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HIGHLIGHTS

¢ Real and Imaginary parts of EIS scan of different cells add to reconstruct stack EIS signature.

e One can decompose EIS scan of the stack into cell level scans if EIS signature of one cell is known.
e Decreasing oxygen concentration uniquely changes the shape of the LF arc in EIS scan.

e One can use EIS scan of the stack to identify and quantify the hydrogen leak at cell level.
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Article history: This paper employs equivalent circuit analysis of electrochemical impedance spectra (EIS)
Received 15 March 2023 signatures of commercial proton exchange membrane fuel cell stacks (PEMFC) to establish
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EIS scans of these stacks. In the first set of experiments, hydrogen was injected into the
Crossover cathode side of a 30 kW 150+-cell water-cooled module at various rates to emulate the
Injection phenomenon of hydrogen crossover at different levels. In the second set of experiments,
Warburg nitrogen was injected into a target single-cell in an air-cooled stack with over 50 cells (50+-
Oxygen starvation cell) to dilute the cathode available oxygen, and the impedance was measured over various

numbers of cells spanning around this target cell. A novel equivalent circuit model with
resistors, constant phase elements (CPEs), and a linear finite Warburg parameter was used
to study the EIS data via an optimization-based fitting approach in python. Results of these
experiments have shown there is a proportional relationship between the Warburg
parameter (in the equivalent circuit model used) and hydrogen crossover (at nominal idle
and low-current air flows), and that this Warburg parameter increases significantly with
reduced cathode air flows. Also, it is concluded that this relationship can be further used,
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along with decomposition of the EIS scan of a stack into different cell-level scans, to es-
timate the number of large-leaky cells as well as the total hydrogen crossover rate.
Crown Copyright © 2023 Published by Elsevier Ltd on behalf of Hydrogen Energy Publica-

tions LLC. All rights reserved.

Introduction: use of EIS to detect various PEM fuel
cell and system faults

Proton exchange membrane fuel cells (PEMFCs) have been
gaining in popularity especially in motive applications. The
promise that low temperature PEMFCs have shown in power
generation with zero emissions, low-noise operation, and fast
start-up makes this technology an ideal candidate for auto-
motive applications. Nonetheless, mechanical degradation of
components, catalyst aging, and carbon corrosion can
adversely affect the durability and performance of fuel cells
[1]. Oxygen or fuel starvation within the cells can accelerate
these modes of failure [2]. Therefore, detection of such faults
are crucial for PEMFCs to achieve high durability and high
electrochemical activity at lower costs in order to reach large-
scale commercialization [3—6].

Oxygen starvation denotes the condition where an insuf-
ficient amount of oxidant is delivered to the catalyst on the
cathode (air/oxygen) side. Within the fuel cell, the proton ex-
change membrane only permits the flow of Hs0* ions. As fuel
cells are normally connected electrically in series to form
“stacks,” H3O" migration is forced to occur even when the fuel
cellis oxygen starved. However, when the cell is starved, there
is insufficient oxygen for H3;0" ions to fully participate in the
oxygen reduction reaction (ORR). Consequently, there will be a
huge loss in power output caused by the drastic reduction in
cell voltage. It was shown by Dou et al. [7] that decreasing the
air stoichiometry ratio to 0.9 and 0.2, drops the voltage to as
low as —0.08 V and —0.2 V, respectively. Furthermore, the
unused hydrogen ions can be electrochemically reduced to
hydrogen molecules in the absence of oxygen on the cathode
side, resulting in cathodic hydrogen emission; this phenom-
enon is called hydrogen pumping. It may be noted hydrogen
pumping can only begin after all the oxygen is fully consumed.
It should further be noted that supervisory controls typically
maintain and measure sufficient oxygen supply, and oxygen
starvation almost always only occurs when the oxygen supply
is reduced due to faults such as flow blockage or hydrogen leak
faults. Hydrogen leakage is a fault that can further accelerate
oxygen starvation. Thus, oxygen starvation, hydrogen
leakage, and hydrogen pumping are related to each other as
illustrated in Fig. 1. Narimani et al. [8] performed an experi-
mental study on a Ballard 9-cell Mk1100 stack to correlate the
cathodic hydrogen emission with oxygen starvation. In their
study, Narimani et al. used Riken Keiki Industries (RKI) and
Neodym Panterra hydrogen sensors at the cathode outlet to
measure the hydrogen concentration while monitoring the
voltage on the cell level [8]. They found a strong nonlinear
correlation between oxygen concentration and cathodic
hydrogen emission [8].

Electrochemical impedance spectroscopy is a powerful
non-destructive experimental technique that can distinguish
between different physical phenomena occurring at different
time scales within the fuel cells [9]. EIS techniques have been
applied to PEMFCs to monitor both internal components and
external operating conditions. Specifically, many researchers
performed a diagnosis of PEMFC operating parameters such as
temperature, gas stoichiometry, and water content. EIS can
also be employed for the diagnosis of fuel cell components.
Due to the numerous applications of EIS, one can find various
review studies on the diagnosis of PEMFCs using this tech-
nique. Hunsom et al. [10] reviewed different EIS applications
along with their principles for studying the effects of oper-
ating conditions on the performance of poisoned cells.
Gomadam et al. [11] compared various equivalent circuit
models (ECMs) for PEMFCs, while Yuan et al. [12] represented
in-situ and ex-situ impedance measurements that addressed
fuel contamination effects. More recently, Pivac et al. [13]
provided a disquisition on potential reasons behind the
inductive behavior of PEMFC at the low-frequency range
observed in EIS scans. Furthermore, there is a comprehensive
review by Rezaeiniya et al. [14] on existing methods for EIS
measurement and hardware. A more recent publication by
Tang et al. [9] has reviewed several EIS studies for the diag-
nosis, optimization, and monitoring of PEMFCs in addition to
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Fig. 1 — Schematic of the proton exchange membrane
(PEM), anode/cathode catalyst layers (CLs), and anode/
cathode GDL operating with: (1) normal condition, (2)
hydrogen cross-over, and (3) oxygen starvation.
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discussing the current challenges in enhancing measure-
ments and diagnosis reliability. More specifically, many re-
searchers performed diagnoses of PEMFC operating
parameters such as temperature, gas stoichiometry, and
water content. EIS can also be employed for diagnosis of fuel
cell components. Table 1 has organized the recent publica-
tions on EIS-based analysis of PEMFCs on the basis of their
primary diagnosis parameter. This summary and the detailed
review below suggest that it would be plausible to find the
signatures of oxygen starvation, hydrogen leakage, and more
generally mass transfer losses in the EIS plots of fuel cells.

