pressure increases, the niyrg increases. The influence of gas humidities (Fiduby is
again here coherent and logical: the best restdtobtained when gas humidities have their highest
value (26%) and the worst ones for their lowestiedlL6%).

The complex modelling of Rohm is not an objectivethis paper. In the following, these
measures of Rohm will be directly injected into cuwdelling works.

30% (/"26%"), RH_H2 = 30% (/"26%")
28% (/°26%"), RH_H2 = 28% (/"26%")
25% (/"26%"), RH_H2 = 25% (/"26%")
22% (/"26%"), RH_H2 = 22% (/"26%")

6%"), R 30%(,
) RH_H2 = 18% (,
) RH_H2 = 18% (
6%"), RH_H2 = 25% (/"26
6%"), RH_H2 = 25% (/"26
6%"), RH_H2 = 15% (/16
6%"), RH_H2 = 15% (/"16

(/°26%"), RH_H2 = 28% (/"26%")
25% (/"26%"), RH_H2 = 25% (/"26%")
bara, RH_air = 22% (/"26%"), RH_H2 = 22% (/"26%")

X

6%), RH_H2 = 22% (/"26%")
(/*26%"), RH_H2 = 13% (/"16%")

5 - T°C/Pbara 80/0.8/26/16
£Q .80/0.8 I\ 80/0.8/26/26 T°C/Pbara/HRair/HRH,
£ %y b5 /0 I 65/1/16/16
B / 80/1 v - sl 1l 65/1/16/26
W40 65/1/26/16
B : :65/1 1 aB2/1/28
N B e e 0713 e G D G, 65/1/26/26 5713716110
h B e e o s - . . . . : ) L 5 .65/1.5/16/26
L 4 H ggﬁg . . 3 H 3 : %65/1.5/26/26

65/1.5/26/16
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Figure 3 — Evolution of Rynm (measured by EIS) according to the current for selected operating conditions of the DoE — (a)
illustration of the influence of temperature and pressure, the gas humidities being the highest possible (around 26%) — (b)
illustration of the influence of gas humidities

2.2. Presentation of the model used for the polarization curve

The global model equation is:

Ucet = Evev — Nact — Naiff — Nonm (2)

Where: - U : fuel cell voltage (V)
- Erev: theorical thermodynamic reversible voltage (V)
- Nact» Adiff Mohm: ACtivation, diffusion and ohmic losses (V):

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

o RT 1
Erey = E yev + Eln [sz (pozz)] (3)

The activation losses, representedyhy are linked to the chemical reactions’ kinetickaiiks to
a simplified Butler-Volmer equatiorys; can be written:



RT (] +]n)

Nact(J) = —=1n To (4)

anF
Where the parametess J,andJ, are defined in Table 2.

The diffusion lossegq refer to the reactant gas transport in the Gatufldn Layers (GDLS)
and in the Active Layers (ALs). These losses armiyaccuring at the cathode side. Combining Fick
and Faraday laws, and assuming that diffusion fosse mainly occuring at the cathode side, the
following relation can be proposed g

0= (1)
Nairs pnF Jiim
Where the parametefandJ;y, are defined in Table 2.

The ohmic lossesqm include voltage drops linked to the membrane tasce, to the electronic

resistance of the other elements of the cell (eldes, bipolar plates, etc.) and to contact resists
existing between the different layers. The ohmgsé&s;q., can be expressed by:

Nonm ) = Ronm J (6)

Where the paramet&,, is defined in Table 2.

Symbol Quantity
A Charge transfer coefficient
N Number of exchanged electrons in
the global reactionn(= 2)
J Current density (A/lcm?)
Ja Parasitic reactions’ equivalent
current density (A/cm2)
Jo Exchange current density (A/cm?)
B Diffusion coefficien
Jiim Limiting diffusion current density
(A/lcm2)
Rohm Ohmic resistancec}.cm?2

Table 2 - Signification of terms presented in the previous equations

The fuel cell voltage can be thus expressed wighfaHowing relation:

UeeaD) = Brew = (%) = [t (1=22)] = R ()

The parameters to be identified are a ptiQdy, Jn, B, JimandRonm.

In accordance with many bibliographic studies [IB9], in this paper, the charge transfer
coefficiento was assumed constant with current, invariant iehoperating conditions and equal to
0.5.

Moreover, as already explained in part 2R, is not identified but measured thanks to
Electrochemical Impedance Spectroscopy (EIS); litesponds to the intersection of the spectrum at
high frequencies with the abscissa aX®&., is measured at every current density point of the
polarization curve.



Finally, the model parameters to be identified angriori Jo, J,, # andJ;y,. The objective in the
following of this paper is to determine their degence to the operating conditions from the analysis
of the carried out DoE.

