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Abstract

The internal resistance of a PEM fuel cell depends on the operation conditions and on
the current delivered by the cell. This work’s goal is to obtain a semiempirical model
able to reproduce the effect of the operation current on the internal resistance of an
individual cell of a commercial PEM fuel cell stack; and to perform a statistical analysis
in order to study the effect of the operation temperature and the inlet humidities on the
parameters of the model. First, the internal resistance of the individual fuel cell
operating in different operation conditions was experimentally measured for different
DC currents, using the high frequency intercept of the impedance spectra. Then, a
semiempirical model based on Springer and co-workers’” model was proposed. This
model is able to successfully reproduce the experimental trends. Subsequently, the
curves of resistance versus DC current obtained for different operation conditions were

fitted to the semiempirical model, and an analysis of variance (ANOVA) was performed



in order to determine which factors have a statistically significant effect on each model
parameter. Finally, a response surface method was applied in order to obtain a

regression model.

Keywords: Electrochemical Impedance Spectroscopy, Internal Resistance, Membrane

Water Content, PEM Fuel Cell, Statistical Analysis.



1. Introduction

The need of a clean, efficient and reliable energy vector has led to the development of
fuel cell technology [1]. Fuel cells (FCs) are electrochemical devices that transform the
chemical energy contained in a fuel, directly into electricity. PEM fuel cells (PEMFCs) are
a particular type of FC in which a proton exchange membrane (PEM) is used as
electrolyte. In recent years, this type of FC has been considered a very promising
alternative for power generation devices for automotive, portable and distributed
applications [2]. The main advantages of PEMFCs are their compactness [3], their high
power density [4], their light weight and low cost [5], their low environmental load [6,
7], and their high efficiency [8, 9]. However, there are still issues that have to be tackled
in order to make them economically competitive. For this reason, great research efforts
have been made in recent years in order to increase the performance [10-13] and the

reliability [14-19] of such FCs, and to decrease their cost [20-23].

The internal resistance is a key parameter to characterize the performance of a PEMFC

[24], since it determines the ohmic losses within the PEMFC. According to Ohm’s law:

Nonmic = 1 * Rint (1)

Where 1nonmic denotes the ohmic overvoltage; I stands for the current delivered by the
PEMFC; and R;,; corresponds with the internal resistance of the PEMFC. This parameter
encompasses 3 major contributions: the electronic resistance (Rﬂ?), the ionicresistance

(R™), and the contact resistance (R.on:). On the one hand, RE¥ arises from the



resistance to the electron flow in the electronic conductors of the PEMFC (e.g. graphite
electrodes and current collectors). On the other hand, Ri" arises from the resistance
to protonic flow in the ionic conductors of the PEMFC (e.g. PEM membrane). Finally,
Ront corresponds with the contact resistance between the different conductors of the

PEMFC. The internal resistance of a PEMFC depends mainly on the operation conditions

and on the polarization current at which the fuel cell is operated [25].

A large variety of PEM resistance models can be found in literature [26]. These models
can be classified in two main types: microscopic and macroscopic models. On the one
hand, microscopic models [27-34] try to explain the trends in PEM resistance starting
from the ion/solvent/polymer interactions in the molecular level (v.g. Grotthus
mechanism). On the other hand, macroscopic models relate PEM resistance to
macroscopic variables, such as the water content of the membrane, the current
delivered by the PEMFC or the temperature. In this type of PEMFC internal resistance
models, several groups can be identified. The simplest one is the constant resistance
model [35], in which the resistance of the membrane is considered as a constant. Some
authors [36] modify the constant resistance model considering an Arrhenius-like-
expression for modelling the effect of the temperature on the PEMFC internal
resistance. Another group of macroscopic internal resistance models [37-41] is formed
by the models that are based on the empirical model proposed by Amphlett and co-
workers [42]. This model consists in a quadratic regression model with two independent
factors: temperature and delivered current. In many cases, the quadratic (T2 and I?)
and the interaction (T - I) terms are neglected [39]. This assumption reduces the model

toasimplelinear regression model [43]. The parameters of the empirical model can only



be obtained by fitting the model to experimental data. Other macroscopic internal
resistance models that have extensively been used in literature are the diffusive flow
type models [44-46], and the hydraulic flow type models [47-49]. The diffusion models
are based on the empirical expression proposed by Springer and co-workers [44], or on
one of its variants. These empirical expressions relate the membrane resistivity with its
water content. Some works [50] consider the water content parameter as an adjustable
parameter; while others [51-53] calculate it using the expression relating the water
content parameter with the water vapour activity, presented in [54]. Meanwhile, the
hydraulic models are based on the model developed by Bernardi and Verbrugge [47].
Apart from these main types of macroscopic models, other less common models can be
found in literature, such as models that use the chemical potential as the driving force
[55-57], or two-phase models [58] that include the simultaneous presence of liquid

water and vapour in the PEM.

