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Abstract

Electrochemical noise (EN) generated by a PEM fuel cell stack (600 W, 8 cells with surface area 220
cm?) has been measured in well-controlled operational conditions following DOE recommendations for
100 h. For the first time, robust and stable statistical noise descriptors of a PEM fuel cell stack have been
obtained based on PSD (power spectral density) spectra in the frequency range of 0.1 Hz < f < 10° Hz.
The reference noise signature of the stack involves white noise at the low-frequency range (f < 0.1 Hz),
two fractional noises (1 /f*) with different slopes, and a pronounced peak at the characteristic frequency
f=1.6 Hz. In the intermediate frequency range (0.1 Hz < f < 1 Hz) the slope a1 = 1.49 and in the high
frequency range (f > 10 Hz) the slop o2 = 3.23. Qualitative interpretations of the obtained noise signature
have been proposed.

The influence of interruption of stack operation on noise signature has been studied. It was shown that,
just after a few hours, other peaks are visible in noise signature at f = 0.004 Hz and f = 0.06 Hz. These
peaks disappear after about 20 h, this time can be considered as a characteristic time of relaxation of the
slowest processes. It can be also noted, that during stack relaxation the slope in the intermediate
frequency range increases and the slope at high-frequency domain remains constant. It seems that
fractional noise at high-frequency range reflects charge transfer processes in catalytic layers with smaller
time constants. On the other hand, low and intermediate frequency ranges are related to mass transport

and water management processes with higher time constants.
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1. Introduction

In a world where the energy demand increases irremediably, where the forthcoming shortage of fossil
fuels is in front of us and the pollution issues related to them are discernible, the science and industry are
strongly motivated to explore alternatives. In the area of hydrogen technology, fuel cell systems have
emerged as a sustainable alternative for decentralized electricity production, with high-energy efficiency
and low/zero green gas emissions [1-3]. Hydrogen is not a primary energy source but a vector. To be
clean, fuel cell systems must use hydrogen production with a lower environmental impact as possible
[4]. Unfortunately, hydrogen is mostly produced with fossils fuels (96%), so environmental problems are
not solved. But hydrogen production becomes relevant if renewable energy (solar, wind, biomass) is
used.

Indeed, this vector solves the intermittence and/or variability problem of renewable energy. It allows
for massive storage of energy for several weeks or months. In the field of green chemistry, hydrogen can
be seen as a byproduct of the bio-electrochemical conversion of organic compounds [5-7]. Microbial
Fuel Cells [8, 9] can be relevant to obtain the sustainable conversion of energy. More generally,
electrochemical reactor development in water or chemical treatment [10, 11] is a topic of interest.

Proton Exchange Membrane Fuel Cell (PEMFC) technology is a promising system due to its
advantages such as low-temperature range operation 60 — 90°C, high efficiency (up to 70%) in
cogeneration of heat and electricity for residential applications [12], and its reasonable efficiency for
transport applications (30 at 60% depending on operating point). Fuel cells have a high-power density,
quick start-up, low weight, and quietness [13]. Unfortunately, some drawbacks are not overcome, such
as high cost, catalyst degradation, complex water management, insufficient reliability, and durability
[14]. Numerous studies have been done concerning fabrication optimization [15-17], catalyst
modification [18], understanding of water, and thermal management [19, 20]. Nevertheless, all the
disadvantages are not still eliminated, which impede a wide utilization and commercialization of
PEMEC.

To improve the performance and the durability of the PEMFC, different diagnostics tools and methods
are used like impedance spectroscopy, current interruption technique, temperature distribution
measurements, aging test protocols, optical imaging, x-ray tomography. But the development of reliable
diagnostics tools applicable without operation interruption is still an open problem. One of the promising
possibilities allowing in-situ diagnosis of electrochemical energy sources, without system perturbations,

is related to electrochemical noise analysis (ENA) [21-23]. Indeed, electrochemical noise measurements



can provide statistical descriptors with the high sensibility to diagnose the behavior of an electrochemical
system without any interruption.