3. Moddling of theresultsfor the DoE experimental database
3.1.General comments
The diffusion losses are nonlinear from a geneoattpview as in part 2.2 (equation (5)). In the
database (see Figure 1 and Figure 2), as there isflection/bending of the polarization curves at

high current density? andJ;, are impossible to determine because an infinityoddition exists. That
is why a linear relation is used for diffusion lessnstead of the equation (5):

Nairr(J) = Raigr ] (8)

RT

Where the diffusion resistan&g (©2.cm?) is expressed ;s = T
lim

So the following relation will be finally used toaael a polarization curve for our DoE:

RT (] +/n

Ucen(J) = Erev _ﬁ To ) - Rdiff] — Ronm J (9)

In this case, parameters which have to be idedtdireJ,, J,, andRy.

At this step of our study, a general relation tgkimto account the parameter dependence to the
operating conditions can be formulated:

RT (] +Ja(T, P, RHqir, RHy)
Uceu(, T, P, RHair, RHy2) =Em(T,P)—mln< T-(T P RHos RH)
Ly atr»

—Rair (T, P, RHair, RHy2) | = Ropn (T, P, RHeir, RHy2) ]

(10)

In order to simplify these dependences to all therating conditions fod,, J., andRy#, a first
modelling is going to be performed firstly curve lyrve. It consists in identifying, with an
optimization algorithm, the three valués J,, andRy# curve by curve for the 31 measured curves of
the DoE. The approach is afterwards to observeeifinpact of an operating condition on a parameter
can be neglected.

The optimization algorithm used in our modellingpegach is the Covariance Matrix Adaptation
Evolution Strategy, called “cmaes”. An objectivendtion gives the error to be minimized during the
optimization process. Several starting points arelomly drawn in the fixed variation domain (lower
and upper bounds are defined for every paramenerpathe end, only the best solution is considered
In order to converge more quickly, parameters usdtie optimization process are expressed in the
logarithmic scale and are normalized. In the follayvsections, parameters are always presented with
their normalized values for confidentiality reasons

3.2.Curve-by-curveidentification

In this section, a curve-by-curve identificatiorcaried out: a parameter sé4, (J,, Rir) has to be
identified for each polarization curve, meaning BihJ,, 31J, and 31Ryx have to be identified.

The errore which is calculated in the objective function amdich has to be minimized in the
optimization process is based on a least squaegiori:



e = Z Z <Ucell_est(]) - Ucell_exp U))Z (11)
Ucell_exp U)

Ncurves J

Where RQunes iS the number of curveslc o iS the experimental cell voltage (V) atlly o iS the
estimated cell voltage calculated using the pararsepbtained in the identification process (V).
Estimated cell voltage is the calculated cell \gdtaising the model equation (9) presented in gectio
3.1

In the following work, identified parameters wilelpresented in their normalized valkigm
compared to their lower and upper bounds fixedhéidlentification process:

X — X1p
Xnorm = _ (12)
Xub — Xib

With X the parameterX= Jo, J, or Rii), Xp the lower bound of the parametgy, the upper bound of
the parameter and.m, the normalized value of the parameter.

Results of the curve-by-curve identification areganted in Table 3.