The goal of this work is to obtain a semiempirical model able to simulate the effect of
the operation current on the internal resistance of a single cell of a 300 W commercial
PEMFC stack; and to study the effect of the operation conditions (temperature and inlet
humidities) on the parameters of the proposed semiempirical model. The present study
is based on the diffusive flow type model developed by Springer et al. [44]. This work’s
objective is to build a simple semiempirical model able to predict the internal resistance
of a PEMFC, and to validate it using experimental data. In order to fulfil this goal, the
internal resistance of a single cell of a commercial PEMFC stack was measured
experimentally by electrochemical impedance spectroscopy (EIS) at different operation

currents, and at different operation conditions (temperature and inlet humidities). A



semiempirical model was proposed in order to reproduce the effect of the operation
current on the internal resistance. The proposed semiempirical model was fit to the R;;,;
vs [ experimental curves obtained for different operation conditions. In this way, the
value of the model parameters was obtained for different temperatures and inlet
humidities. Finally, a statistical analysis was performed on the obtained results, in order
to determine the effect of the operation conditions on the parameters of the
semiempirical model. Firstly, an analysis of variance (ANOVA) analysis was performed in
order to determine which operation conditions have a statistically significant effect on
each model parameter. Then, a surface response method was applied in order to obtain
a black box model relating each model parameter to the operation factors that have a

significant effect on it.



2. Experimental design

A full 23 replicated factorial design with centerpoint was used in this work. This kind of
experimental design consists in an experimental design where 3 factors are studied at 2
levels: level -1 and level +1. On the one hand, full factorial designs involve running in
each replicate, all the 23 combinations of 3 factors at 2 levels. On the other hand,
replication consists in the repetition of the whole set of treatments defined in the
factorial design. Finally, a centerpoint consists in a treatment in which all factors are at
level O, defined as the arithmetic mean of levels -1 and +1. One of the main reasons for
including centerpoints in an experimental design is that they allow to identify curvatures
in the output variables. This experimental design is much more efficient than the
traditional sequential experimental design, since it requires fewer experiments to
analyse a given number of input factors, and it allows to study the interaction between

the considered factors [59].

The three factors that were considered in this work were the operation temperature,
the humidity of the hydrogen inlet, and the humidity of the air inlet. Table 1 sums up
the 3 levels considered for each one of these factors. On the one side, the temperature
levels were selected according to the nominal temperature operation range of the
commercial PEMFC. On the other side, as it will be explained in section 3, the
experimental setup allows to control the humidification temperatures, and not directly
the inlet gas humidities. Preliminary experimentation was performed in order to obtain
the relation between the gas humidity and the humidification temperature. Level +1 of

the humidity factors were selected considering a humidification temperature of 70°C,



the maximum humidification temperature allowed by the humidification system. While
level -1 of the humidity factors were selected considering a humidification temperature

of 30°C. In this work, all the humidities are expressed as absolute humidities, in units

. a1
OngZO gdrygas'

In this work, experiments were identified with a sign triplet, in which each sign denotes
the level of the corresponding experimental factor. For instance, experiment (-;-;+)
denotes the experiment in which the operation temperature is in level -1 (30°C), the
hydrogen humidification temperature is in level -1 (30°C), and the air humidification

temperature is in level +1 (70°C).



3. Methodology and experimental procedure

First, for each one of the 18 treatments (set of operation conditions) considered in this
work’s experimental design, the internal resistance of an individual cell of a commercial
PEMFC stack was experimentally measured for different operation currents. In order to
achieve this, the electrochemical impedance spectrum of the individual cell was
measured at different polarization currents, for each one of the experiments considered
in the experimental design. The EIS measurements were done using the experimental

setup shown in Figure 3 of reference [60].

The main element of the experimental setup is a 300W commercial PEMFC stack,
provided by HeliocentriS®, composed by 20 individual cells, with an effective area of 58
cm?. The MEA consists of a Nafion® 117 membrane with a total platinum loading of 0.4
mg - cm~2. The diffusion layers are made out of graphite. The air supply is provided by
a compressor and the hydrogen comes from a 200 bar high-pressure storage tank. The
humidification of the gas inlets is assured by a humidification system and the fuel cell
stack operating temperature is controlled by a refrigeration system. On the one hand,
the humidification system consists in two independent bubbling humidification systems,
with humidification temperature control. On the other hand, the refrigeration system
consists in a heat exchanger equipped with a continuous pump and a temperature
controller. The reactant gases flow rates are controlled using mass flow controllers. The
reactant inlet pressures are monitored by pressure gauges and are regulated using
manual valves. All the relevant system temperatures are monitored by thermocouples.

The overall control was done using a control computer with a Labview® application. All



the experiments were carried out in open end anode mode, with constant inlet reactant

flow rates: 5 NL - min~! for the hydrogen stream and 35 NL - min~? for the air stream.