A very common approach to EIS analysis involves finding
an equivalent circuit to fit the raw EIS data. In one of the early
attempts, EIS scans of a single cell of a PEMFC at different
operating conditions were obtained by Aaron et al. [91]. They
varied the relative humidity from 0.2 to 0.98, and the tem-
perature from 30°C to 50 °C while maintaining the air stoi-
chiometry between 1.33 and 2.67 and a constant fuel
stoichiometry ratio of 4. The frequency used for obtaining the
scans ranged between 0.1 Hz and 100 kHz. They then devel-
oped an equivalent circuit consisting of two resistors con-
nected in series with two sets of resistor-capacitor that were
connected in parallel [91]. The paper does not provide any
details on the effect of the individual elements on the EIS scan.
Shan et al. [92] examined the capabilities of microporous
layers (MPLs) in removing water from a single cell of a PEMFC.
They provide a more detailed and practical equivalent circuit
that captured all ohmic losses using a single resistor in series
with the rest of the circuit. Three different zones were
observed by Shan et al. [92] in their EIS scan of a single cell — a
small high frequency (HF) zone due to anode charge transfer
loss, a small low frequency (LF) zone which accounts for mass
transfer losses, and a relatively large arc in the middle at
moderate frequency ranges (MF) representing cathodic charge
transfer losses. Another major contribution of this study was

the employment of constant phase elements (CPEs) instead of
capacitors. The use of CPEs is warranted owing to non-
uniform diffusivity in the CL and GDL, and the CPEs achieve
a better recreation of EISs arcs that were not fully semi-
circular. No information was provided regarding the fre-
quency range of the scans. Shan et al. [92] used EIS as a
powerful tool for quantifying different polarization losses
within fuel cells and concluded that MPLs can significantly
enhance the performance of PEMFCs by facilitating water
removal from the cell. In another study, Latorrata et al. [93]
successfully evaluated the performance of novel gas diffusion
electrodes by employing a Solartron 1260 frequency response
analyzer (FRA) for obtaining the EIS scans. An AC signal of 0.2
A was applied along with an RBL488-50-150-800 electric load.
The electric circuit had a simple Randles circuit consisting of a
resistance in series with a constant phase element—resistor in
parallel, and the impedance spectra were fitted using Zview®
software. The application of EIS in fuel cells is not limited to
performance evaluation at different operating conditions or
electrode morphology. Asghari et al. [23] changed the oper-
ating temperature as well as the clamping torque of the cell to
investigate the effect of non-uniform assembly pressure on
EIS scans. Asghari et al. ignored anode activation losses and
used a pseudo-inductance in their equivalent circuit model to
account for the effects of the current collector plates and
metallic components of the cell on EIS at the high-frequency
range. One important finding of Asghari et al. [23] is that
high-frequency resistance and mass transport resistance also
change with changing the clamping torque and assembly
pressure due to their effects on interfacial contact resistance.

It is clear from the literature that EIS can play a crucial role
in discerning different physical phenomena happening inside
a fuel cell stack. This is in part owing to all sources of polari-
zation losses including activation, mass transfer, and ohmic
over-potentials revealing their signatures in the impedance

Table 1 — Summary of literature on EIS-based analysis of PEMFCs.

Diagnosis Parameter Materials Covered

References

Operating Temperature

Effects of operating temperature on:

[15—23]

- High-frequency resistance (HFR)

- Charge transfer resistance
- Gas transport resistance

- Water removal
Relative Humidity

Effects of relative humidity on:

[24—29]

- Capacitive low-frequency (LF) arcs
- Different polarization losses

- Water flooding
Gas Stoichiometry and Pressure

Effects of oxygen and hydrogen stoichiometry and operating pressure on:

[30—40]

- Different polarization losses

- Hydrogen starvation

- Oxygen starvation

- Water flooding
Water Content

- Water flooding

- Membrane dehydration

Applications of EIS in the diagnosis of:

[41-49]

- Developing water management strategies

Membrane
Gas Diffusion Layer (GDL)

Using EIS for characterizing optimal membrane materials
- EIS sensitivity to membrane materials

[50-52]
[53-72]

- Micro porous layer (MPL) effects on EIS
- Impacts of carbon loading on EIS

Catalyst Layer (CL)

EIS signatures of ionomer content, loading, and catalyst degradation

[73-90]
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Fig. 2 — A generic experimental EIS scan and the electrical circuit.