nﬁ::;:r p rh,  rh, nu::ber nu::ber nu::izer J,(norm) | J (norm) R‘ﬁ”(norm)
1 1.00 1.00 1.00 1.00 1 1 1 0.490 0.781 0.618
2 1.00 1.00 -0.44 1.00 2 2 2 0.489 0.746 0.632
3 1.00 1.00 1.00 -0.44 3 3 3 0.490 0.777 0.625
4 1.00 1.00 -0.44 -0.44 4 4 4 0.489 0.730 0.644
5 -1.00 1.00 1.00 1.00 5 5 5 0.381 0.717 0.598
6 -1.00 1.00 -0.44 1.00 6 6 6 0.378 0.671 0.603
7 -1.00 1.00 1.00 -0.44 7 7 7 0.383 0.718 0.603
8 -1.00 1.00 -0.44 -0.44 8 8 8 0.380 0.672 0.614
9 -1.00 043 0.79 0.79 9 9 9 0.376 0.703 0.612
10 -1.00 043 -0.56 0.79 10 10 10 0.371 0.670 0.621
11 -1.00 0.43 0.79 -0.56 11 11 11 0.378 0.709 0.619
12 -1.00 0.43 -0.56 -0.56 12 12 12 0.662 0.631
13 1.00 043 0.79 0.79 13 13 13 0.483 0.782 0.633
14 1.00 043 -0.56 0.79 14 14 14 0.479 0.731 0.650
15 1.00 043 0.79 -0.56 15 15 15 0.476 0.757 0.644
16 1.00 043 -0.56 -0.56 16 16 16 0.466 0.700 0.660
17 1.00 -0.43 040 0.40 17 17 17 0.460 0.757 0.679
18 1.00 -0.43 -0.80 0.40 18 18 18 0.455 0.716 0.695
19 1.00 -0.43 0.40 -0.80 19 19 19 0.458 0.747 0.689
20 1.00 -0.43 -0.80 -0.80 20 20 20 0.439 0.685 0.695
21 -1.00 -0.43 0.0 0.40 21 21 21 0.342 0.694 0.668
22 -1.00 -0.43 -0.80 0.40 22 22 22 0.330 0.700 0.677
23 -1.00 -0.43 040 -0.80 23 23 23 0.341 0.685 0.675
24 -1.00 -0.43 -0.80 -0.80 24 24 24 0326 0.623 0.688
25 1.00 -1.00 0.07 0.07 25 25 25 0.456 0.760 0.711
26 1.00 -1.00 -1.00 0.07 26 26 26 0.435 0.674 0.731
27 1.00 -1.00 0.07 -1.00 27 27 27 0.438 0.735 0.726
28 -1.00 -1.00 0.07 0.07 28 28 28 0.346 0.693 0.698
29 -1.00 -1.00 -1.00 0.07 29 29 29 0.314 0.617 0.713
30 -1.00 -1.00 0.07 -1.00 30 30 30 0.325 0.666 0.709
31 -1.00 -1.00 -1.00 -1.00 31 31 31 0.288 0.570 0.717

Table 3 — Results of curve-by-curve identification for every curve of the DoE

Even if not directly visible in Table 3, we caniafi that the orders of magnitude of identified
parameter values are coherent with the typical esliound in the literature for each parameter:
identified J, are around 5.10A/cmz2, J, are around 1.10A/cm?2 andRy are around 0.2.cm2.



Figure 4 and Figure 5 give the experimental podidn curve (points in red), the estimated
polarization curve (in blue) and the relative erabreach current density between the experimental
polarization curve and the estimated polarizatiamve, respectively for curves 1 and 31 of the DoE.
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Figure 4 - Experimental polarization curve and estimated polarization curve (curve-by-curve identification)
Curve 1: T=80°C, P = 1.5 bara, RH,;, = 30 % (/”26%"), RH,;, = 30 % (/"26%")
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Figure 5 - Experimental polarization curve and estimated polarization curve (curve-by-curve identification)
Curve 31: T=65°C, P=0.8 bara, RH,;, = 13 % (/”16%"), RH,;; = 13 % (/”16%")

Maximal relative error between experimental celtage and estimated cell voltage of the curve
1 is 0.42%. Maximal relative error of the curve i810.92%. Similar results are obtained for every
polarization curve of the DoE. Mean relative erbetween experimental and estimated polarization
curves calculated for the 31 DoE curves is 0.24rall, maximal relative error at a given current
density is 1.26 % (obtained for curve 30).

As a conclusion concerning this first identificatjove can say that the model, with parameters
identified curve by curve, enables to estimate wiatisfactory precision the polarization curvéhef
studied fuel cell at a given operating point. Hoem\the simulation time is important: it takes ardu
3 hours to make the identification for all the 3ives (93 parameters have to be identified inrall i
this case).

Let us try now to put in evidence simplificatiomsterms of model parameters’ dependence to



operating conditions.

The results in table 3 show that for experimentéopmed at given temperature and pressure (red
rectangles), the identified, values are really similar regardless the valuggad humidities. That
shows that it is possible to make the assumptiatJgidepends only on temperature T and on pressure
P. In the same way, the assumption consideringJthd¢pends on temperature T, on pressure P and
on air relative humidity Rk} can be proposed. Looking at the identified valoieRy, it appears that
it is quite difficult to detect a trend concernitige dependency of this parameter to particularaipey
conditions. That is whiry is considered to be dependent on all operatingitons (T, P, RK; and
RHy,). Theses hypotheses are consistent with firstyaaal of the experimental polarization curves
presented in section 3.1.

Consequently, the previous equation (10) proposesettion 3.2 can be modified in order to
taking into account these new hypotheses, gloloalhsistent with the literature [3] [5] [7] [9]:

Ucen(,T,P,RHyir, RHyp) =

RT J+Jn(T,P,RHgir)
Erey(T,P) = o bn (FLER284) — Ry (T, P, RHirs RHi2) ] = Rot (T, P, RHair, RHy3)]

(13)

3.3.Identification by applying the new hypotheses

In this section, new model identification is goitg be carried out by applying the new
hypotheses that emerged at the end of sectioTBi2 time, the identification is not carried ouree!
by curve since some parameters are supposed tonti@an for several curves. A total oflg 16J,
and 31R i« have to be identified.