The individual cell galvanostatic impedance spectra were obtained using an Autolab®
302N potentiostat/galvanostat with FRA module and 20 A booster, controlled using
NOVA® software. The selected frequency range extended from 5 kHz to 10 mHz, with
50 frequencies logarithmically spaced. Table 2 lists the measurement parameters used
in this work to perform the EIS measurements. These measurement parameters were
selected in a previous work [61]. All the EIS measurements were done using the

optimum perturbation amplitude determined in a recent work [60].

For each experiment (set of operation conditions), the EIS spectra were measured at
different operation currents: 0.5A, 1A, 2A, ..., up to a maximum operation current that
guarantees that no polarity inversion occurs in any point of the EIS measurement cycle.
EIS measurements were obtained in triplicate in order to control the reproducibility of
the obtained results. The measurements were not performed sequentially; instead, the
order of the measurements was randomized. The randomization strategy allows to
orthogonalize the DC current factor and the time factor. In this way, any time drift can
be identified. On the contrary, if an increasing amplitude strategy had been selected, it
would not be possible to know if the observed trends were due to a time drift of the

system, or to the effect of the polarization current.

The preconditioning of the PEMFC system can heavily influence the experimental

results, since the preconditioning operation point establishes the water content of the
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membrane, and thus determines the membrane resistance [25]. In this work, a
preconditioning was done in order to guarantee that the system reaches steady state
operation. The preconditioning consisted in operating the PEMFC system at 1.04 for 10
minutes in the conditions of the experiment that was going to be performed, before
starting the EIS measurements. Moreover, between EIS measurements, the PEMFC
system was operated during 10 min at the operation current at which the EIS spectra

was going to be measured.

An EIS spectrum is only valid if 3 conditions are achieved: causality, linearity and stability
[62]. If any of these conditions is not fulfilled, the obtained spectrum may be misleading
and the conclusions extracted from it may be biased or even erroneous [63]. This makes
validation a fundamental part of experimental EIS spectra preliminary analysis. In this
work, all the experimental EIS spectra were double-validated: they were validated using
the linearity assessment method described in previous works [64-66], and the
quantitative validation technique based on Kramers-Kronig relations presented in

previous works [67-68].

The internal resistance corresponds with the high frequency intersect of the EIS
spectrum with the horizontal axis [69]; thus, the internal resistance of the cell for each
operation current was determined from the high frequency intersect with the real axis
of the experimentally measured impedance spectrum for that operation current. Using
this procedure, the R;,,; vs I curve was obtained for each experiment (set of operation
conditions). These curves were fitted to the proposed semiempirical model using a

nonlinear regression method (Levenberg-Marquardt fitting algorithm). Applying this
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methodology, the values of the model parameters were obtained for each one of the 18

experiments.

Finally, an ANOVA statistical analysis was carried out in order to determine which
experimental factors have a statistically significant effect on each model parameter. A
black box model was built using the response surface method, in order to relate each

model parameter with the operation conditions that have a significant effect on it.
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4. Experimental results analysis and discussion

4.1. Internal resistance experimental results

Figure 1 shows the detail of the high frequency intercept of the experimental EIS spectra
with the real axis, for experiment (—; —; +) (operation temperature: 30°C; hydrogen
humidification temperature: 30°C; air humidification temperature: 70°C). A clear trend
can be observed in the high frequency intercept with the real axis: it shifts to lower
values when the polarization current increases. As stated previously, the high frequency
intercept with the real axis gives the value of R;,,;. Using this fact, Figure 2a was obtained
from Figure 1. Figure 2a shows the evolution of the internal resistance with the DC
current, in experiment (—; —; +). The error bars presented on the graph correspond
with the uncertainty (for a 95% confidence level) in the resistance values. This
uncertainty arises from the interpolation algorithm that was used to determine the high
frequency intercept with the real axis. It can be observed that the internal resistance of
the individual cell decreases when I increases. The R;,; vs Ipc curve exhibits an
asymptotic behaviour: the decline of R;,; with I,-becomes less pronounced as the

operation current increases.

For the sake of clarity, in this work only the experimental results of experiment

(=;— +) were presented. The experimental results obtained in the other 17

experiments were completely analogous to the ones presented here.
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The internal resistance values obtained in this work are in agreement with the values
presented in literature for similar systems. On the one hand, Ceraolo, Miulli and Pozio
[35] measured resistance values in the range 4.0 mQ — 7.0 m(Q. On the other hand, the
resistance model proposed by Amphlett and co-workers [43] predicts an internal
resistance between 5.0 mQ and 10.0 mQ in the conditions considered in this work.

And finally, Vasiley and co-workers [53] used a value of 3.8 m(} for their simulations.