spectra. In Fig. 2 a generic EIS scan of a single PEMFC stack
operating at a steady state is provided. The valuable infor-
mation hidden in an EIS plot should be quantified for it to be
useful and this has been done by EIS circuit analysis. The ul-
timate goal in performing EIS circuit analysis is to find an
electrical circuit that mimics the behavior of a given EIS curve
by producing a similar Nyquist diagram. Rather than exam-
ining responses at individual frequencies, changes within the
fuel cell (caused by faults) can then be mapped to variations in
the EIS parameters. Although each of the circuit elements
presents a different source of polarization loss, it should be
noted that the fitted circuit should be chosen per electro-
chemical and physical phenomena taking place inside the fuel
cell, because there might be multiple circuit designs with
similar responses. The electrical circuit employed by the
current study is shown in Fig. 2. More details of the electrical
circuit modeling are provided in section Equivalent Circuit
Modeling (ECM). As with Shan et al. [92], the EIS scan of a
generic fuel cell, or over a series collection of cells in a stack, as
shown in Fig. 2, is composed of three characteristic zones that
are labeled HF (zone 1), MF (zone 2), and LF (zone 3) generating
arcs in the scans. The first two zones represent anodic and
cathodic charge transfer losses contributing to the main
source of activation overpotential, and quantified by two re-
sistors Rctq and Ret in parallel with constant phase elements.
The third arc, which is mathematically modeled by a Warburg
element (W), will be the focus of the current study. This arc,
which is also called the LF arc of the scan, corresponds to mass
transfer losses and is mainly affected by the oxidant (in our
case oxygen) concentration distribution along the cathode
active area. It is also worth mentioning that the point where
the HF crosses the real (horizontal) axis is a measure of fuel
cell ohmic overpotential. The (real) value of this intersection
point is called the minimum high-frequency resistance (HFR)
and is impacted by cell/stack total ohmic losses as well as the
membrane water content.

As discussed earlier, there is no literature that cumula-
tively addresses oxygen starvation, hydrogen emission, and

hydrogen pumping in a large stack using EIS. Furthermore,
large stacks produce a large output voltage that is too large for
traditional EIS measurement instrument. Our current and
previous works have obtained the EIS spectra of large stacks
using a novel reduced-voltage EIS system [94]. In the current
work, the EIS signatures were obtained from two sets of ex-
periments on different cell architectures, studying first the
impact of hydrogen crossover on stack-level EIS scans (section
Reducing oxygen through hydrogen injection in the 30kW
liquid-cooled PEM stack); and secondly, the impact of
reduced-oxygen concentration by nitrogen dilution in a
single-cell of an air-cooled stack (section Reducing oxygen
through nitrogen injection in a single cell of 2 kW air-cooled
stack). In the first tests, hydrogen was injected into the cath-
ode inlet flow at different flow rates to study the effects of
“reducing the oxygen concentration in all 150+ cells equally”
on the EIS response of the stack, and also on the oxygen
concentration at the cathode outlet. These experiments were
conducted at idle (i.e., 20 A current) and on a Ballard water-
cooled 150+ cell stack. Secondly, the oxygen concentration
in one air-cooled cell was reduced by injecting nitrogen into
the cathode air stream of a single target cell in an air-cooled
stack, and EIS scans were obtained over different cell counts
up to 50+ cells to understand effects of oxygen starvation at
both the cell and stack levels, and to examine how one can
connect scans of leaky cells with those of healthy ones in a
stack composed of a mixture of healthy and leaky cells. More
discussions regarding the ECM are mentioned in section
Equivalent Circuit Modeling (ECM) while details of the exper-
iments are presented in section Reducing oxygen through
hydrogen injection in the 30kW liquid-cooled PEM stack.

Equivalent circuit modeling (ECM)

Analyzing the Nyquist/EIS plot is one of the most powerful
techniques for interpreting impedance data. The PEMFC EIS
plot typically consists of one, two, or three arcs depending on
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operating conditions and the microstructure of electrodes.
The EIS plot of a generic PEMFC or stack is shown in Fig. 2.
According to Fig. 2, there are three loops in the EIS scan of a
PEMFC. Note that the points on the very left end of the plot
correspond to high frequency, while the frequency decreases
as one moves to the right side of the plot (i.e., to the bigger
values on the real axis). The first arc on the left end of the EIS
plotis called the high frequency (HF) arc, while the ones in the
middle and right end are regarded as the medium frequency
(MF) and low frequency (LF) arcs, respectively. Each of these
arcs/loops represents a physical phenomenon in the fuel cell.
All sources of potential loss in the fuel cell, i.e., the charge
transfer resistance, mass transport resistance, double layer
capacitance in the catalyst layer, and ohmic resistance can be
interpreted by the EIS scan. Therefore, quantifying different
sources of loss in the fuel cell can be a useful tool for under-
standing and quantifying the existing faults. This quantifica-
tion can be done using equivalent circuit modeling (ECM).
Different equivalent circuits have been used in the literature
to post-process the experimentally obtained EIS scans. The
main objective of ECM is to find numerical values of the circuit
elements such that the equivalent circuit yields the closest EIS
plot to the EIS scan. Hence, ECM is regarded as an optimization
problem once the circuit elements are determined. However,
one may find many different circuit configurations that pro-
vide us with nearly the same EIS plot [95]. For the changes in
ECM to be correlated to changes in oxygen concentration (or
any other physical phenomenon for that matter), the circuit
elements must be based on underlying physical phenomena
occurring in the fuel cell [95].