Electrochemical noise (EN) is defined as a spontaneous fluctuations of potential and/or current
generated by electrochemical processes [23, 24] due to different phenomena such as turbulent mass
transfer [25-27], gas evolution [28, 29], electrode corrosion [30-32], passivation [33], water transport
and transfers within fuel cells [19, 34, 35]. In the last decades, ENA was also developed to study battery
systems [36-38] and coating processes [39, 40]. The goal of ENA is to produce statistical descriptors in
time (moments) or frequency (spectra) domains. Time-frequency analysis (wavelets) is also used,
nevertheless, it is more difficult for practical applications. Signals originating from PEM fuel cells,
battery systems, and corrosion processes are often non-stationary because of the presence of a significant
DC drift [41, 42]. So, adapted pre-processing methods are necessary to detrend correctly the drift of the
signal [43, 44].

Despite the numerous advantages, ENA is a relatively new experimental method and a lot of efforts
are still necessary to introduce it for everyday electrochemical studies. These efforts concern the
development of user-friendliness instrumentation, experimental procedures to obtain robust statistical
descriptors and theoretical approaches for interpretation ENA. One of the main advantages of ENA is the
possibility of in-situ monitoring of electrochemical power sources during long-time operation, in
particular concerning aging experiments. Information regarding ENA in these conditions is very scanty.
Indeed, available literature on ENA concerns mainly single fuel cells during relatively short time
operation (about one hour).

One of the goals of the present paper is the demonstration of the ENA applicability to monitoring a
PEM fuel cell stack under long-time operation. In our knowledge, it is a first attempt to apply ENA for a
relatively high power PEMFC stack. The noise measurements have been recorded for about 100h in the
galvanostatic regime. Stack temperature, humidification, flow rate, and pressure of gases have been
controlled precisely to avoid any significant drift of the mean voltage and assuming a constant electrical
power generation by PEM fuel cell stack. The provided measurements have allowed us to obtain a highly
representative database suitable for ENA methodology development.

The first question deals with ENA concerns the generation of robust statistical descriptors. In this
paper, the attention is focused on statistical descriptors in the frequency domain, namely on power
spectral density (PSD) of voltage fluctuations. It is necessary to note that PSD is the most usual tool for
characterizing stochastic signals. Nevertheless, it is well known, that PSD estimation meets certain
difficulties related to the methodology of calculations. The choice of operating parameters (data

acquisition frequency and signal duration) and elimination of possible signal trend is also a critical point.



Disregarding these difficulties leads to ambiguities of PSD estimation. To obtain a robust estimation of
PSD in a high-frequency range, it is necessary to have stationarity of the signal during a long-time period.
The experimental campaign allows this possibility and special attention have been put for the justification
of robustness of the obtained spectral descriptors (PSD). In this way, some reference noise signature of
the PEM fuel cell stack has been obtained.

When a reference noise signature of the stack is available, this information can be used as a descriptor
to characterize the state of the system. In this paper, the influence of the stack interruption on its
characteristics has been studied. ENA has been used to determine the relaxation time necessary for the
recovering of the stack. This result can be important for the methodology of aging experiments and
prognostics of fuel cell stacks. Indeed, all traditional methods require interruption of the system, for
example, polarization curve measurements, or at least some system perturbations, for example,
impedance measurements.

The principal question concerns the physical interpretation of the obtained noise signature. Sure, it is
not simple to develop a theoretical approach that supports noise measurements. Some attempts in this
direction have been done concerning turbulent noise measurements [25, 45, 46], in the case when the
source of fluctuations is well identified and some theoretical background, namely mass transport
equation, is available. Concerning EN of fuel cells, the problem is still open and not very different from
the one related to the interpretation of the impedance measurements. One of the main difficulties is
determined by the general problem of a correct theoretical description of the electrochemical system.
Existing theories reveal some partial phenomena and are not still able to give a complete description of
the studied system. So, the interpretation of noise measurements should be developed progressively based
on robust experimental information and independent cross-measurements. This is not a goal of the
present study, the theoretical discussion of the obtained noise signature is restrictive here to some
qualitative interpretations and working hypothesis. The main goal of the paper is the generation of robust
statistical descriptors in the frequency domain which can be used as a reference for future studies.

The paper is organized in the following way. Section 2 presents the experimental details of the
provided experiments. In section 3, the details related to the PSD estimation are presented and the
robustness of obtained statistical descriptors is considered. The reference noise signature of the stack
under operation is presented and discussed in section 4. Section 5 deals with the influence of the stack
interruption on the noise signature. The discussion of obtained results and conclusions are given in the

last section 6.



