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Abstract

Due to high sensitivity of proton exchange membrane fuel cells (PEMFC) to feed gas contamination
through balance of plant (BOP) materials, in-situ qualification plays a crucial role to secure
performance, durability, and economic viability. To be able to deliver verified and accurate
qualification results it is necessary to analyze the test method in detail and to perform repetitions on
certain measurements. This work focuses on validation of an in-situ material qualification test
method in terms of measuring precision on a previously developed test bench and statistical
significance of collected data. As a statistical approach t-test was used to calculate confidence
intervals based on a sample size of 15 reference measurements with the same parameters and setup
but variable membrane electrode assemblies (MEA). The results show substantial reduction of
confidence intervals with growing measurement’s sample size clearly quantifying accuracy of the
analyzed methodology. The precision of the test method, as indicated by the calculated confidence
intervals of irreversible voltage loss is approx. 1.21 mV, corresponding to a relative deviation of about
0.17% with respect to the calculated mean value across all steady-state phases (55Ps). This approach
also provides an insight into the natural degradation behavior of the tested MEAs. The calculated
effects can serve as a basis for design of experiments (DOE) in future test series.

Keywords: proton exchange membrane fuel cell (PEMFC); balance of plant (BOP); in-situ material
qualification; gas contamination; membrane electrode assembly (MEA) degradation; confidence
intervals; t-test

1. Introduction

Internal and external contamination of proton exchange membrane fuel cells (PEMFC) caused
by catalyst poisoning through desorbed very volatile and volatile organic compounds
(VVOCs/VOCs) from integrated balance of plant (BOP) components in the system (e.g., sealings,
hoses, connectors), impurities in the atmospheric air or hydrogen aging is still rarely researched
subject with a limited number of publications [1-6]. Besides the degradation aspect, which has an
immense effect on the performance and durability, cost reduction is also necessary through the
substitution of expensive materials for peripheral parts to facilitate the roll-out on the market for fuel
cell technologies [7]. To analyze the direct link between desorbed emissions and reduction of
electrochemical active area of the membrane electrode assembly (MEA), it is inevitable to focus on
in-situ test method with a fuel cell coupling. National Renewable Energy Laboratory (NREL) in
cooperation with US universities has developed a test method to bring contaminants from assembly
aids into a liquid phase using leaching and then introduce leachate to a performing fuel cell through
an infusion directly into a gas feed stream [7-9]. Subsequently, the same approach was used to qualify
polythalamide leachate from structural material [10]. Furthermore, the leaching approach was
applied to quantify potential contaminant concentration in leachate from styrene-butadiene rubber
(SBR) and neoprene via gas chromatography-mass spectrometry (GCMS) and Fourier transform
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infrared attenuated total reflectance (FTIR-ATR) [11]. Also, a slightly different concept of a cationic
contaminants infusion was introduced with a separate air gas feed stream through the nebulizer [12].
As an extension to the quantification of extracted solutions, electrochemical characterization such as
cyclic voltammetry has been performed on 3-electrode ex-situ system to evaluate possible Pt catalyst
poisoning due to leaching contaminants [13].

By producing aerosol with help of a nozzle, it is possible to analyze voltage behavior of the cell
in presence of ions and trace particles from leachate, which can be brought into the system externally
e.g., through the air feed stream [14]. Gaseous emissions with high vapor pressure and low boiling
point such as some of VVOCs and VOCs, released due to a thermal activation, occur internally from
integrated polymer components in the system [15]. Accordingly, the general motivation for our in-
situ material qualification method arises from the recognition of this fact. The in-situ examination of
thermally activated desorption in gaseous phase of BOP materials, in particular ethylene-propylene
diene monomer (EPDM) and fluoroelastomer-based materials (FKM), using eight parallel operated
PEMEFCs, was carried out to observe the degradation effect and to determine a potential voltage loss
[1]. The experimental setup of the study consists of eight separately operating PEMFCs sharing a
common air feed inlet. The air stream passes through a heated aluminum sample holder, which can
be bypassed using a directional control valve to enable reference measurements. The sample holder
accommodates various materials that release gaseous emissions upon thermal activation. As the air
feed passes through the holder, it transports these emissions into the fuel cells, where the resulting
voltage response is monitored [16,17]. This approach may offer advantages when analyzing the
voltage behavior of individual cells supplied by a common gas inlet, particularly with respect to
emission distribution, while investigating one material at a time. However, if the comparability
between the cells is not verified, evaluating different material across multiple single cells becomes
challenging and may introduce uncertainties. In contrast, applying a single-cell setup enables clearer
interpretation of results, requiring less technical complexity while improving reliability. It is also
noted that the referenced study includes a limited number of repetitions (n = 2 per material), which
restricts the statistical validity of the findings. Therefore, our research addresses these limitations by
applying a single-cell approach and systematically repeating experiments to validate the
methodology, thereby improving reproducibility and ensuring methodological rigor.