The electrical circuit configuration used for EIS analysis of
PEMFCs has changed significantly over time. The first circuit
in Fig. 3(a) which was employed by Yan et al. [20] includes
three resistors for ohmic resistance, cathodic charge transfer
resistance, and mass transfer resistance named Rq, Ry, and
Rmt, respectively. In order to take into account the double layer
capacitance in the catalyst layer which results in activation
losses, constant phase elements were used by Yan et al. [20],
The model shown in Fig. 3(a) ignores the anodic charge
transfer resistance which is not an inaccurate assumption
since cathodic charge transfer loss is more dominant.
Intending to quantify the mass transfer losses more

Rct,a RCK,C

Ry Warburg

CPEq CPEgc

Fig. 4 — Electric circuit used in current work for post-
processing of EIS scans.

accurately, Zhai et al. [96] employed a finite-length Warburg
diffusion element shown in Fig. 3(b). A Warburg element is a
variation of a constant phase element with a phase of 45° and
magnitude proportional to the inverse of the square root of
the frequency, while a finite length Warburg is a further
variation of the Warburg element to account for finite diffu-
sion length [97]. Since a part of the HF arc lies below the real
axis, an inductor was employed by Zhai et al. [96] to account
for the inductive behavior of the metallic parts in the fuel cell
setup. A nearly similar circuit shown in Fig. 3(c) was used by
Wagner et al. [98] in a study in which the Bode diagram was
used instead of the EIS plot. Furthermore, Ren et al. [99]
studied the inductive behavior of the cell in more detail by
using low-frequency and high-frequency inductors. In the
current study, a novel circuit shown in Fig. 4 is introduced
which takes advantage of all previous models while focusing
on mass transfer losses to detect and quantify hydrogen
leakage within a PEMFC stack. The resistors represent ohmic
resistance Rq, anodic charge transfer resistance R.q, and
cathodic charge transfer resistance R, respectively. In order
to properly fit the circuit to the HF and MF arcs, on the other
hand, constant phase elements CPE4, and CPEy . were used
instead of capacitors, on both anode and cathode sides. It
should be noted that utilization of Warburg element for
quantifying the mass transfer losses is crucial since changing
the oxygen concentration on the cathode side, which is the
main element of the current study, significantly controls the
size of the third LF arc which corresponds to mass transfer
losses. The reduction in oxygen concentration, which hap-
pens when there is hydrogen leakage, was done through
different approaches in this work including injecting
hydrogen into the cathode flow (in the liquid-cooled stack
testing) and diluting the air flow to the cathode of a single-cell

R R
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Fig. 3 — The equivalent circuit models employed by (a) Yan et al. [20], (b) Zhai et al. [96], (c) Wagner et al. [98], and (d) Ren et al. [99].
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using nitrogen (in the air-cooled stack testing), where both of
these approaches enlarged the third arc of the scan. Since
optimization is used for finding the circuit that yields the best
fit to the EIS scan, the Warburg element was chosen to be in
series with the entire circuit in order to obtain a unique set of
solutions. It was observed that non-repetitive and inter-
changeable results would be found for W and R while con-
necting the Warburg element in series to the cathodic charge
transfer resistance. No inductors were used since all points
below the real axis were ignored when conducting the EIS
analysis, and the inductive behavior of the cells/stack was not
a concern of this study. The impedance. py library of Python
(version 1.5.0) was used along with the Genetic Algorithm (GA)
to find the optimal fit to the experimental data.

Reducing oxygen through hydrogen injection in
the 30 kW liquid-cooled PEM stack

In this section, a 150+-cell 30 kW liquid-cooled stack was
studied as the module was operating at idle (corresponding to
20 A current). Hydrogen was injected downstream of the
module air compressor directly into the cathode inlet airflow of
the entire stack to emulate the hydrogen crossover phenom-
enon in every cell in the stack. This injected hydrogen mixes
uniformly with the inlet airflow and reduces the available ox-
ygen in all of the cells at the same time. The rate of hydrogen
injection was changed from 2 slpm to 48 slpm and EIS plots
were generated in a series of tests. Kramers-Kronig (K—K) re-
lations [100] were used to evaluate linearity, causality, and
stability of EIS scans and all scans passed the test. The
hydrogen injection was periodically turned off, and it was
ensured that the new EIS baseline plots of the restabilized fuel
cell were identical to the initial baseline. This was done to
ensure consistency between experiments as well as to make

sure experiments do not cause any permanent damage to the
stack or negatively affect the results. EIS scans of the stack at
different injection rates are depicted in Figs. 5—7. It should be
noted owing to the architecture of the water-cooled stack, it
was neither possible to vary the inlet flow of individual cells
nor to inject hydrogen into individual cells. It was also infea-
sible to instrument individual cells. Subsequently, only stack-
level EIS was collected here, and cell-level scans were ob-
tained through the second set of experiments performed using
the 2 kW air-cooled stack in section Reducing oxygen through
nitrogen injection in a single cell of 2 kW air-cooled stack. Fig. 5
shows EIS scans of the liquid-cooled stack for the baseline as
well as for cases with 2 slpm to 10 slpm hydrogen injection
rates, where the LF arc starts to develop more significantly at
10 slpm hydrogen and higher injection rates. A very interesting
phenomenon here is that the mass transfer resistance of the
stack with no injection is slightly larger than the mass transfer
for cases with 2 slpm and 4 slpm injection rates. The reason for
this is believed to be that, at very small hydrogen injection
rates, the tiny holes already existing in the membrane are
sealed by the water produced due to hydrogen and oxygen
recombination. Fig. 6, on the other hand, shows EIS scans at
middle-range injection rates from 10 slpm to 25 slpm. Here, the
mass transfer arc is still increasing by increasing the injection
rate from 10 slpm to 25 slpm hydrogen. Finally, the scans
corresponding to high injection rates of up to 45 slpm
hydrogen are represented in Fig. 7. Beyond the 48 slpm injec-
tion rate, it was impossible to record a scan as the module
stopped working due to severe voltage and power loss.