2. Experiments

The experiments have been provided using the PEM fuel cell stack of the nominal power 600 W
fabricated by CEA (Commissariat a 'Energie Atomique), Grenoble, France. The principal schema of the

stack is presented in Fig. 1.
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Fig. 1 Principal schema of PEM fuel cell stack using for electrochemical noise measurements

The stack has been assembled using 8 cells with a surface area of 220 cm2. Each cell of the stack is
composed of coated stainless steel flow field plates presenting multiserpentine geometry with a square
section of Imm x Imm. An NRE 212 Nafion® Membrane Electrode Assembly (MEA) is sandwiched
between 25 BC Sigracet® Porous Transports Layers (PTLs often named GDLs). The test bench has been
equipped by sensors allowing temperature, pressure, humidity, and reactants flow rate measurements.
The conception of the experiments was oriented to obtain a continuous long-time operation of the stack
up to 1000h. Operational conditions meet DOE recommendations, namely 1.5 bar anode and cathode
pressure, 75°C stack temperature, 50% anode, and cathode relative humidity, reagents H2/air
stoichiometry 1.5/2. Pressure regulators supported high-pressure stability. The accuracy of the
temperature controller was higher than 0.2°C. The flow rate regulator error does not exceed 0.2%.

Electrical operation modes of the stack have been controlled by the electronic load of TDI Dynaload



RBL488-400-600-4000. The additional noise provided by this module is significantly lower than 1 mV.
A more detailed examination of the electronic load impact on EN measurements will be given below in
section 4. Before the launch of the long-duration campaign (1000h), a polarization curve has been
recorded for characterizing the electrical performance of the stack, see Fig. 2.
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Fig. 2 Polarization curve of the fuel cell stack

The stack has been operated in galvanostatic mode and the current load was set at 85 A (~0.4A/cm?).
The duration of electrochemical noise (EN) measurements was about 100h and cover only a part of the
total experimental campaign, see Fig. 3. The noise measurements have started approximately at t = 380
h after the beginning of the experimental campaign, and have been interrupted because of the lack of fuel
supply. The duration of these first measurements was about 10 h. The results are denominated as A;%.
Short time measurements have been provided for comparison under open-circuit conditions (A;°). When
the technical problem with the fuel supply has been solved, additional electrochemical noise
measurements have been provided during 90 h in the same operational conditions (A,%°). These
measurements are subdivided on three zones A21%, A2,%°, A»3%. The noise measurements have been

interrupted with the experimental campaign because of the stack degradation.
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Fig. 3 Different zones where electrochemical noise measurements have been provided

The electrochemical noise measurements concern high-frequency recording of the stack voltage. A
special system of data acquisition and storage have been developed for this purpose. The measurement
system is based on a data acquisition card (DAQ) from National Instruments (NI-9239) with a sampling
frequency of 50 kHz. The card is placed inside a metallic box for decreasing electromagnetic
environmental influence and the wires are connected to output terminals of the stack. The intrinsic noise
of the measuring system was about 70 uV (root mean square value under short-circuit connection). This
value of intrinsic noise allows correct measurements of stack voltage fluctuations (electrochemical noise)
which are of mV-order magnitude.

LabVIEW® software from National Instruments was used for DAQ configuration as well as data pre-
storage. Additional functions have been performed by developed software on Python 3. All data from
DAQ were automatically compressed and saved within the corresponding folder for the following
transfer to the external hard drive. Storage and data management have been performed by using a laptop.
The developed system allows simultaneous 4 channels measurements and data storage with the sampling
frequency up to 50 kHz. However, the frequency of 2 kHz is sufficient for the provided experiments and
all results presented below have been obtained with this sampling frequency. The possibility of in-situ

data storage is very important. Indeed, the recorded voltage fluctuations present some stochastic signals



which can be treated in different ways. In the present paper, the most classical approach based on power
spectral density (PSD) calculations are used. More sophisticated treatment of the recorded stochastic
signals is under development.