4.2. Semiempirical model

As explained in section 1, the internal resistance of a PEMFC can be broken down into 3

major contributions:

Rint = Rierg + Rlifl? + Reont (2)

In the general case, the ionic resistance of the PEM membrane, Rpgy, is several orders

of magnitude higher than the other two ohmic contributions [70]; therefore, the

following approximation was considered in this work:

Rine = Rllfl? = Rpem (3)
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The resistance of the PEM membrane is given by the following expression:

rpeM * lpEM
e = o "

Where Apgy denotes the membrane active area; lpgy stands for the thickness of the
membrane; and rpgy is the resistivity of the PEM membrane to the proton flow. This
parameter depends on the type and characteristics of the PEM membrane, on the
temperature and on the level of hydration of the membrane (water content of the
membrane) [71]. The PEMFC studied in this work contains a Nafion® 117 membrane.
Springer and co-workers developed an experimental model for Nafion® 117 resistivity

as a function of temperature and water content [44]:

181.6

Ipem =

(T—303.15 (5)
(Am,0/50; — 0.634) - 18 (1)

Where T denotes the operation temperaturein K; and AHZO/SOQ stands for the effective
water content of the membrane. This parameter quantifies the effective humidification
level of the PEM membrane. Its physical meaning corresponds with the mean number
of water molecules per SO3 group. In Nafion® membranes, AHZO/SOQ € 10.634;22]. For
water contents below the minimum water content (A, = 0.634), the Nafion®
membrane becomes a protonic insulator (infinite rpgy ). Replacing equations (4) and (5)

in (3), the following expression is obtained:
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181.6 lpgm

T—303.15) Apem (6)

Rint =
(Assy0/50- — 0.634) - RECICS

Equation (6) expresses the internal resistance of the PEMFC as a function of known
geometrical properties of the membrane (area and thickness), operation temperature
and the mean effective water content of the membrane. The following expression for

the water content parameter can be obtained from equation (6):

181.6 lpgm

T—_303.15 (7)
Rine - eélg'(f) Apem

AHZO/SOE = 0634 +

In the above expression, the water content parameter is expressed as a function of the
geometrical characteristics of the PEM membrane, the operation temperature, and the
internal resistance of the PEMFC. On the one hand, the geometric constants are known:
Apgm = 58 cm? and lpgy = 183 um. On the other hand, the operation parameter is
one of the factors considered in the experimental design, and therefore, it is known for
each experiment. Consequently, expression (7) can be used to estimate parameter

AH,0/s05 from the experimentally measured internal resistance.

Using the internal resistance experimentally measured (Figure 2a), and equation (7), the
water content parameter, Ay, /505, Was calculated for each DC current. The obtained
results for experiment (—; —; +) are shown in Figure 2b. It can be observed that initially,
the effective water content parameter of the PEM membrane increases with I, and

then tends asymptotically to a saturation value. The increase of Ay, s0; With the
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operation current is due to the production of water on the cathodic compartment as a
result of the oxygen reduction half-reaction: by Faraday’s law of electrolysis, at higher
operation currents, the water production is higher. The increase in water production
shifts the water balance of the PEM membrane towards higher water contents.
Moreover, a saturation process is observed in the water content curve: a given increase
in the DC current causes a larger increase in the water content parameter for low DC
currents in comparison to high DC currents. The water content parameter reaches a
saturation value: further increases in the DC current do not increase the water content
anymore. This is due to the saturation of the membrane: after a certain amount of
produced water (fixed by the DC current), the membrane does not take more water; and

therefore, the water content of the membrane does not increase further.
Based on the shape of the 7\H20/so; versus I, experimental curve, the following model

was proposed in order to capture the evolution of the water content as a function of the

operation current:

Miy07505 Upe) = Ady0/505 + (/1?1020/503‘ - /1%20/503‘) - (1 — e~*alpc) (8)

Taking limits, the following expressions are obtained:

_ _ 0
nglcrllo AHZO/SOE (pc) = /1H20/503‘ )
ID?—I}}WOAHZO/SOQ(IDC) - ?1020/503— (10)
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It can be deduced that /1?,20/503— corresponds with the open circuit water content of the
membrane (when no current is flowing); /1}’;20/503— is the saturation water content of the
membrane; and k; corresponds with the current effect parameter, which quantifies the
magnitude of the effect of the operation current on the water content of the membrane.

Higher values of k; imply more vertical Ay, /505 versus Ip¢ curves.

Expression (8) was fitted to the experimental data shown in Figure 2b. The obtained
fitted model is shown in Figure 2b, superimposed on the experimental data. It can be
seen that the proposed empirical model successfully fits the experimental data. Table 3
contains the fitted values of the parameter models, and the determination coefficient.
On the one hand, the determination coefficient, 98.57% , shows that the proposed
model is able to accurately reproduce the experimental evolution of Ay, 0,505 With the
operation current. On the other hand, the fitted values are consistent with the physical

meaning of the model parameters: both, /1?,20/503— and /1}’,020/503—, are contained in the

theoretical ]0.634; 22] range.