2. Materials and Methods

For the in-situ qualification of BOP materials, PEMFC from balticFuelCells® with a 25 cm?
electrochemical active area is used. In addition, 15 um thick membranes (240 um thick gas diffusion
layers) with a platinum loading of 0.4 mg/cm? on both the anode and cathode sides are employed.
The standard bipolar plates from the manufacturer are replaced by graphite-based plates developed
at Zentrum fiir BrennstoffzellenTechnik GmbH (ZBT), which feature a significantly finer flow field
for improved gas distribution. An emission chamber has been developed for accommodation of
samples in a reasonable way to maximize gas exposed material surface. It enables the positioning of
tensile bars (DIN EN ISO 527-2 type 1A), as well as auxiliary assembly materials e.g., liquids or non-
Newtonian fluids, using a custom-designed sample holder (Figure 1).
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Figure 1. (a) Emission chamber integrated in the test rig; (b) Sample holder loaded with type 1A specimens
(black).

The emission chamber can be heated up to 120 °C to expose the materials to a thermal stress and
to stimulate the desorption of VVOCs/VOCs. Furthermore, a bypass of the emission chamber is
integrated into the test bench, which allows performing of regeneration cycles by supplying fresh
educt gas (hydrogen or air, depending on the placement of the chamber) after potential
contamination of the MEA. The test fuel cell operates with humidified reactant gases (hydrogen and
air). The gas flow rates are controlled via Alicat mass flow controllers and subsequently mixed with
wet vapor from direct evaporators in a mixing chamber. Water injection dosing for the evaporators
is managed via Bronkhorst liquid flow controllers and is linked to the National Instruments® compact
data acquisition device (cDAQ) for precise humidity regulation of both gas feeds. Operating
parameters include a pressure of 2 bar(a) on both the anode and cathode sides, 80 °C cell temperature,
and 90 °C temperature in the emission chamber. Relative humidity is set to 85% in the anode and 69%
in the cathode line through all steady state phases (SSP). The emission chamber was integrated in the
anode gas feed in all further executed measurements. The humidity level in the chamber was lower
(approx. 57%) as in the gas line due to the higher temperature in comparison to the test cell. Hydrogen
with a purity grade of 5.0 (= 99.999%) was used in all experiments. The setup as well as schematic
piping and instrumentation diagram (P&ID) of the test bench are shown in Figure 2. Deionized water
is vaporized in the pre-humidifier and mixed with dry hydrogen in the mixing chamber. The
humidified hydrogen then passes through the heated emission chamber containing the material
samples, transporting potentially desorbed species directly to the anode side of the fuel cell.
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Figure 2. (a) The setup of the test rig with the most relevant components shown; (b) Schematic P&ID of the anode
gas feed line with the emission chamber.

The test procedure for material measurements includes a reference measurement (see Figure 3-
a) with an empty sample holder, consisting of polytetrafluoroethylene (PTFE) and stainless steel (SS
316), as well as a sample measurement (Figure 3-b) with the holder loaded with specimens based on
shown test protocol (Figure 3-c).
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Figure 3. (a) Raw current and voltage data profiles of a reference measurement with new/unused MEA (voltage

[V]inblue, current [A] in red); (b) Raw current and voltage data profiles of a sample measurement with a reused
MEA (voltage [V] in blue, current [A] in red); (c) Schematic test protocol with SSPs.