Examples of the recorded electrochemical noise signals are presented in Fig. 4. The origin for each
signal has been arbitrarily selected to place all these signals in the same figure. The stochastic character
of the recorded signals can be seen with some dominant frequencies existence. It is also possible to
estimate the amplitude of the fluctuations which is about 10 mV. It confirms that the developed
acquisition system with an intrinsic apparatus noise of 70 puV is well adapted for this type of

measurements.
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Fig. 4 Electrochemical noise signals recorded in different zones

3. Robustness of spectral descriptors

Once the electrochemical noise signal is recorded and storage the question of data treatment arises.
Indeed, the goal of the noise measurements is the generation of some statistical descriptors which can be
used for the characterization of the studied electrochemical system. The first principal difficulty which
one meets in this way is related to the definition of the signal fluctuations. In other words, with the
definition of the noise notion. It seems to be simple: the fluctuations (the noise) are the difference between
the raw signal and the mean signal values. But what is the mean value of the signal? When the process
is stationary this value can be calculated as the mean value for the total signal duration or some
representative part of the signal realization. Nevertheless, in reality, it is never known either the process

is non stationary or it can be treated as a stationary one. Thus, different procedures of signal detrending



are used, as apparatus filtering. When the actual signal data are stored, the detrending can be implemented
numerically. The goal of the detrending procedure is the elimination of the mean signal value. All these
procedures influence the noise. The advantage of numerical detrending deals with the possibility to
control this influence. Contrary, it is difficult to provide the same level of control with analog filters due
to the influences of parameter spread, thermal effects, etc.

In the present study, the raw signal values were recorded and stored. Thus, numerical detrending was
possible and has been used. The total signal is divided into windows and the values of the mean signal is
calculated within these windows, using the 5-order polynomial fitting. The length of the window varied
from 0.3 s to 32 s. Varying the length of the window makes possible estimation of the influence of the
detrending procedure on noise characteristics. More precisely, the window acts as a filter and the length
of the window determines the filter characteristics. Fig. 5 presents an example of the provided numerical
detrending. The origin value for each signal has been selected arbitrarily to place all the signals on the
same figure. Decreasing the size of the windows, from 32 s to 0,3 s reduce the noise intensity. This effect

can be explained by low frequencies cut-off.
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Fig. 5 Detrending of original electrochemical noise signal



In the present paper, the classical approach for stochastic signals treatment in the frequency domain
is used. This approach is based on the calculation of power spectral density (PSD). There are numerous
methods for PSD calculations and these methods influence PSD estimation. It is not a goal of the present
study to discuss all problems related to the spectral analysis. In this paper, the influence of the signal
duration T, and the method of calculations (Welch or Burg) have been studied. The influence of the
numerical detrending on PSD is discussed in section 4. Both Burg and Welch methods are used for PSD
estimations [47]. Burg is a parametric autoregressive method. The estimation of PSD is based on the
parametric model of the random process and the minimizing of the forward and backward prediction
errors. Welch method uses periodograms and provides spectrum estimation using overlapping windowed
experimental data segments. The results presented in Figs. 6 - 7 have been obtained with the original

(non-detrending) signal recorded in the zone A%,
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Fig. 6a PSD of original electrochemical noise signal calculated by Burg method
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Fig. 6b PSD of original electrochemical noise signal calculated by Welch method

Firstly, PSD is calculated for a signal duration of 1 h. Then, three calculated PSD spectra are used for
the calculation of the mean PSD and the estimation of its confidence. Next, PSD has been calculated for
the signal duration of 3 h (Fig. 6a, b). Results show that for 3 h estimation, the PSD is situated mainly
within the confidence band. Thus, the duration of 1h seems to be sufficient for a correct PSD estimation
within the frame of provided experiments.

This conclusion is supported by Fig. 6¢ which presents the calculation of PSD by Welch method for
1h, 3h, and 9h signal duration. A comparison between Burg and Welch methods is given in Fig. 7. Results
show a similar PSD estimation in the main frequency range. Only at a very-low-frequency range (less
than 0.1 Hz), the estimation of PSD highlights some differences. These differences are not discussed
here. It can be concluded that a robust estimation of PSD for studied signals in the frequency range f >
0.1 Hz can be obtained using the Welch method with 1h signal duration. The use of the Welch method is

justified by a lower calculation cost.
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4. Noise signature of the stack in the frequency domain

Once the data treatment parameters allowing robust estimation of PSD are determined (T = 1h, Welch
method), these spectra can be interpreted as statistical descriptors of the studied PEMFC stack. Fig. 8
presents the PSD spectra calculated for the A% zone. The noise measurements have been provided before
the interruption of the stack under operation. This spectral descriptor can be interpreted as a reference
noise signature of the studied stack in normal operational conditions.