The literature indicates that a value of Ay,g/s0; around 22 corresponds with a
membrane immersed in water, while a fully hydrated membrane in a PEMFC fed with

water-saturated air has a mean value of Ay,o,s0; around 14 [72]. These values are

consistent with the results obtained in this work since, in the operation conditions
considered here, the air is relatively far from being water-saturated; and therefore it is

logical that the obtained Ay,o/s0; values are clearly lower than 14.
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As in section 4.1, in this work only the fitting to the experimental data extracted from
experiment (—; —; +) is shown, for the sake of clarity. Similar fitting goodness was
achieved for all the other operation conditions considered in the experimental design.
Moreover, the fitted model parameters are consistent with their physical meaning, in
all the cases. It was deduced that the proposed empirical model successfully explains
the experimental evolution of the water content of the PEM membrane, with the

operation current.

4.3. Qualitative analysis of the effect of the operation parameters on the water

content curve

In this section the effect of each one of the operation parameters on the water content
curve will be analysed qualitatively. In order to achieve this, the water content curves
obtained experimentally will be superimposed by pairs. For the sake of clarity, only one

of the two replicas of each experiment will be presented in the qualitative analysis.

4.3.1. Effect of the operation temperature

Figure 3 shows the effect of the operation temperature on the water content curve, for
different humidities of the inlet gases. On the one hand, it can be observed that for given
inlet humidities, the operation temperature has a negative effect on the water content
of the membrane at open circuit (I = 0 A): an increase in the operation temperature
leads to a drop in parameter /1?,20/503—. On the other hand, the operation temperature
has a negative effect on the saturation water content: for given inlet humidities, an
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increase in the operation temperature causes a decrease in parameter /1}’,020/503—. Finally,
it can be observed that the water content curve presents a sharper increase (i.e. the
saturation value is reached for lower currents) when the operation temperature is
increased. This observation is equivalent to say that the operation temperature has a
positive effect on the current effect parameter: an increase in the operation

temperature, for given inlet humidities, leads to an increase in parameter k;.

4.3.2. Effect of the hydrogen humidification temperature

Figure 4 shows the effect of the hydrogen humidification temperature (i.e. the inlet
hydrogen humidity) on the water content curve, for different operation temperatures
and air humidities. On the one hand, it can be observed that the hydrogen humidity has
a positive effect on the water content of the membrane at I, = 0 A: anincrease in the
hydrogen humidity leads to an increase in parameter /1?,20/503—. On the other hand, no
cleartrend in the saturation water content can be observed with the hydrogen humidity.
This suggests that hydrogen humidity may not have a significant effect on
parameter /1}’,020/503—. Finally, it can be observed that the water content curve presents a
less pronounced increase (i.e. the saturation value is reached for higher currents) when
the hydrogen humidity is increased. This observation is equivalent to say that the
hydrogen humidity has a negative effect on the current effect parameter: an increase in
the hydrogen humidity, for a given operation temperature and air humidity, leads to a

drop in parameter k;.
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4.3.3. Effect of the air humidification temperature

Figure 5 shows the effect of the air humidification temperature (i.e. the inlet air
humidity) on the water content curve, for different operation temperatures and
hydrogen humidities. On the one hand, it can be observed that for a given operation
temperature and hydrogen humidity, the operation temperature has a positive effect
on the water content of the membrane at open circuit: an increase in the air humidity

leads to an increase of parameter /1?,20/503—. On the other hand, the air humidity has as

well a positive effect on the saturation water content: for a given operation temperature
and hydrogen humidity, an increase in the air humidity causes an increase in
parameter /1}’,020/503—. Finally, the saturation water curve slope does not present any clear
trend with the air humidity. This suggests that the air humidity may not have a significant

effect on parameter k.

4.4. Statistical analysis

A statistical analysis was performed in order to confirm quantitatively the qualitative
observations presented in section 4.3. After repeating the analysis described in section
4.2 for experiment (—; —; +) to the other 17 experiments, the fitted values of the 3
model parameters (/1?,20/503—, /1}’,020/503—, and k;) were obtained for every combination of
operation conditions considered in the experimental design. An ANOVA analysis was
performed in order to determine which factors (operation temperature and inlet
humidities) have a statistically significant effect on each model parameter.

Subsequently, the response surface method was used in order to obtain a regression
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model that relates each model parameter with the factors that have a significant effect
on it. All the statistical analysis performed in this work, were done using a confidence

level of 95%.

4.4.1. ANOVA analysis

The results of the ANOVA analysis for the different model parameters are presented in

Tables 4 to 6. The ANOVA analysis of the results indicates that while parameter /1?,20/503—
depends significantly on all three input factors (operation temperature, and inlet
humidities); parameter /1}’;20/503— only depends on the operation temperature and on
the air humidity; and parameter k; only depends significantly on the operation

temperature and the hydrogen humidity.