The influence of the emitted substances on cell performance is evaluated based on the variable
cell voltage and constant current. Figure 3-b presents an exemplary voltage decrease in the test
chamber phase relative to the reference measurement (Figure 3-a). The test protocol (Figure 3-c)
comprises beginning of life (BOL) sequence with three loops of potential cycling from 0.3 to 0.8 V and
cool-down intervals between the loops. Following this, the first polarization curve is performed.
Thereafter an accelerated stress test (AST) with high frequent potential cycling from 0.25 to 0.9 V is
executed (only when using a new MEA). Finally, the second polarization curve is performed. Next,
four SSPs with constant current density of 1.4 A/cm? and non-stoichiometric cell operation with 2.5
Nl/min air and 0.5 NI/min hydrogen are imminent. The first SSP represents beginning of test (BOT).
In this stage, 20 cycles of critical voltage alternation from 0.2 to 0.9 V are applied to the test cell to
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activate the catalyst and then the bypass measurement is executed to determine the actual
performance of the MEA, which is followed by the third polarization curve. Before the test chamber
phase (the second SSP), 20 critical potential cycles are performed again. The bypass line is closed and
one of the reactant gases is directed through the chamber, transporting any potential contaminants
desorbed from the materials to the test cell. The self-induced (SI) regeneration phase follows (the
third SSP), using fresh gas via the bypass line while the emission chamber is shut. In the last SSP, 20
critical potential cycles are conducted, followed by alternate critical voltage (ACV) regeneration in
the bypass. As an end of test (EOT), the fourth polarization curve is carried out. Each of the described
SSPs lasts a minimum of 6.5 hours, and depending on the measured voltage drop, each phase may
last up to 25 hours, in accordance with a termination criterion of 2 mV voltage loss within the last 30
minutes of a given phase. As long as no convergence in the voltage behavior is achieved, the
operation time of a SSP will be automatically extended.

For the statistical analysis, a parametric approach based on two-sample Welch's t-test with
unequal variances was applied using « (t) of 95% probability that the estimated mean of each sample
will lay in the calculated confidence interval. To assess whether the null hypothesis (no significant
difference) could be rejected, the condition p < a (¢! > tai) was used, with calculated two-sided p-
value (interpreted as probability) and defined a = 0.05 (significance level or cutoff threshold value,
representing a 5% risk of falsely detecting a difference). Normality of each sample was examined
using the Shapiro-Wilk test. To evaluate whether the null hypothesis (the data are normally
distributed) could be retained, the condition p > o was used, with calculated p and defined «a = 0.001
(0.1% risk of falsely rejecting normality). Moreover the W values (test statistics) have been compared
to ensure a normal distribution (criterion: Wee > Wy, oit) [18]. All calculations were performed
manually in Microsoft 365 Excel using the built-in Analysis-ToolPak. For validation and comparison,
results were cross-checked using the ‘Statistics Kingdom” web application [19].

3. Results

All 15 reference measurements have been performed with different MEAs but with the same
handling, under the same operating conditions and unchanged test bench setup to ensure minimum
variability. Six data extraction points (groups) have been defined:

voltage in the beginning of the bypass Uss (reference dataset for the t-test),
e  voltage in the end of the bypass Us,

e  voltage in the beginning of the emission chamber Ucs,

e  voltage in the end of the emission chamber Uct,

e  voltage in the beginning of the regeneration (SI & ACV) Uks,

e voltage in the end of the regeneration (SI & ACV) Uk,

depending on the SSP of each measurement for further analysis. Two datasets have been
calculated:

e  reversible voltage Urev,

from the voltage difference between the end of the regeneration and the end of the emission
chamber (Ure- Uce) and

e irreversible voltage Ulrrev,

from the voltage difference between the end of the regeneration and the end of the bypass (Ure
- Use). With Unrevit is possible to quantify natural degradation of MEA and use it as a MEA exchange
indicator for future material measurements after less reversible contaminations with bigger voltage
drop in the emission chamber SSP. Positive values for Urev mean that voltage has been gained through
the recovery phases. Negative values for Urrev mean that voltage has been lost during a whole
measurement. In the next step normal distribution of each sample has been proven by means of
Shapiro-Wilk test (Table 1).
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Table 1. Experimentally obtained and calculated data from the reference measurements. All voltages are

measured in mV.