PSD spectra calculations presented in Fig. 8 come from the original signal and signals after
detrending using different time windows. The influence of the detrending procedure is rather clear. The
window acts as a filter with specific cut-off frequency. Large-time windows allow us to obtain PSD
spectra in a lower frequency range. On the other hand, short-time windows can be interesting for the
high-frequency range when the system parameters change rapidly. It can be noted a certain influence of
the size of the time window on PSD estimation in a high-frequency range. In all the cases, the choice of
data treatment parameters influences PSD spectra and the researcher should pay attention to this point.
In our case, the problem of signal detrending has been successfully solved employing polynomial fitting
of the mean signal value within the window. It was demonstrated that the order of polynomial fitting has
no high influence on PSD spectra. The impact of a polynomial fitting up to the 7™ order has been studied.

The obtained noise signature is complex and very different from flicker-noise (1/ ). This noise is
usually founded in electronic devices. It cannot be reduced also to pink noise (1 /f* with 0 <a <2)
which occurs widely in nature. Here, f stands to the frequency of signal fluctuations. Using proposed by
Mandelbrot terminology, the noise signature of the stack can be described as a combination of different
fractional (fractal) noises with f*behavior where the value of power factor a can higher than 2.

The obtained noise signature of the stack involves:

- white noise in low frequency range (f < 0.1 Hz)

first fractional noise with the slop a1 = 1.49 at intermediate frequency range (0.1 Hz < f <1 Hz)

pronounced peak at f=1.6 Hz

second fractional noise with the slop a> = 3.23 at high frequency range (f> 10 Hz)
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Fig. 8 PSD spectra for A;%zone calculated for original and detrending signal

The existence of fractional noise with a > 2 reflects the complex character of physicochemical
processes in electrochemical systems, in particular related to mass transport. For example, theoretical
studies of turbulent noise in electrochemical systems [25] show, that for a fully developed diffusion layer,
turbulent fluctuations of the limiting diffusion current highlight a fractional noise with a =3. This result
has been obtained supposing that the source of electrochemical noise, namely the velocity fluctuations
(hydrodynamic noise), is white noise in the studied frequency range. The reason for these fractional noise
behavior (o= 3) is due to the attenuation of hydrodynamic fluctuations through the diffusion layer which
acts as a filter. It was shown that a more complex character of the hydrodynamic noise (for example
fractional behavior) manifests itself in the further increase of the power factor o for fractional
electrochemical noise, thus a > 3. A more detailed discussion of the theory of turbulent noise in
electrochemical systems and additional references can be found in a recent publication [46]. In particular,
it was demonstrated the dependence of power factor a on the electrode geometry. It was shown that
kinetics of electrochemical reaction influences also the turbulent noise behavior and leads to increasing
of power factor o > 3. Some details including experimental verifications are available in the literature
[26, 27, 45]. So, the obtained noise signature of the fuel cell stack is not surprising for electrochemical
systems and theoretical approaches developed for an explanation of the turbulent electrochemical noise
can be useful for ENA as well.

The recorded noise signature of the stack allows us to propose a more detailed estimation of the



influence of intrinsic apparatus noise, in particular the load, on ENA. Fig. 8 shows that PSD in the high-
frequency region (about 1 kHz) has a value of about 10-'2 V2/Hz. It is possible to consider this noise level
as an upper estimation of inherent electronic noises of measurement and control devices (DAQ, electronic
load, etc.) for a given frequency. Supposing that the apparatus noise has a traditional flicker nature (1/f),
the level of apparatus noise for other frequency ranges can be estimated. For example, at /= 100 Hz the
upper estimation of apparatus noise gives 10! V2/Hz. The proposed estimation justifies that apparatus

noise is negligible in the frame of provided ENA.

5. Stack characteristics recovering after interruption of its operation

Despite the limited theoretical background for noise measurement interpretation, ENA can be used
for the direct characterization of electrochemical systems empirically. For this purpose, the noise
signature of the operating electrochemical system should be compared with its reference value. In this
section, this approach is used to study the stack behavior after interruption of its operation.