Since there was no change in the LF arc appearing in the
stack EIS signature for baseline cases, (with no hydrogen in-
jection) before and after testing, there is believed to be no
permanent leak through the membrane introduced due to
experimentation. There is also a small third arcin the baseline
cases that did not grow, which likely corresponds to the small
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Fig. 5 — EIS signature and the fit to EIS scans for low hydrogen injection rates.
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Fig. 7 — EIS signature and the fit to EIS scans for high hydrogen injection rates.

transfer leaks existing in the system before initiating the ex-
periments (again, believed to be below ~2 slpm, because the
smallest injection likely seals these leaks via recombination).
As hydrogen is injected into the stack cathode under the
conditions of a fixed idle airflow, a third arc appears which
grows by increasing the injection rate. In tests not reported
here, compressor airflow reduction is also seen to result in
decreasing stack oxygen stoichiometry. By assuming that all
the hydrogen injected and/or transfer-leaked is fully recom-
bined to water in passing through the cells (consuming half of

the supplied H, flow of oxygen), the effective stoichiometry
can be estimated as:

0, provided Qom -0 <QH2.inj + Qleak>
~ O,consumed Tonenal

Eq. 1

02

where:

Aoz is the oxygen stoichiometry (ratio of net O, provided to
O, consumed in sustaining current).

Qoz in is the compressor dry-input oxygen flow rate (in slpm
oxygen).
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Qsznj is the stack-level cathode hydrogen injection flow
rate (in slpm hydrogen).

Quear is any pre-existing stack-level hydrogen transfer leak
rate (in slpm hydrogen).

Iis the stack current (in amps),

a is the slpm of hydrogen by the whole stack corresponding
to 1 amp of current = 1/2F,

Neen 1S the number of cells in the stack, and

F is Faraday's constant (in C/slpm).

A quick review and rearrangement of Eq. (1) will show that,
if the injected hydrogen flow, Qj,,, splits up equally amongst
the cells, (as should the stack-level oxygen flow, Q},) and any
small pre-existing transfer leaks are sealed via recombination
of the injected hydrogen to water (i.e., Qfs* ~ 0), then Eq. (1)
can be recast in terms of cell-level oxygen flows and cell-
level hydrogen injection/transfer flows. In this state, every
cell in the stack would theoretically share the same condi-
tions. Subsequently the real and imaginary parts of stack
impedance, Zg,q, would be n..y times the real and imaginary
parts of a single cell impedance, Z.

Re(zstack) = nceHRe(ZceH)7 Im (Zstack) = ncelllm(zceﬂ )7 Eq 2

As Qj;,, the hydrogen injection (or simulated leak flow),
increases, Ao, the oxygen stoichiometry will decrease. A
stoichiometry below 1, corresponds to more oxygen being
consumed in sustaining current than what is available —
which is physically impossible. Consequently, in cells with
A0z <1, each mole of excess oxygen consumption corresponds
to 2 mol of hydrogen emissions, and the total hydrogen
emission is given by QHz_inj + Qleqre + Neenal — 2Qoz_l-n. When g, >
1, an alternate form of the calculation for the oxygen con-
centration at the cathode outlet can be calculated by con-
ducting a mass balance over the entire cathode side from Eq.
(1). The flow diagram of the cathode side with hydrogen
injected into the inlet is depicted in Fig. 8. According to Fig. 8,
the oxygen concentration at the outlet can be calculated as a
function of the stack current, the cathode air flow rate, the
hydrogen injection rate, and any permanent leak rate by the
following expression:

) ) ) Nl
Xo,in Qu — 3 (QHz.inj + Qleak) — el
Qa +% (QHZ.in)' + Qleak) + %

Eq. 3

XOZ out =—

One should note that not all water at the cathode outlet is
in the gaseous phase and the above formula requires some
correction. The maximum amount of water vapor allowed to
exist at the cathode outlet flow is determined at the fully
humidified condition:

_ Xu,00)Pe
Psat(TceH)

Where RH represents relative humidity and P (Ten) is the
saturation pressure of water at cell temperature. The
maximum allowed concentration of water vapor is then found
by the following expression:

RH =1 Eq. 4

P sat (Tcell)
P

c

Xu,00) = Eq. 5
Therefore, the amount of water vapor present at the
cathode outlet is:

N XHzO('U) N
QHZO(U) - onthem

Eq. 6
Where Qs Tepresents the flow rate of oxygen and nitrogen
at the outlet. Finally, after some simplifications, the oxygen
concentration at the cathode outlet is given as follows:

2on-i"l Qu - <Q.szn)' + Qleak + aInCElI)
XOZ out = ‘ (1

_ Psat(TceH)>
2Q, — (Qu in + Qpear + aIn P
a Hy,inj leak cell

Eq.7
Note that Ps is calculated using the following formula

[101]:

In Pgg(Teen) = — 34.625 +0.258 Ty — 4.8419 x 107* T,
x 107 T3

cell

L +3.3282

Eq. 8

The oxygen concentration at the cathode outlet was
measured experimentally in the injection tests using a NOVA
oxygen sensor. The relationship between the Warburg
parameter and measured oxygen concentration at the cath-
ode outlet for our set of hydrogen injection tests is presented
in Fig. 9. Here, one can see that reducing the oxygen concen-
tration affects the LF arc of the stack scan. As seen in Fig. 9, a
second-degree polynomial fits the data very well. As, a result,
one can potentially quantify the cell-level hydrogen leak if the
Warburg value is found using EIS. Such an approach, however,

-~@Dry air from air compressor:
i ; P Used:

- on.in Qa slpm of oxygen . &ncen
. (1 —Xo, m) Qg slpm of nitrogen
g Qieak
2
QHy,inj
2

Produced:

slpm oxygen (for stack power)
slpm oxygen (by recombination)

slpm oxygen (by recombination)

= alngy slpm water (by stack power)
= Quar slpm water (by recombination)
Qs,.inj Slpm water (by recombination)

--@ Cathode outlet content:
Quyinj T AMNeey + Qreax slpm water
.1 y ;
" Xo,inla =3 Quyinj — Lleell Q”T“k slpm oxygen