Curve J J R
rh_ rh o n dff J (norm) J (norm) R __(norm)
number & ar "2 number number number ° " e
1 1 1 1 1 1 1 1 0.618
3 1 1 1 -0.44 1 1 3 0.778 0.632
2 1 1 -0.44 1 1 2 2 0.490 0.625
0.739
4 1 1 -0.44 -0.44 1 2 4 0.644
AR HHE oms 1%
: 0.381 .
6 -1 1 -0.44 1 2 4 6 0.602
0.674
8 -1 1 -0.44 -0.44 2 4 8 0.614
9 -1 043 0.79 0.79 3 5 9 0.700 0.611
11 -1 043 0.79 -0.56 3 5 11 0373 ' 0.621
10 -1 0.43 -0.56 0.79 3 6 10 ’ 0.672 0.617
12 -1 0.43 -0.56 -0.56 3 6 12 ' 0.632
13 1 043 0.79 0.79 4 7 13 0.765 0.632
15 1 0.43 0.79 -0.56 4 7 15 0.476 ' 0.649
14 1 0.43 -0.56 0.79 4 8 14 ’ 0.721 0.644
16 1 0.43 -0.56 -0.56 4 8 16 ' 0.663
17 1 -043 04 0.4 5 9 17 0.744 0.677
19 1 -043 04 -0.8 5 9 19 0.453 0.695
18 1 -043 -0.8 0.4 5 10 18 ’ 0.709 0.688
20 1 -0.43 -0.8 -0.8 5 10 20 ' 0.699
21 -1 -043 04 0.4 6 11 21 0,681 0.667
23 -1 -043 04 -0.8 6 11 23 0.335 ' 0.678
22 -1 -043 -0.8 0.4 6 12 22 ’ 0.634 0.673
24 -1 -0.43 -0.8 -0.8 6 12 24 ' 0.690
25 1 -1 0.07 0.07 7 13 25 0.742 0.708
27 1 -1 0.07 -1 7 13 27 0.443 ' 0.734
26 1 -1 -1 0.07 7 14 26 0.687 0.727
28 -1 -1 0.07 0.07 8 15 28 0.656 0.692
30 -1 -1 0.07 -1 8 15 30 0.319 ' 0.714
29 -1 -1 -1 0.07 8 16 29 ’ 0.708
0.618
31 -1 -1 -1 -1 8 16 31 0.723

Table 4 - Results of identification with the new hypotheses for every curve of the DoE



The results of this identification are presentedTable 4. Table 4 has to be compared with
Table 3. For example, the new valuesJgfare very close to the average value of the preWyeu
grouped values in Table 3. This observation isstimae forJ,. The valuesys are very close to the
ones of Table 3.

Figures 6 and 7 show the comparison between expetahpolarization curve and estimated
polarization curve obtained with the identificatimm curves 1 and 31 of the DoE.
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Figure 6 - Experimental and estimated polarization curves
(identification applying new assumptions on parameter dependences on operating conditions)
Curve 1: T=80°C, P = 1.5 bara, RH,;, = 30 % (/”26%”), RHy, = 30% (/”26%”)
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Figure 7 - Experimental and estimated polarization curves
(identification applying assumptions on parameter dependences on operating conditions)
Curve 31: T=65°C, P=0.8 bara, RH,;, = 13 % (/”16%”), RHy, = 13 % (/”16%”)

Relative error between experimental and estimadfidvoltage for every current density point is
similar to relative error obtained previously farmree-by-curve identification in the case of cundes
and 31. Similar results are obtained for other esvf the DoE. The maximal error obtained between



experimental and estimated polarization curveofa current density point is 1.7 % (obtained fer th
curve 31).

Curve 1 Curve 31
Maximal relative error compared to the curve
0.04 0.93
estimated with curve-by-curve identification (%)
Mean relative error compared to the curve
0.01 0.68

estimated with curve-by-curve identification (%)

Table 5 — Comparison between error values obtained with results of identification by applying the new assumptions on
parameters’ dependences in comparison to previous results of curve-by-curve identification

The results presented in Table 5 point out thatréiselts of identification by applying the new
assumptions on parameters’ dependences are résdlyto the results of curve-by-curve identificatio
for presented curves. Moreover, as shown in tableddntified parameter values appear to be
consistent with the previous identified parame(@able 3) using a curve-by-curve identification. It
confirms that hypotheses which have been donesridantification work are relevant.