Obtained data
MEA No.\Group Uss Use Ucs Uce Urs Ure Urev  Unrrev
MEA1 709.98 699.75 704.35 696.14 69538 698.80 2.66  -0.95
MEA2 699.56  692.39 695.09 688.64 688.05 692.16 352  -0.23
MEA3 700.35 693.15 696.04 690.29 689.96 693.21 293 0.07
MEA4 699.52 691.83 695.81 689.01 688.48 691.80 2.79  -0.03
MEA5 693.18 684.90 687.13 679.74 67842 684.44 470  -0.46
MEA6 697.95 690.39 688.61 684.77 682.60 689.83 506  -0.56
MEA7 69440 687.92 686.90 683.35 681.61 687.79 444  -0.13
MEAS 71040 701.33 704.82 699.75 699.16 700.90 1.15 -0.43
MEA9 699.36 692.06 693.57 687.69 68648 691.01 332 -1.05
MEA10 695.28 688.45 690.98 683.22 682.83 687.99 477  -0.46
MEA11 710.34 700.84 706.29 698.08 697.85 700.28 220  -0.56
MEA12 704.06 699.29 703.89 697.16 698.11 699.62 2.46 0.33
MEA13 697.45 693.34 699.69 692.46 692.46 695.71 3.25 2.37
MEA14 702.19 697.58 703.57 697.39 697.26 699.65 2.27 2.07
MEA15 698.37 693.48 700.25 693.31 693.87 69545 2.14 1.97
Calculated data

Parameter\Group Uss Use Ucs Uce Ukrs Ure Urev  Unrev
S-W, Wale 0.891 0944 0922 0.952 0937 0940 0.945 0.799
S-W, Wp, aiit 0754 0754 0754 0.754 0754 0.754 0.754 0.754
Probability p 0.069 0431 0203 0.551 0345 0.383 0.454 0.004
Significance level « (S-W)  0.001  0.001  0.001  0.001 0.001 0.001 0.001 0.001
Mean value 700.82 693.78 697.13 690.73 690.17 693.91 3.18 0.13

Sample size 15 15 15 15 15 15 15 15
Standard deviation 5.61 5.00 6.73 6.23 6.78 5.21 1.14 1.10
Variance [mV?] 3147 25.00 4529 38.81 4597 2714 1.30 1.21
Significance level a (#) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Degrees of freedom Ref. 28 27 28 27 28 15 15
Two-sided p-value Ref. 0.63 0.76 0.97 0.77 0.97 0.67 0.64
£ Ref. 0.49 0.31 0.04 0.29 0.04 0.44 0.47
Ferit Ref. 2.05 2.05 2.05 2.05 2.05 2.13 2.13

Lower bound confidence Ref. 691.14 693.57 687.44 686.58 691.15 2.55 -0.48
Upper bound confidence Ref. 696.42 700.70 694.03 693.76 696.66 3.80 0.73

Subsequently, Welch's two-sample t-test was performed, and each sample was compared with
the reference dataset Uss. Under previously described conditions, no statistically significant
differences were observed between the datasets, as expected for repeated reference measurements.
Also, the confidence intervals for each sample have been calculated, which are represented via
confidence bounds for more detailed understanding of the measuring precision (see Figure Al and
Figure A2). To provide a proof that the introduced in-situ qualification method also applicable for
material measurements, three different materials have been tested on three randomly picked MEAs
directly after execution of the reference measurements. The material measurements have been also
performed with the previously introduced test protocol and the same setup. 15 samples (DIN EN ISO
527-2 type 1A) of Neoflon RP5000 AS have been tested on the MEA4, as well as Ultramid A3EG7EQ
on the MEA6 and Vestamid E62-S3 NC on the MEA9 (Figure 4). Variations in sensor cell response to
emissions from the tested materials indicate that the method is effective. The voltage on the diagram
is presented in % and 100% correlates to the mean value of the first 100 data points of the bypass
phase, which is 698.81 mV. Before the first, second and fourth SSP, critical potential cycling is applied,
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resulting in a decreasing voltage gradient during the initial hours of operation. The operating times
of each SSP variate due to the previously described abort criterion.