Fig. 9-11 present PSD spectra for A»1%, A22%, A23% zones. The noise measurements have been
provided with the same stack and in the same operational conditions as for the A;% zone. The noise
signature for all these zones is similar to the one obtained for the zone A%, In particular, two fractional

noises with the slopes ai, 02 and a pronounced peak at /= 1.6 Hz can be seen in the frequency

range />0.1 Hz.
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In more detail, PSD spectra for the zones A2,1%, A2,2® are slightly different from the one obtained for
the zone A;%. Indeed, in these zones for the low-frequency range £ < 0.1 Hz, other peaks are visible at f
=0.004 Hz and /= 0.06 Hz. On the other hand, these peaks disappear in the zone A, 3%. In our opinion,
the existence of the other peaks reflects the transitional processes in the stack after interruption of its
operation. Thus, ENA allows us to determine the relaxation time (in our case about 20 h) which is
necessary for complete stabilization of stack characteristics after a sudden interruption. It can be noted
also, that during stack relaxation the slope o in the intermediate frequency range increases from 2 to 2.5,
while the slope o2 in the high-frequency domain remains constant. The obtained noise signature reflects
different processes that take place in the stack under operation. Naturally, different phenomena have
different relaxation times. Fractional noise at high-frequency range reflects processes with small time
constants. It can be due to charge transfer processes in catalytic layers. On the other hand, low and
intermediate frequency ranges are related to more important time constants. These can be related to mass

transport and water management processes. At the last, good stability of the characteristic peak at /= 1.6

Hz is noted.
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6. Discussion and Conclusions

In our knowledge, this is the first time when ENA was applied for PEMFC stack. The robust noise
signature (PSD) of the stack has been obtained in a large frequency range (0.1 Hz < /< 1 kHz) using
long-time electrochemical noise (EN) measurements. A large representative database of noise
measurements has been acquired during a long duration campaign (about 100 h) with well-controlled
experimental conditions. Thanks to this database, the robustness of the stack noise signature in the studied
frequency domain has been confirmed. Namely, the influence of signal duration, data treatment, and
detrending procedure on PSD estimation has been investigated.

The obtained noise signature includes white noise in a low-frequency range, two fractional noises
(1/f*) with different slopes, and a pronounced peak at f= 1.6 Hz. While in nature a pink noise (0 < a
<2)is widely presented, a fractional noise with a slope a [13.25 has been founded in stack noise signature.
In our opinion, this noise reflects specific physicochemical phenomena in electrochemical systems. It
can be noted, that fractional noise with a slope a > 2 has been founded in electrochemical turbulent noise
studies also [26, 27, 45]. Theoretical studies [25, 46] demonstrate that high values of the slope a in
electrochemical turbulent noise signature are related to attenuation of hydrodynamic fluctuations through

the diffusion layer which acts as a filter. For the most principal case of the fully developed diffusion



layer, the turbulent noise of the limiting diffusion current reveals a = 3 behavior [25, 46]. This result has
been obtained supposing that the primary source of the electrochemical noise, namely the velocity
fluctuations (hydrodynamic noise), is white noise in the studied frequency range. It was shown that
kinetics of electrochemical reaction also influences the turbulent noise behavior and leads to increasing
of power factor a > 3, additional references can be found in [46].

Actual information on the ENA of fuel cell systems concerns mainly single cells during relatively
short time operation [22, 23, 35]. Experiments in these conditions meet well-known difficulties related
to the interpretation of PSD spectra. Indeed, the robustness of PSD estimations depends on accessible
statistical information and is very sensitive to the data treatment procedure. The main possibility to
increase statistical information is related to the long duration experiments in well-controlled conditions
as provided in this study. Moreover, statistical information is proportional to the scale of the studied
system, namely to the total active surface area of MEA (in our experiments 220 cm?). Previous works
[22, 23, 35] reported experiments concerning single cells with a 1 cm? surface area. That is why stack
noise experiments are much more representative, from the statistical point of view, in comparison to the
experiments with small single cells.