One of the advantages is that the identificatiomethas been considerably reduced (around 30
minutes for 10 different starting points with thientification compared to 3 hours with curve-by-
curve identification). Moreover, the identified uak are less dependent on the quality of the
experimental curves. That means that if there iaksrant point or a lack of data in some partarof
experimental curve, this default will be smoothed.

3.4.Construction of parameter variation laws as a function of operating conditions

In this section, the objective is to determine ation laws as a function of operating conditions
for each model parametel;(T,P), J.(T,P,HRy) andRyw(T,P,HRy; HRy,) respectively starting from
8 Jy, 16J, and 31Ry; identified in the section 3.3.

For each parameter, an exploitation typical oflo& methodology will be proposed, that means
the determination of an empirical law assumingreedr dependence to the considered operating
conditions. If possible, another exploitation i®posed in parallel by introducing a physical law. |
practice, according to our knowledge, this is grdgsible for,.

In this following, 50 starting points have beendamly drawn in the fixed variation domain of
each parameter. For every variation law identiftcgtcalculations have lasted less than 10 minutes.
»  Variation lawsfor Jo(T, P)

8 values forJ, are available to carry out the variation law idfecdtion. Two laws are
successively evaluated fdy: one purely empirically, the second one basedhysipal considerations.

Empirical variation law for Jo(T, P):

Considering thatl, depends on temperature and on pressure, an erhp@gation law can be
proposed:

Jo(T, P) = Jo.mean + @jo Xt + byjg Xp+cjo Xt Xp (14)

WhereJy mean, 8u0, b0 @andcy, are parameters to be identified

The errorey which is calculated in the objective function amldich has to be minimized in the
optimization process is based on a least squaegiori:



5]0= (15)

</o_est(T, P) = Jo rer (T, P))Z

(TP ]O_ref (T: P)

whereJ, (¢ is the reference exchange current density, meathi@grevious identified, which are
presented in the part 3.3, adgles is the estimated exchange current density calallating the
variation law parameters obtained in the identifaaprocess.

Table 6 gives a comparison of referedgend estimated, (empirical law case). The maximal
relative error using the proposed empirical vasiataw is 4.9%.

Relative error (%)

U P 'Ia-"-’f (norm) ',0-85' (norm) betweenJ andJ
0_ref 0_est
1 1 0.490 0.488 1.57
-1 1 0.381 0.383 1.79
-1 0.43 0.373 0.367 4.86
1 0.43 0.476 0.477 0.40
1 -0.43 0.453 0.457 3.11
-1 -0.43 0.335 0.340 4.46
1 -1 0.443 0.441 2.11
-1 -1 0.319 0.317 1.90

Table 6 - Comparison of reference J, (previously identified) and estimated J, using the defined empirical variation law

The orders of magnitude (rough values) of varialiom parameters are:
Jo mean = 5.107 Alcm2; ay = 2.107; by = 1.107; ¢o= 4.10°

These coefficient values show that temperature predsure have a similar impact on the
parameted,.

Physics-based variation law for Jo(T, P):

A physics-based relation constructed with an Aritiglaw is given in references [8] and [9]:

(T, P) = Py Bace (T (16)
]0 ’ - ]0_arr Pref exp RT Tref

Where the reference exchange current dedgity (A/cm?), the reaction order with respect to oxygen
yand the activation enerdgs. (J/mol) are parameters to be identified.

Table 8 gives a comparison of referenlzeand estimated, (physics-based law case). The
maximal relative error using the proposed phys&sel variation law is 7.3 %. It appears that the
error is a slightly more important in this casentffiar the estimation using the empirical variatiaw.

Relative error (%)

t P Jﬂ_fef (norm) 10_2“ (norm) betweenJ andJ
0_ref 0_est
1 1 0.490 0.492 2.08
-1 1 0.381 0.378 2.30
-1 0.43 0.373 0.365 6.85
1 0.43 0.476 0.479 2.73
1 -0.43 0.453 0.455 1.82
-1 -0.43 0.335 0.341 5.93
1 -1 0.443 0.435 7.31
-1 -1 0.319 0.321 2.29

Table 7 - Comparison of reference J, (previously identified) and estimated J, using the physics-based variation law



The orders of magnitude of variation law parametees
Jo ar = 2.107 Alcm2;y = 0.8; E.q = 69.1G J/mol
=  Variation law for J,(T, P, RHg)

Considering thatl, depends on temperature, pressure and air relhativadity, an empirical
variation law can be proposed for the parasitidvedent current density,:

Jn =Jnmean + Qn Xt + by XD + ¢jy X hrgy + djpy Xt X p+ €y Xt X Wiy + fin X 0 X hrgy (17)

WhereJ, mean, @n, Ban, Can, din, €30 @ndf;, are parameters to be identified

Table 9 gives a comparison of referedgand estimated,. The maximal relative error using the
proposed empirical variation law is 6.7%.