Bypass Test chamber Sl-Regeneration ACV-Regeneration
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% T U_100%_bypass = 698.81 mV
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—— Vestamid E62-S3 NC (MEA9) anode, 15 samples

Figure 4. Visualized processed data of the three material measurements and a reference measurement.

The discontinuities in the plots are intentional and serve to enhance visualization and enable
direct comparison of each SSP across the executed experiments. To improve clarity of the presented
results, the data extraction points are summarized in Table 2.

Table 2. Experimentally obtained data from the material measurements. All voltages are measured in mV.

MEA No.\Group Uss Usk Ucs Uce Urs Uxe URev Unrrev
MEA4 703.30 69597 697.78 684.70 685.09 692.03 7.33 -3.94
MEA6 702.94 69545 690.22 671.13 67136 693.08 2196 -2.37
MEA9 71096 702.61 691.14 659.49 663.01 700.87 4138 -1.74

4. Discussion

Despite the use of different MEAs, the test results show a high level of consistency across
measurements. The narrow confidence intervals observed indicate minimal variation between
individual datasets, suggesting that the influence of MEA variability is negligible within the applied
testing conditions. The confidence interval associated with the irreversible voltage loss is 1.21 mV,
corresponding to a relative deviation of about 0.17% with respect to the mean cell voltage of approx.
694.42 mV across all SSPs, indicating that the contribution of natural degradation effect, during the
relatively short testing period, is minimal. The high degree of reproducibility supports the robustness
and precision of the measurement approach. Consequently, the results suggest that the developed
in-situ qualification method may serve as a suitable tool for assessing the impact of material emissions
on fuel cell performance, although these measurements were conducted without repetitions. The
material screening revealed distinct differences in voltage response among the tested polymers
during the emission chamber SSP, reaching values of up to approximately 41 mV (= 6%). Neoflon
exhibited the best performance, showing an approx. voltage decrease of 1.5%. Ultramid
demonstrated moderate behavior with a voltage reduction of about 3%, while Vestamid showed the
most pronounced effect, reaching a voltage loss of approx. 6%. Notably, all tested materials showed
strong reversibility already in the subsequent SI regeneration SSP. After the ACV regeneration SSP,
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all material curves returned to approximately the same voltage level, just below the reference curve,
indicating quite successful recovery. These materials indicate a material-dependent impact on fuel
cell performance under the applied test conditions, which should be analyzed in greater depth.

5. Conclusions

The statistical validation of the presented in-situ material qualification method demonstrates
high measurement precision and reproducibility. The evaluation also provides insight into the
natural degradation behavior of the tested MEAs. Although the observed irreversible voltage losses
were small within investigated timeframe, further measurements are required to better characterize
intrinsic degradation and to clearly separate it from contamination-induced effects. Methods such as
polarization curve analysis, cyclic voltammetry and electrochemical impedance spectroscopy could
provide valuable additional and deeper understanding. Material-specific voltage responses were
observed, demonstrating the general applicability of the method. However, these measurements
were conducted with a sample size of n =1 per material and therefore lack statistical validity. Future
work will include repeated measurements of identical materials, randomization of test sequences,
and structured grouping of experiments. The executed experiments establish a foundation for
subsequent DOE-based test planning, where statistical power analysis will be used to define
appropriate repetition numbers and ensure statistically robust conclusions.
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Abbreviations

The following abbreviations are used in this manuscript:

PEMFC  Proton exchange membrane fuel cell
BOP Balance of plant

DOE Design of experiments

MEA Membrane electrode assembly
VVOCs  Very volatile organic compounds

VOCs Volatile organic compounds
NREL National renewable energy laboratory
SBR Styrene-butadiene rubber

GCMS Gas chromatography-mass spectrometry
FTIR-ATR Fourier transform infrared attenuated total reflectance
EPDM Ethylene-propylene diene monomer

FKM Fluoroelastomer-based materials

ZBT Zentrum fiir BrennstoffzellenTechnik GmbH
cDAQ Compact data acquisition device

SSP Steady state phase

P&ID Piping and instrumentation diagram
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PTFE Polytetrafluoroethylene
SS316 Stainless steel 316 (1.4401)
BOL Beginning of life

AST Accelerated stress test
BOT Beginning of test

SI Self-induced

ACV Alternate critical voltage
EOT End of test
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