Certain hypothesis must be met for an ANOVA analysis to be valid: independence,
statistical significance, normality, and homoscedasticity [59]. The validation of these
hypotheses is mandatory before accepting the results of any ANOVA analysis. Firstly, in
this work, the independence of the observations was guaranteed by the selection of a
randomized experimental design. Secondly, statistical significance is assured for a
residual number of degrees of freedom higher than 4. As it can be seen in Tables 4, 5
and 6, this condition is fulfilled in the 3 presented ANOVA studies. Finally, the fulfillment
of the normality and homoscedasticity hypothesis can be verified using the residues of
the ANOVA. On the one hand, in this work, the normality hypothesis was verified using
the unidimensional statistics of the ANOVA residues (asymmetry and curtosis
coefficients, box and whiskers plot, and normal probability plot), the Shapiro-Wilk test,
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and the Kolmogorov-Smirnov test. On the other hand, in this work, the homoscedasticity
hypothesis was verified using the residues versus observed plot. The 4 hypothesis were
successfully validated for the 3 ANOVA studies; however, for the sake of briefness and

clarity, all these validations were not presented in this document.

4.4.2. Regression models

In this work, a first order linear model with interactions was considered for parameters

/1}’;20/503— and k;. In each case, only the factors and the interactions that have a

statistically significant effect on the parameter, which were determined in the ANOVA
studies presented in section 4.4.1., were included in the regression model. In addition,
it was determined that factors T and H,;,- have a statistically significant second order

effect on parameter /1?,20/503—. For this reason, these two quadratic effects were

included in the 2%, 0/so; regression model, in addition to the main effects and the
2 3

interaction that have a significant effect on /1?,20/503—. The surface responses considered

for each model parameter are given by the following expressions:

Abyo/s05 = Aore + A7+ T + A%HZ “Hy, + 2, * Hair + A(%-HHZ T Hy,

(11)

+ Mtigy T~ Hair + 472 -T2 + Ao~ Har
?-1020/503_ = Azote + A%o T+ A?-Ioair ' Hair + A%O-Hair T Hair (12)
Ky = Kete T K7 T + Kiy, " Hy, (13)
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In the above expression, T denotes the operation temperature, and H; stands for the
absolute humidity of gas i. Tables 7 to 9 give the values of the coefficients of the fitted
regression models. These tables present the fitted value and the uncertainty for a 95%
confidence level, of each one of the different parameters considered in each regression
model. As it can be observed in the mentioned tables, the 3 regression models have
determination coefficients higher than 90%, which indicate that the 3 regression models

are able to perfectly reproduce the experimental data.

4.4.3. Parameter A3 o /so-

Figure 6 shows the contour plot of the regression model obtained for parameter
/1?,20/503—. On the one hand, for a given level of humidity in the inlet gases, an increase
in the temperature leads to a drop in /1?,20/503—. On the other hand, for a given
temperature, an increase in the humidity of any of the inlet gases, causes an increase in
/1?,20/503—. As it was defined in section 4.2, parameter /1?,20/503— is the open circuit
effective water content of the membrane. In other words, /1?,20/503— corresponds with
the water content of the membrane when no current is circulating within the PEMFC. In
open circuit, no water is produced in the cathodic compartment. Consequently, the
open circuit water content of the membrane is determined by 2 processes. The first one
is the water absorption from the inlet humidified gases. The second one is the water loss
due to the water drag by the gas streams that flow through the PEMFC. For given

operation conditions (temperature and inlet humidities), a balance between both
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processes is reached. The water content of the membrane in the aforementioned

equilibrium corresponds with /1?,20/503— for those operation conditions.

For given humidity levels in the inlet gases, an increase in the operation temperature
causes an increase in the water vapor pressure on the PEM membrane, which in turn
causes an increase of the water losses by drag. Since the intake term remains
unmodified, the increase of the loss term causes a shift of the equilibrium point toward
lower membrane water contents. This explains why an increase of T, for given Hy, and
Hg;, resultsinadropin /1?,20/503—. On the contrary, an increase of the humidity of either
of the 2 inlet gases, for a given temperature, results in an increase of the water intake
term, which shifts the equilibrium point toward higher membrane water contents. This
explains why, for a given T, an increase in Hy, or H,;, causes an increase in /1?,20/503—.
Finally, because of the gas flow rates used in this work, the absolute amount of water
introduced by the air stream is substantially greater than the water amount carried by
the hydrogen stream. This is the reason why the magnitude of the effect of factor H,;,-

on /1?,20/503— is significantly higher than the magnitude of the effect of factor Hy, .

4.4.4. Parameter /1?1020/503‘

Figure 7 shows the contour plot of the regression model obtained for parameter

220/503—. On the one hand, for a given level of air humidity, an increase in the operation
temperature leads to a drop of /1}’,020/503—. On the other hand, for a given temperature,

an increase of the air humidity causes an increase of /1}’;20/503—. As it was defined in
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section 4.2, parameter /1}’;20/503— is the saturation effective water content of the
membrane. In other words, /1}’;20/503— corresponds with the water content of the
membrane when a high current is circulating through the PEMFC. In such situation, the
water production in the cathodic compartment is significant. As parameter/l?,zo/sog,
parameter /1}’;20/503— is also determined by a balance between the process of water

absorption from the inlet humidified gases, and the process of water loss by water drag

by the gas flows. However, in the case of parameter /1}’,020/503—, there is a third process

that affects significantly the equilibrium: the water production due to the cathodic half-

reaction.