Relative error (%)

t p hrair Jn_mf(norm) Jn_m (norm) between)  andJ
n_ref n_est
1 1 1 0.778 0.778 0.26
1 1 -0.44 0.739 0.736 2.01
-1 1 1 0.715 0.714 0.66
-1 1 -0.44 0.674 0.677 2.04
-1 0.43 0.79 0.700 0.702 1.07
1 0.43 | -0.56 0.672 0.663 5.62
1 0.43 0.79 0.765 0.768 1.99
1 0.43 | -0.56 0.721 0.726 3.45
1 -0.43 0.4 0.744 0.749 3.27
1 -0.43 | -0.8 0.709 0.706 221
-1 -0.43 0.4 0.681 0.679 1.31
-1 -0.43 | -0.8 0.634 0.638 2.77
1 -1 0.07 0.742 0.732 6.73
1 -1 -1 0.687 0.689 1.94
-1 -1 0.07 0.656 0.658 1.45
-1 -1 -1 0.618 0.617 0.52

Table 8 - Comparison of reference J,, (previously identified) and estimated J,, using the defined empirical variation law

The orders of magnitude of variation law paramedees
Jn mean = 1.10% Alem?; &y, = 3.10% by, = 1.10% ¢;, = 3.10% dy, = 6.10"; ), = 8.10°% f;, = 3.10"

It appears that temperature, pressure and airvelatimidity have a comparable impact&nlt
also shows that certain crossed terms can be riedlec
»  Variation law for Ry«(T, P, RHar, RHy2)

Considering thaRys depends on temperature, pressure and gas refatmalities, an empirical
variation law can be proposed for diffusion resisteR:

Raiff = Raiffroan + QRaiff Xt + braiff XD + Craiff X hgir + draiff X Ay
teraifr Xt XD+ fraiff X t X Wgir+ Graiff X t X hrgy + hpgipp X p X hrgy (18)
+igaifr X P X Ay + jraifr X hrgir X hry,

Where Ryt means gaitt: Draifts Creifts Oruift, raifts Traifts Oraifs Nraits Irait @Nd jrair @re parameters to be
identified.



Table 9 gives a comparison of refereigg and estimate&yz. The maximal relative error using
the proposed empirical variation law is 17.1%.

Relative error (%)

t P hr. hr, Rdiﬁ_ml(norm) Rdifl_est i) between R diff_mfand R bmes
1.00 1.00 1.00 1.00 0.6183 0.617 1.42
1.00 1.00 -0.44 1.00 0.6317 0.628 4.68
1.00 1.00 1.00 -0.44 0.6248 0.622 3.65
1.00 1.00 -0.44 | -0.44 0.6442 0.634 11.22
-1.00 1.00 1.00 1.00 0.5977 0.597 1.06
-1.00 1.00 -0.44 1.00 0.6038 0.598 6.98
-1.00 1.00 1.00 -0.44 0.6017 0.596 6.51
-1.00 1.00 -0.44 | -0.44 0.6144 0.600 15.34
-1.00 0.43 0.79 0.79 0.6109 0.616 5.51
-1.00 0.43 -0.56 0.79 0.6212 0.633 14.92
-1.00 0.43 0.79 -0.56 0.6175 0.629 13.84
-1.00 0.43 -0.56 | -0.56 0.6321 0.646 17.13
1.00 0.43 0.79 0.79 0.6316 0.636 5.70
1.00 0.43 -0.56 0.79 0.6493 0.657 9.38
1.00 0.43 0.79 -0.56 0.6442 0.650 7.45
1.00 0.43 -0.56 | -0.56 0.6629 0.670 8.14
1.00 -0.43 0.40 0.40 0.6772 0.673 4.48
1.00 -0.43 | -0.80 0.40 0.6947 0.696 1.95
1.00 -0.43 0.40 -0.80 0.6882 0.690 2.62
1.00 -0.43 | -0.80 | -0.80 0.6989 0.711 14.30
-1.00 @ -0.43 0.40 0.40 0.6667 0.655 12.84
-1.00 | -0.43 | -0.80 0.40 0.6779 0.678 0.60
-1.00 @ -0.43 0.40 -0.80 0.6733 0.673 0.06
-1.00 | -0.43 @ -0.80 | -0.80 0.6902 0.694 4.08
1.00 @ -1.00 0.07 0.07 0.7077 0.700 8.04
1.00 -1.00 | -1.00 0.07 0.7336 0.721 13.71
1.00 @ -1.00 0.07 -1.00 0.7275 0.716 12.54
-1.00 | -1.00 0.07 0.07 0.6918 0.684 8.08
-1.00 -1.00 | -1.00 0.07 0.7140 0.706 9.18
-1.00 | -1.00 0.07 -1.00 0.7078 0.701 7.41
-1.00 @ -1.00 | -1.00 | -1.00 0.7227 0.719 3.71