The results presented in the literature [22, 23, 35] show that EN of single cells is fractional (1 /{*)
and reported different values for the slope a. For example, a fractional noise with a = 2, both in high (f>
3 Hz) and low (f < 0.3 Hz) frequency range has been reported in [35], with a more or less pronounced
plateau between these zones. Qualitatively the same results are reported by the same author [22], where
PSD calculations were rectified using wavelets. On the other hand, high values of o =2.5 - 3 are reported
in [23]. Our previous studies with single cells [34, 48] also indicate the existence of fractional noises
with different slopes depending on frequency range and operational conditions. Identification of these
slopes undoubtedly depends on the data treatment procedure that is why it is difficult to provide a
quantitative comparison. Nevertheless, some conclusions can be done. It seems a pink noise with a = 2
in the low-frequency range can be related to transients in the recorded signals. The tentative to extrapolate
PSD calculations on low-frequency range requires the decreasing of number of windows in experimental
segmented data. In this case, transients manifest themselves like pronounced pink noise with o = 2. It
can be noted also that Brownian motion highlights a pink noise with o = 2. In our previous work with a
single cell [48], it was shown that PSD in the low and intermediate frequency range is extremely sensitive
to fuel cell water management. The change of reactant humidification can modify drastically the shape
of PSD spectra and different fractional noises have been detected, in particular with a > 2. No significant
peaks have been reported in the above-cited papers related to the ENA of single cells.

Currently, there is no theory of EN in electrochemical sources of energy. Sure, it is not simple to



develop a theoretical approach supported noise measurements and this problem is still open. So, below
only some qualitative explanations are presented which should be considered as a working hypothesis. It
seems that noise signature in the low-frequency range (f < 10 Hz) is mainly influenced by water
management (mass transport and membrane humidification). This is supported by our previous
experiments in a single cell with a variation of humidity conditions [48]. Impedance measurements
confirm also that the low-frequency range is mainly influenced by transport phenomena. Indeed, mass
transport phenomena have important characteristic times, so all non-stationary methods should be
sensitive to these phenomena in a low-frequency range. Accepting that low-frequency noise reflects mass
transport and humidification phenomena, it is reasonable to suppose that characteristic peak at f= 1.6 Hz
has the same physical nature. One of the possible explanations is related to the process of liquid droplets
rising and evacuation. Sure, it is necessary to provide cross-measurements between voltage
electrochemical noise and pressure and flows rate signals. These cross-measurements have been already
down in our previous work with a single cell [21] where statistical descriptors were calculated in the time
domain.

In the high frequency range (f > 10 Hz), a fractional noise slope a = 3.25 is detected. The stability of
this parameter is highlighted. The independence of this slope value from relaxation processes after stack
interruption has been demonstrated. Fractional noise with a > 2 is not typical and can be attributed to
charge transfer processes in catalytic layers (triple-phase boundary). This hypothesis is also supported
by analogy with the impedance measurements. Sure, all these hypotheses should be verified in future
experiments allowing regulation of working parameters and cross-measurements using other sensors.

In conclusion, noise measurements allow a non-destructive in-situ diagnostics of electrochemical
sources of energy without any perturbation of system operation. Further experimental studies, as cross
concomitant signals measurements, and the production of a high informative database thanks to a
comparison between several operating conditions and systems will help to develop noise theory.
Statistical descriptors in the frequency domain (PSD) reflect phenomena with different characteristic
times. The noise signature of the PEMFC stack is highly informative, extremely sensitive but not simple
to interpret. Nevertheless, ENA can be used directly in an empirical manner using a comparison of the
in-operando noise signature of the system with its reference value. In the present study, this approach has
been used to explore relaxation processes within the stack after a sudden interruption of its operation.
Development of ENA and its implementation in everyday electrochemical studies necessitate important
experimental efforts and the development of suitable theoretical approaches. These approaches should
be developed progressively based on strong experimental information. Long duration noise

measurements in-operando stack have been provided for the first time and a robust noise signature of



this electrochemical system has been obtained. This signature is suitable for further development of the

ENA methodology.
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List of Symbols

EN - electrochemical noise

ENA - electrochemical noise analysis

PEMEC - Proton Exchange Membrane Fuel Cell
MEA - Membrane Electrode Assembly

PSD - Power Spectral Density

Sub/superscripts

1 Zone 1 of the campaign measurements

2 Zone 2 of the campaign measurements

2,1 Part 1 of zone 2 of the campaign measurements
2,2 Part 2 of zone 2 of the campaign measurements
2,3 Part 3 of zone 2 of the campaign measurements
85 Current of 85A

Parameters and Variables

o

f
T

power factor of fractional noise (PSD linear slope in logarithmic coordinates)
Frequency / Hz
Time / sec or hour