. (1 - XDz,in) Q, slpm nitrogen

—_——

=

-@ Nova oxygen sensor

--@ RKI hydrogen sensor

[Py Qszi71 j slpm hydrogen injected

30 kW water-cooled stack (cathode side)

Fig. 8 — Mass balance over the entire stack (cathode side).

j.ijjhydene.2023.04.323

Please cite this article as: Ghorbani B et al., Use of reduced-voltage EIS to establish a relation between oxygen concentration and EIS
responses of large commercial PEM fuel cell modules, International Journal of Hydrogen Energy, https://doi.org/10.1016/



https://doi.org/10.1016/j.ijhydene.2023.04.323

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX> XXX

0.9

0.8

0.7

0.5

Warburg resistance (W) [Ohm]

0.06 0.07 0.08 0.09 0.1

y = 104.98x? - 14.414x + 0.6435
06 R? =0.9988 &

0.11 0.12 0.13 0.14 0.15 0.16

1/02 Concentration at the cathode outlet

Fig. 9 — Relationship between the Warburg resistance and measured oxygen concentration at the cathode outlet (for EIS
scans performed on a water-cooled 150+-cell stack at idle-level air flows (4.5-4.7 g/s) and currents (20.0—20.8 A).

Table 2 — Experimental values for oxygen concentrations at the cathode outlet for a set of experiments performed on the
water-cooled stack.

Test name Air flow rate Minimum O, concentration Measured O, concentration Maximum O, Stack
(gr/s) (%) (%) concentration current (A)
(%)
Baseline 1 4.69 14.6 14.9 15.7 20.8
Baseline 2 4.72 14.6 15.0 15.7 20.8
Baseline 3 474 14.6 14.9 15.7 20.9
Baseline 4 4.54 14.6 15.0 15.7 20.0
2 slpm H, 4.55 14.2 14.5 15.3 20.0
4 slpm H, 4.54 13.8 14.0 14.8 20.0
6 slpm H, 455 13.4 13.6 14.4 20.0
8 slpm H, 4.54 13.0 13.2 13.9 20.0
10 slpm H, 4.55 12.6 12.7 13.5 20.0
10 slpm H, 4.70 12.6 12.7 13.6 20.8
15 slpm H, 4.67 11.5 11.5 12.4 20.8
20 slpm H, 4.71 10.6 11.3 114 20.8
5.0% ACS 3.19 12.2 12.7 13.1 20.3
4.5% ACS 2.47 10.0 10.2 10.7 20.0
4.0% ACS 1.85 6.6 6.9 7.1 19.6

requires knowledge about how cell-level EIS scans of leaky
and normal cells combine with stack-level EIS scans; where
this would require information on the distribution of cell-level
transfer leaks in a stack [102], or at a minimum, the presence
of a single leaky-cell whose size can be adjusted. To further
develop this idea, another set of experiments was performed
on an air-cooled stack by injecting nitrogen in a single cell to
reduce the oxygen concentration and obtaining EIS scans at
both a cell level and over larger cell-counts spanning the
starved cell.

As mentioned previously, not all water leaving the stack
would be in the vapor phase, while the amount of vapor water
is limited to the case of a hundred percent relative humidity,
depending on the operating temperature. Therefore, the most

accurate practice to take is to provide a possible range for
oxygen concentration corresponding to values of relative hu-
midity changing between 0 and 100%, with the goal for the
oxygen sensor readings to then fall within the range given by
the mass balance. The last set of rows in Table 2 corresponds
to three separate experiments performed while lowering the
air compressor speed (ACS) from 5.0%, 4.5%, and 4% of full
compressor speed respectively. Minimum oxygen concentra-
tion refers to the case where air is at 100% relative humidity
while the maximum corresponds to dry cathode flow if all
water stays in liquid form. Based on the results, showing that
the measured oxygen sensor readings fall well within the
calculated range, the modeling captures the impact of stack
current and injection recombination well, and the measured
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data also show that the oxygen sensor readings were fairly
accurate.

It should be noted that two hydrogen sensors were placed
at the cathode outlet to capture hydrogen emissions from the
cathode. Although the hydrogen injection tests resulted in
significantly increasing mass transfer losses, significant
hydrogen emission (>~0.5% H2) was not observed. This can be
attributed to the absence of a large (permanent) leak in the
stack, wherein reducing the oxygen concentration had
imposed an equal starvation risk to all cells. Specifically, the
inlet flows were identical in the cells. Had oxygen concen-
tration been reduced to the level where emission may have
occurred, all cells would have simultaneously air-starved, and
the entire stack voltage would have become zero or slightly
negative. This would have resulted in the stack shutting down
due to low voltage. Thus, while injecting hydrogen into the
entire stack makes it easier to observe changes in the EIS
signature, one of the limitations of this approach is our
inability to simulate hydrogen emissions directly. Another
limitation of these tests is their inability to simulate leaks in a
subset of the cells. As such, these tests alone do not help us
understand the effect of leak count or unequal leak rates on
the EIS signature and vice versa. To complete the study, the
next section provides another set of experiments that were
performed on an air-cooled stack with the capability of
capturing EIS scans at different cell counts.

Reducing oxygen through nitrogen injection in a
single cell of 2 kW air-cooled stack

In this second set of experiments, as shown in the photograph
and schematic in Figs. 10 and 11 respectively, nitrogen was
injected into the cathode airflow of a specific target cell in the
middle of a 50+-cell 2 kW air-cooled PEM stack (to reduce its
oxygen concentration by dilution). This dilution-based con-
centration reduction was necessary because injection of
hydrogen into the larger cathode flow channels of air-cooled
stacks would give poor recombination, and the potential for
autoignition (where the thinner cells used in liquid-cooled

Fig. 10 — Photograph showing polyurethane hose-manifold
used to deliver nitrogen through 0.050” stainless tubing to
individual cathode flow grooves in target air-cooled cell.