Table 9 - Comparison of reference Ry (previously identified) and estimated R,y using the defined empirical variation law

The orders of magnitude of variation law paramedees
Ruitf mean = 0.2Q.0M2; aggift = 2.10%; brite = -9.10% Cryits = -4.10% drgis = -3.10% €ggise = -3.10°
fRdiff = -5103, ORaift = -2103, hRdiff = 3102, iRdiﬁ = 2102, deiﬁ = 2103

It can be observed that temperature, pressure andhgmidities present a similar impact Ry
value. Moreover, influence of interaction termswesn operating conditions appears also to be
important and cannot be neglected. It highlightd the assumption to consider tRa} is dependent
on every operating condition is coherent.

» Reconstitution of the DoE curves using the identified variation laws in function of
operating conditions

Using the previously-defined variation laws, ipisssible to reconstitute all the DoE polarization
curves. Two cases are possible: in the first daseempirical variation law fod, is used whereas in
the second case, the physics-based variation Iady fe used. Unchanged variation laws are used in
both cases fai, and forRy. Our objective is to quantify the errors by usihgse laws to simulate the
DoE polarization curves.

Figure 8 and Figure 9 present the experimental rizal@gon curve and the reconstructed
polarization curve using the defined variation laespectively for curve 1 and 31.
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Figure 8 - Experimental polarization curve and estimated polarization curve using the variation laws
Curve 1: T=80°C, P = 1.5 bara, RH,;, =30 % (/”26%"), RHy;, = 30% (/"26%")
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Figure 9 - Experimental polarization curve and estimated polarization curve using the variation laws
Curve 31: T=65°C, P = 0.8 bara, RHy;, = 13 % (/716%”), RHy, = 13 % (/”16%”)

The results show that it is possible to recongitbe DoE curves using the defined variation laws
with a satisfactory precision. Results in the tveseas are quite similar. The maximal error obtained
between the experimental cell voltage and the estichcell voltage at a given current density iselo
to 5.5% (obtained for curve 12 in both cases) &edean error is lower than 1%.

4. Testing of the predictive behaviour of the model using the identified variation laws in
function of operating conditions

In this part, first elements of predictive behavidesting of the model are presented. The
objective is to estimate the error when predictangolarization curve that is taken outside the
operating domain of the previous DoE.

As Ronm is measured with Electrochemical Impedance Spsmbgmy in our approaciRym is an



input data of the model, even this evaluation ph&seorder to be fully predictive, it would be
necessary to determine a variation laviRgf, as a function of operating conditions.

Curve 32 corresponding to T = 80°C, P = 1.7 baté,;;R 19 %, RH, = 31 % is firstly proposed
for this testing.

Figure 11 presents the identification results forve 32. Two cases are considered: in the first
case,J, empirical variation law is used whereas in theosdccase,), physics-based variation law is
used. In both cases, the defined empirical vandaws forJ, andRg« are used.

X Ucell_exp

>f ------- Ucell_est with JO empirical variation law 33
1 =« Ucell_est with JO physical variation law

E # Relative error between Ucell_exp and Ucell_est with JO empirical variation law 30

Relative error between Ucell_exp and Ucell_est with JO physical variation law 28

N, 25
x»--‘\ 24
o) 23
s X 2
= Rremem 22
> i )
P by
g XSt 2
S X Tt ~ 18 o
= x —ale 173
] - ]
T e
o X -
2

0 005 01 015 02 025 03 035 04 045 05 055 06 065 07 075 08 08 09 095 1
Current density (per unit)

Figure 10 — Experimental polarization curve and estimated polarization curves using the different variation laws in function
of operating conditions (2 cases for J, variation law)
Curve 32: T =80°C, P = 0.65 bara, RH,;, = 19 %, RHy,, = 31 %

It appears that the prediction of the polarizatiomve in the case of curve 32 is quite coherent
with the experimental polarization curve obtain€te maximal relative error between experimental
and predictive curves is close to 8 % and the nredative error is close to 2 %. The predictive
polarization curve is close to the experimentalveuat low current densities. However, the error
between the two curves increases as the curresitgémcreases and is maximal at the higher current
densities. This can be explained by the difficuiy modelling the diffusion phenomena by an
empirical law as observed in Table 9.

Comparable results are obtained for estimationgudjrempirical variation law and, physics-
based variation law.