The trends of /1}’;20/503— with the operation temperature and the inlet humidities are due
to the same reasons that explain the trends observed in parameter /1?,20/503— . On the

one hand, for a given air humidity, an increase in the temperature causes an increase in
the water loss term, which results in a shift of the equilibrium towards lower water
content values. This explains why an increase in T, for a given H,;,, results in a drop in

220/503—. On the other hand, an increase in the air humidity, for a given temperature,

causes an increase in the membrane water intake, which results in the displacement of
the equilibrium towards higher water content values. This is the reason why an increase

in Hy;,-, foragiven T, results in an increase of /1}’,020/503—.

When comparing Figures 6 and 7, it can be observed that /1}’;20/503— is higher than
/1?,20/503— in every point of the phase space. At given operation conditions (temperature

and inlet humdities), the water production process shifts the equilibrium toward higher
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water content values, with respect to the open circuit case in which this third process is

absent. This explains why /1}’;20/503— is greater than /1?,20/503— for any given operation

conditions.

Unlike parameter /1?,20/503— , parameter /1}’;20/503— is not significantly affected by
hydrogen humidity. This is because the absolute amount of water carried by the
hydrogen stream is small, due to the selected hydrogen flow rate. In conditions where
the amount of water produced in the cathodic compartment is high (i.e. high current
intensities), the amount of water introduced by the hydrogen stream is negligible with
respect to the produced water amount. In contrast, in conditions where the amount of
water produced in the cathode is small (i.e. open circuit), even the small contribution of
water by the hydrogen stream has a significant effect. This explains why Hy, has a

significant effect on /1?,20/503—, whereas it has no significant effect on /1}’,020/503—.

4.4.5. Parameter k;

Figure 8 shows the contour plot of the regression model obtained for parameter k;. On
the one hand, for a given level of hydrogen humidity, an increase in the operation
temperature leads to an increase of k;. On the other hand, for a given temperature, an
increase of the hydrogen humidity causes a drop of k. As it was defined in section 4.2,
parameter k; is the parameter that quantifies the magnitude of the effect of Iy, on
An,0/s0;5 - In other words, a high value of k; means that small changes in the operation
current cause big changes in the water content of the PEM membrane; and on the

contrary, a low value of k; means that big changes in the polarization current leads to

27



small changes in the membrane water content. Since water is produced in the cathodic
compartment, the concentration of water on the surface of the PEM membrane in
contact with the cathodic compartment is significantly higher than the water
concentration on the surface of the PEM membrane in contact with the anodic
compartment. This water concentration gradient generates a flow of water from the
cathodic compartment to the anodic compartment. This water flux is one of the

contributors to the hydration of the internal regions of the PEM membrane.

On the one hand, an increase in the operation temperature results in an increase of
water diffusivity in Nafion® [73], and therefore, in an increase on the water diffusivity
in the PEM membrane. For this reason, at higher temperatures, a given change in the
water production in the cathode (i.e. a given change in I.), results in a bigger change
in the water flux through the membrane, and therefore, in a higher change in the
membrane’s water content. This is the reason why, as the operation temperature
increases, the operation current has a greater effect on the water content of the
membrane. In other words, this explains why k; increases with T. On the other hand,
an increase in the hydrogen humidity results in an increase of the water concentration
in the anodic compartment, in general; and on the surface of the PEM membrane in
contact with the anodic compartment, in particular. This results in a drop in the driving
force of the water flux from the cathodic to the anodic compartment. Thus, for a given
change in the water production in the cathode (i.e. a given change in Ij ), the water flux
through the membrane is smaller; and consequently, the membrane’s water content

change is also smaller. This explains why the operation current effect on the water
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content of the membrane decreases when hydrogen humidity increases; which is

equivalent to say that k; decreases with Hy, .
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5. Conclusions

The proposed semiempirical model successfully achieves to describe the experimental
behaviour of the internal resistance of the PEMFC with the DC current. The main
advantage of the proposed semiempirical model is that even if it is an empirical model
(thus, easy to use); all the parameters of the proposed model have a defined physical

interpretation.

The performed statistical analysis allowed to determine which operation parameters
(operation temperature and inlet humidities) have a statistically significant effect on
each one of the three parameters of the semiempirical model of the effect of operation
current on the internal resistance of a PEM fuel cell. On the one hand, all three operation
parameters have a significant effect on the open circuit water content parameter. On
the other hand, only the operation temperature and the air humidity have a significant
effect on the saturation parameter. Finally, only the operation temperature and the

hydrogen humidity have a significant effect on the characteristic current parameter.
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6. Nomenclature

Latin letters

APEM

Rcont
Rint
Rgle

int

R;’on

int

IpEM

hum
THZ

hum
Tair

Greek letters

Nohmic

K)

AH,0/503

Active area of the PEM membrane (m?)
Absolute humidity of stream i (gu,0 * 975, gas)
Current (4)

Operation current (4)