Cell number
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Fig. 11 — Multiplexer configuration.

stacks in section Reducing oxygen through hydrogen
injection in the 30kW liquid-cooled PEM stack are not prone
to flame transmission). A multiplexer was used to route the
EIS sense lines from a Kikisui KFM2150 high voltage EIS sys-
tem to pairs of cells in the stack, where Fig. 11 shows a map of
the multiplexer setup. On the left of Fig. 11 is the stack with its
individual cells numbered, where nitrogen is injected into the
cathode of cell 31. To the right of Fig. 11 are the EIS mea-
surement pin-pairs starting with the nitrogen-infused cell and
spanning 2, 5, 10, 20, 35, and 50 cells; where the specific cell
pairs measured were: (31,32), (31,33), (28,33), (23, 33), (23, 43),
(23,58) and (8,58).

The nitrogen injected was varied from 25 slpm to 85 slpm
to simulate different extents of dilution. Since the individual
cells in the stack are electrically in series, their impedances
would be additive. Hence, it is hypothesized that the EIS
response of cells would be additive. To test this hypothesis,
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EIS scans for multiple cell counts were simulated using the
following steps.

a) Baseline EIS data was obtained for the target cell as well as
2/5/10/20/35/50 cells spanning the target cell (for zero
injected nitrogen).

b) Experimental EIS data was obtained for the target as well as
2/5/10/20/35/50 cells spanning the target cell for different
flow rates of nitrogen (in the range of 25 slpm to 85 slpm).

c) The change (increase) in the impedance of the target cell
was calculated for the different flow rates of nitrogen (See
Fig. 17 for graph of results.).

d) The EIS responses of 2/5/10/20/35/50 (or ‘n’) cells with
reduced oxygen concentration for different nitrogen in-
jection rates were simulated by adding the impedance
change of the target cell corresponding to nitrogen injec-
tion (from step c) to ‘(n-1)’ of the baseline cell-impedance(s)
for the corresponding cell scan (from step a).

Experimental and simulated EIS signatures of the stack
for different numbers of cells at nitrogen injection rates of
25-85 slpm are depicted in Figs. 12—16 respectively. The

~&—Simulated scan  —#—Original scan ~&—Simulated scan

0.006 0.025

figures generally indicate good agreement between the
experimental and simulated EIS signatures confirming our
“addition” hypothesis; with the only exceptions being at cell
counts higher than 20 for lower N2 dilution flows (e.g., 25 to
40 slpm).

Let us take a closer look at Fig. 12 corresponding to the
cases where membrane leak rates are relatively small. In this
figure, it was noticed that there are no discernible third arcs
for the 20/35/50 cell-count EIS scans. This is because the third
arc of the single leaky cell is so small that it nearly vanishes
when being added to the scans of many more healthy cells.
Progressing from nitrogen injection rates of 25—55 slpm in
Figs. 1216, it is seen that we can begin to discern the third
arc at higher cell spans. While this might initially be
considered a potential shortcoming of stack-level EIS for
capturing a leaky cell (or multiple leaky cells), a quick review
of Eq. (1) shows that, intentionally reducing the airflow to the
stack (i.e., move to a lower Q}, for our testing), the size of the
third-arc for the leak-affected cells increases, and this im-
proves our ability to ‘find’ leaky cells in a larger population.
This, and/or the actual development of a higher leak ratein a
single cell like shown here, or by more than one cell
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Fig.

12 — Simulated and experimental EIS scans of different cell-counts at 25 slpm nitrogen injection rate.
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Fig. 13 — Simulated and experimental EIS scans of different cell-counts at 40 slpm nitrogen injection rate.
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Fig. 14 — Simulated and experimental EIS scans of different cell-counts at 55 slpm nitrogen injection rate.
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Fig. 15 — Simulated and experimental EIS scans of different cell-counts at 70 slpm nitrogen injection rate.
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Fig. 16 — Simulated and experimental EIS scans of different cell-counts at 85 slpm nitrogen injection rate.

contributing at lower leak levels (which has not been vali-
dated but seems reasonable) is the subject of our future
research. To further understand the behavior of EIS scans at
the stack level, simulations were performed to see if we can
capture the stack-level EIS scan of multiple cells by adding up
the EIS signatures of single cells. According to the

information provided in Figs. 1216, this “additivity” feature
of EIS scans is validated to a considerable extent. There was
only one case corresponding to the 85 slpm nitrogen injec-
tion rate shown in Fig. 16, in which the size of the LF arc given
by the experiment is larger than what the simulation offers.
This can be justified since at this very high injection rate, part

responses of large commercial PEM fuel cell modules,
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Fig. 18 — Warburg value of one leaky cell at different leak levels representing the size of the low-frequency arc in the EIS

scan.

of the nitrogen might have leaked through the neighboring
cells causing more dilution.

The gradual appearance of the third arc resulting from the
mass transfer losses in only one cell is depicted in Fig. 17. As
shown in Fig. 17, the less oxygen available at the cathode
catalyst layer caused by injecting nitrogen, the larger the LF
arc will be. The size of this LF arc which is quantified by the
finite length Warburg element in circuit analysis, therefore,
will grow at higher leak rates. To further elaborate on this, the
relationship between the nitrogen injection rate (hypotheti-
cally the leak rate) and the Warburg resistance is depicted in

Fig. 18 which shows a linear connection between the two.
Using this relationship in our future studies, the extent of
leakage once the cell-level EIS of the leaky cell is found using
the decomposition of the stack-level EIS can be quantified.
Results of the electrical circuit analysis performed by
fitting the circuit shown in Fig. 4 to the EIS scans of the air-
cooled stack are shown in Table 3. Based on the results,
there is no significant change in charge transfer resistance
and ohmic resistance during experimentation when keeping
the number of cells constant. Therefore, reducing the oxygen
concentration for emulating the leak phenomenon mostly
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Table 3 — Electrical circuits fitted to the experimental data.