Curve 33 corresponding to T =80°C, P =0.65 b&#,;, = 12 %, RH, =20 % is secondly
studied in the same way. As for the previous cuRyg, is considered knowrR{, is not estimated
using a variation law).

Figure 11 presents the identification results forve 33. As explained before, two cases are
considered fod, variation law.

For this curve 33, the conclusions are similahtwse for curve 32: the results show again that the
model is able to predict with satisfactory preaisicell voltage at low current densities. At higher
current density, an “unhooking” appears between dkgerimental and estimated curves. Similar
results are obtained for estimation usiggmpirical variation law and, physics-based variation law.
However, evaluate the predictive behaviour of tholeh is limited with this curve 33 because only a
restricted domain of current density were explored.
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Figure 11 — Experimental polarization curve and estimated polarization curves using the different variation laws in function
of operating conditions (2 cases for J, variation law)
Curve 33: T=80°C, P =0.65 bara, RH,;, =12 %, RH,;, =20 %

In order to evaluate the predictive behaviour ad thodel, a curve-by-curve identification is
carried out for curves 32 and 33. It is to say thaet of parametersdy( J,, Ru) is identified directly
for each of these two curves. The results of thms®e-by-curve identifications are compared to
prediction results presented before and obtained) @pplying variation laws. Tables 10 and Table 11
present the results respectively for the curverPthe curve 33.

Reference value (norm) Estimated value (norm) Error between reference and
Curve-by-curve identification  Prediction with the model estimated values (%)
Empirical law: 0.499 Empirical law: 12
Ju 0.487
Physical law: 0.503 Physical law: 17
/. 0.739 0.746 4.8
0.621 0.593 27

Table 10 — Comparison of curve-by-curve identification and prediction results for curve 32

Reference value (norm) Estimated value (norm) Error between reference and
Curve-by-curve identification  Prediction with the model estimated values (%)
Empirical law: 0.428 Empirical law: 0.25
I 0.427
Physical law: 0.416 Physical law: 9.7
Jn 0.686 0.674 8
R 0.759 0.739 21

Table 11 — Comparison of curve-by-curve identification and prediction results for curve 33

These tables show that estimationJgfand J, gives quite acceptable errors. The error is more
important for prediction oRys These results point out that it is necessary tokwagain on the
definition and identification of variation laws piaularly for diffusion phenomena, maybe on the
parameter dependences on operating conditions.

5. Conclusion

In this paper, the complex behavior a PEMFC stacfunction of various operating conditions
was experimentally investigated by the Design opdfiments methodology. The various operating



conditions explored in this DoE are representatifvaeronautical conditions within an aircraft cabin
The experimented subatmospheric pressures aref dine loighlights of our works.

After being discussed, these experimental resalt® bbeen studied via a modelling approach of
the polarization curve. Firstly, a curve-by-curtady was carried out. These first modelling results
were exploited to evaluate if the dependence oh eaodel parameter was strong or not to each
involved operating condition. Thus, assumptionseh@éeen introduced concerning the parameter
dependence to the operating conditions. The coesegs were a simplification of the model (even if
it remains complex) and a reduction of the idecuifion time. Under these simplification hypotheses,
the polarization curves were estimated with noiigant loss of precision compared to the case of
curve-by-curve identification.

Using the results of this first modelling step,iation laws for model parameteds J, and Ry
have been constructed. The aim of defining thess ia to be able to have a predictive model in
function of operating conditions. Our initial goalas to use and/or define physics-based laws
describing this parameter dependence to the opgratinditions. We were only able to use a physics-
based law for the activation currefitissued from previous works at the LAPLACE laboratoh
result is that this law appears also valid for $ulespheric pressures. The modelling with physic-
based laws fod, andRy, even forRy,,, remains an issue. Only empirical laws were preddsrJ,
andeiﬁ.

The predictive behaviour of the model was testetiancurves taken outside the operating field
of the DoOE. The estimation of these two polarizatmurves seems promising. However, at high
current densities, the error between the predictivere and the real experimental curve is more
important, illustrating that the diffusion phenoraanodelling is not easy. For their modelling, adir
exploitation with a typical empirical law generallysed with a DoE (assumption of a linear
dependence to the operation conditions), as dorikisnpaper, gives good results, but the limits in
terms of precision have been quickly reached regaiids predictive capability. Future works will be
devoted to correct this error and to improve varatlaw definition. It could be interesting to
complete the carried out DoE with higher curremtsilées in order to investigate more deeply the
nonlinear behaviour of the diffusion phenomena, pachaps in this way to improve the predictive
character of our model.

More generally, the behaviour of a fuel cell wittbatmospheric pressures remains also an issue:
we have indeed observed in our works the big impaptessure on the fuel cell performance and new
exploratory tests would be necessary to go further.
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