Thickness of the PEM membrane (m)
Determination coefficient (%)

Contact resistance ()

Internal resistance ()

Electronic resistance ()

lonic resistance ()

lonic resistivity of the PEM membrane (- m)
Operation temperature (K)

Hydrogen humidification temperature (K)

Air humidification temperature (K)

Ohmic overvoltage (V)
Current effect parameter (471)

Effective water content of the membrane
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0
/1112 0/503

[o/)
H,0/S03

Subscripts

TZ
T - Hgir

T'HHZ

Open circuit effective water content of the membrane

Saturation effective water content of the membrane

Constant term

Air humidity main effect term

Air humidity quadratic effect term
Hydrogen humidity main effect term
Temperature main effect term
Temperature quadratic effect term
Temperature-air humidity interaction term

Temperature-hydrogen humidity interaction term
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Table 1. Quantitative values of the encoded factor levels

Factor Level -1 Level0 | Level +1
Temperature (°C) 30 50 70
Hydrogen humidity (gu,0 * ary u,) 0.28 1.26 2.25
Air humidity (mgp,o * Gary air) 3.5 9.8 16.0
Table 2. EIS measurement parameters
Measurement parameter Value
Integration time 1.0s
Number of integration cycles 5 cycles
Number of stabilization cycles 15 cycles
Maximum stabilization time 1.0s
Minimum stabilization cycle fraction 0.00

Table 3. Fitted model parameters obtained from fitting the experimental A vs Ip¢

curve, obtained in experiment (—; —; +)
Parameter Units Fitted value Uncertainty (95% CL)
Ab0/505 - 7.936 +0.057
A0/505 - 9.404 +0.084
K A1t 0.276 +0.040
R? % 98.57
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Table 4. ANOVA table for parameter lgzo/sog

Sum of Degrees of Mean )
Factor F ratio p-value
squares freedom square
Main effects
T 66.6 66.6 947.87 0.0000
Hy, 1.21 1.21 17.27 0.0016
Hir 17.2 17.2 244.76 0.0000
Interactions
T - Hy, 1.11 1.11 15.75 0.0022
T-Hg, 11.3 11.3 161.39 0.0000
Hy, * Hyir i'3160_3 1 i'3160_3 0.09 0.7692
Residual 0.632 9 0.0702
Total 98.1 15
Table 5. ANOVA table for parameter 121020/505
Sum of Degrees of Mean )
Factor F ratio p-value
squares freedom square
Main effects
T 46.1 46.1 173.33 0.0000
Hy, 0.997 0.997 3.75 0.0849
Hir 7.15 7.15 26.86 0.0006
Interactions
T - Hy, 0.531 1 0.531 1.99 0.1915
T-Hg, 1.99 1 1.99 7.50 0.0229
Hy, * Hyir 0.226 1 0.226 0.85 0.3811
Residual 1.60 6 0.226
Total 58.6 12
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Table 6. ANOVA table for parameter k;,

Sum of Degrees of Mean ]
Factor F ratio p-value
squares freedom square
Main effects
T 0.0470 0.0470 10.33 0.0106
Hy, 0.0342 0.0342 7.53 0.0227
9.22 9.22
Hir % 10-6 1 % 10-6 0.00 0.9651
Interactions
8.22 8.22
T-H
H,  10-3 1 % 10-3 1.81 0.2117
3.29 3.29
T-Hy, % 10-3 1 % 10-3 0.72 0.4169
7.15 7.15
Hy, * Hyir « 10-3 1 « 10-3 1.57 0.2414
4.55
Residual .
esidua 0.0409 9 % 103
Total 0.141 15

Table 7. Coefficients of the regression model of parameter lgzo/sog

Parameter Units Fitted value  Uncertainty (95% CL)
2%, - 9.856 +0.036
25 °oc~1 —0.0301 +0.0027
Ay, I, " ity ~0.371 +0.066
. Gair * Jiso —-167.34 +0.85
ATy, 9u, " Giyo - °C™* 0.0131 +0.0043
Mgy Gair G0 °C 6.66 +0.10
232 °C~2 —0.00153 +0.00052
Az 9% 9o 315 +0.12
R? % 99.87
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Table 8. Coefficients of the regression model of parameter 7\:1020/505

Parameter Units Fitted value  Uncertainty (95% CL)
Adte - 12.83 +0.72
AT °ct —0.131 +0.015
A% Gair * Jiso —2.92 +0.60
ATHgy  Gair "0 °C 2.42 +0.12
R? % 94.64

Table 9. Coefficients of the regression model of parameter k;,

Parameter Units Fitted value  Uncertainty (95% CL)
Kete A1 0.223 +0.045
Kp A~1.oCc1 0.00279 +0.00077
KHy, A7 Gair * G0 —0.0719 +0.0016
R? % 90.59
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obtained for different operation currents, for experiment (—; —; +)
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Figure 5. Effect of the air humidification temperature on the water content curve
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Figure 6. Contour plot of the regression model obtained for parameter 12120/305
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