Number Ohmic Charge Mass transfer  Nitrogen =~ Number  Ohmic Charge Mass transfer Nitrogen
of cells resistance transfer resistance  injection rate of cells resistance transfer resistance injection
(ochms) resistance (ohms) (slpm) (ohms) resistance (ohms) rate (slpm)
(ohms) (ohms)

1 1.11E-03 4.89E-03 3.79E-39 0 10 1.09E-02 5.37E-02 8.80E-03 55

1 1.12E-03 5.52E-03 7.55E-03 25 10 1.08E-02 5.44E-02 8.32E-03 70

1 1.11E-03 5.50E-03 8.32E-03 40 10 1.08E-02 5.21E-02 2.00E-02 85

1 1.14E-03 5.47E-03 1.33E-02 55 20 2.19E-02 1.03E-01 1.47E-38 25

1 1.12E-03 6.09E-03 1.18E-02 70 20 2.10E-02 1.07E-01 1.47E-39 55

1 1.13E-03 6.15E-03 1.54E-02 85 20 2.09E-02 1.08E-01 4.55E-56 70

2 2.28E-03 9.85E-03 8.28E-03 25 20 2.08E-02 1.02E-01 1.62E-02 85

2 2.25E-03 1.01E-02 1.05E-02 40 35 3.78E-02 1.78E-01 4.76E-44 25

2 2.25E-03 1.08E-02 1.19E-02 55 35 3.72E-02 1.82E-01 4.37E-53 40

2 2.20E-03 1.07E-02 1.25E-02 70 35 3.70E-02 1.83E-01 1.19E-47 55

2 2.22E-03 1.03E-02 2.49E-02 85 35 3.62E-02 1.83E-01 1.26E-54 70

5 5.58E-03 2.52E-02 6.95E-03 25 35 3.68E-02 1.77E-01 1.25E-02 85

5 5.51E-03 2.60E-02 8.65E-03 40 50 5.43E-02 2.64E-01 1.02E-39 0

5 5.51E-03 2.70E-02 1.21E-02 55 50 5.44E-02 2.59E-01 1.36E-42 25

5 5.43E-03 2.67E-02 1.16E-02 70 50 5.33E-02 2.64E-01 1.05E-42 40

5 5.46E-03 2.58E-02 2.81E-02 85 50 5.27E-02 2.64E-01 1.31E-38 55

10 1.11E-02 5.15E-02 5.08E-03 25 50 5.19E-02 2.63E-01 5.86E-45 70

10 1.10E-02 5.28E-02 5.95E-03 40 50 5.27E-02 2.57E-01 8.75E-50 85

affected the third (LF) arc of multiple-cell scans. There is also
changes in the size of the second arc due to changes in charge
transfer resistance as a result of water buildup which is in
accordance with the very recent findings of other studies
[102—107]. Both charge transfer and mass transfer are subject
to changes while there are factors other than hydrogen cross-
over that would cause the second arc to vary in size [107].
Furthermore, non-zero Warburg parameter values for 20- and
35-cell scans were only obtained at a high nitrogen injection
rate of 85 slpm. In conclusion, membrane leakage can be
detected in the multiple-cell EIS scan of an air-cooled stack
(operating at nominal airflow) only when the leak rate is
significantly high if a fair percentage of cells (1/35, or > 3%, in
this case) is leaking. No leakage could be detected using an EIS
scan over 50 cells when having only one leaky cell, where this
is most-likely due to the higher air-stoichiometry (100—200)
used in this air-cooled stack versus the lower air stoichs
(1.8—4.0) used in the liquid-cooled stack. Here, as mentioned
previously however, if the stack airflow is reduced, the size of
the third arc for a given leak-size will increase, and improve
the sensitivity of the technique.

Conclusion

This paper provides a detailed analysis of the relation between
stack oxygen concentration and EIS parameters using two sets
of experiments to simulate hydrogen leaks. The first set of
experiments was performed on a commercial 30 kW water-
cooled PEMFC stack from Ballard. Here, different rates of
hydrogen were directly injected into the cathode inlet flow of
the whole stack. Increasing the hydrogen injection rate (hy-
pothetically the leak rate) was seen to enlarge the third (LF) arc
of the stack EIS signatures and a corresponding increase in the
Warburg parameter in the equivalent circuit. The second set
of experiments was conducted on a 2 kW air-cooled stack
from Ballard. Here different rates of nitrogen were injected

into a single cell of the stack, to reduce the oxygen concen-
tration through dilution, and EIS scans were obtained across
different cell spans. The results indicated that increasing the
nitrogen injection rate also enlarges the third arc of the EIS
signatures and a corresponding increase in the Warburg
parameter in the equivalent circuit. The results also showed
that the EIS scans were generally additive, wherein EIS scans
of different cells in a stack can be added to obtain the EIS scan
of the stack. This result is significant as it paves the way for
our future extension of this work that would aim to decom-
pose the stack-level EIS into cell-level scans, and eventually
obtain the number of leaky cells as well as the amount of
hydrogen leak rate.

Next steps in this research include performing EIS scans
and hydrogen emissions measurements on stacks containing
significantly-leaky cells (potentially air-starved) installed in
the 30 kW module, and determining the number and size of
these leaky-cells by hydrogen/nitrogen characterization [108].
These steps will be used to further investigate the additivity
principle demonstrated in the present work, and to develop a
methodology for reduced airflow testing that should capture
both developing transfer and end-of-life transfer resulting in
cathode hydrogen emissions.
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