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The harmonization of testing protocols for proton exchange membrane
(PEM) electrolyzers is essential for ensuring accurate and reliable performance
assessments and accelerating the development of hydrogen production
technologies. This protocol provides a structured approach to PEM electrolyzer
setup and testing, incorporating key considerations for test station design and
single-cell characterization techniques. Polarization curves and electrochemical
impedance spectroscopy (EIS) are detailed, along with best practices from
academic and industry research groups to enhance data accuracy and
comparability. By addressing material variability and harmonizing testing
methodologies, this framework enables more precise evaluations of membrane
electrode assemblies and electrolyzer components. Harmonized protocols
not only streamline development efforts but also foster collaboration across
institutions, ultimately supporting the commercialization of hydrogen solutions
through improved stack efficiency and durability.
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Introduction

The development of cost-efficient technologies for hydrogen production is paramount
to further the penetration of hydrogen into the energy market. Proton ExchangeMembrane
(PEM) water electrolyzers are at the forefront of these efforts and essential for hydrogen
to become a key energy carrier in industry sectors such as ammonia, steel, oil and gas,
transportation, and power generation (Zhang et al., 2024; Ozturk and Dincer, 2021).

Documenting best-practices and harmonizing testing protocols for PEM electrolyzers is
crucial for ensuring comparability in research and development efforts across universities,
national laboratories, research institutions, and industry (Parimuha et al., 2025; Lickert et al.,
2023). There are many related efforts for more established technologies such as alkaline
water electrolyzers and PEM fuel cells (Appelhaus et al., 2024; Ehelebe et al., 2022).
Standardized testingmethods enablemore accurate assessments of component performance
and durability, facilitate collaboration and accelerate innovation. By aligning testing
protocols, R&D organizations can more effectively evaluate materials and technologies,
identify best practices, and reduce development time for high-performance electrolyzer
components, ultimately advancing the commercialization of hydrogen solutions.
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Here we share current understanding gained by national labs,
academic groups, and industry as resource for the testing of PEM
electrolyzer cells. As reported by Bender et al. (Bender et al., 2019),
even when using similar materials and components for membrane
electrode assemblies and cell parts, strong variation in intrinsic
properties such as surface area, porosity, conductivity, and corrosion
resistance can exist. These variations lead to high deviation of the
desired data from PEM electrolyzer testing. With this manuscript,
we present best practices on how to perform some of the most
common tests reported in literature, such as polarization curves and
electrochemical impedance spectroscopy (EIS).

The protocol reported here is intended to be a starting point for
labs interested in PEM electrolyzer testing. It also enables a more
straightforward evaluation of baseline or state-of-the-art materials
for PEM electrolyzer cells with a more accurate performance
comparison. Common data processing methods are also outlined so
that users can extract more value from their electrolyzer cell tests.

Protocol scope

Scope and applicability

The scope of this protocol is the testing of a benchtop (active
area of 25 cm2 or smaller) electrolyzer cell from start-up to shut
down. This protocol is agnostic to cell components and hardware
and should be applicable to any PEM electrolyzer cell. Only ambient
pressure operation was considered since introducing hydrogen
back-pressure would require additional safety and equipment
considerations that are particular to the regulations of each
organization, regions and countries. While this protocol is focused
on single-cell testing, most of the information can potentially be
applied to multi-cell stacks.

This procedure is sufficient to characterize an electrolyzer cell at
beginning of life (BOL). In some cases, the cell will then be run at
a steady current or dynamic conditions for several hours, days, or
weeks to mimic operation of a commercial electrolyzer. Any of the
techniques described here can be used at different points during the
cell lifetime to track the performance of the cell over time.

Summary of method

The protocol describes the characterization of a full PEM
electrolyzer cell, from start up to shut down. A graphical
representation of the procedure is given in Figure 1. In summary,
after a preliminary heating step, a short circuit check is performed
to ensure that cathode and anode sides of the cell are fully
insulated from each other. Next, a polarization curve is collected to
characterize the behavior of the cell from low to high current density.
Finally, EIS is performed to probe the resistance of the cell, among
other properties.

Health & safety warning

Depending on cell size, high electrical currents may be used
when conducting this procedure. Refer to wire ampacity charts to

ensure that electrical cables connecting the power supply and the
PEMelectrolyzer cell are appropriate for the amount of current being
applied. Ensure that the electrical cables are properly secured to the
PEM electrolyzer cell and that the cables are properly insulated. Use
a multimeter to verify that the cell is de-energized (<1 V) before
changing any electrical connections. Additionally, ensure the power
supply or potentiostat is set to shut off when a specific upper voltage
limit such as 2.5V is exceeded. In case of failure of the pump,
fittings, or other problems that interrupt water flow to the cell, this
voltage limit will shut down the cell and may prevent the cell from
overheating and damaging components.

If the cell is not properly sealed, generated hydrogen can leak
out and become a safety hazard. After cell build, nitrogen gas can
be used to check the sealing of the cell. Using a nitrogen cylinder,
apply approximately 30 psi of pressure simultaneously to both sides
of the cell. Close the inlets and check for a pressure drop of the
cell compartment, which would indicate insufficient sealing. When
current is first applied to the cell, use a handheld combustible gas
detector to check for leaks around the edges of the cell.

Hydrogen gas forms a flammable mixture with air or oxygen
when it reaches a 4% volume fraction. This fraction is called
the lower flammability limit (LFL). Test areas must be properly
ventilated, and a hydrogen monitoring system should be used. If a
hydrogenmonitoring system is used, it is recommended to set a limit
so that the cell will shut down in accordance with regulations set by
the respective institution, or at 50% of the LFL at the highest, i.e., a
2% volume fraction of hydrogen in air or oxygen.

Cell components exposed to 80°C water can result in hot cell
hardware surfaces. Always use gloves to handle the cell hardware,
and allow the cell to cool before disassembling. Always wear safety
glasses, and always use gloves to handle the cell, cell components,
and test station equipment. Lab coats and safety shoes may also be
necessary in some lab environments.

Equipment and supplies

Electrolyzer test setups vary widely between labs, but
contain more or less the same components. Figure 2 shows
an example schematic of a test setup. Cell hardware is
commercially available, and an open source design is also available
from NREL (Wrubel et al., 2023).

Water loop equipment
A recirculating water system is common for PEM electrolyzer

testing.Water is pumped from the reservoir to an ion exchange resin,
which removes any impurities before the water is delivered to the
cell. Water passes through the cell and then back into the reservoir.

• DI water: Using ultrapure (>1 MΩ cm, ASTMType 2) DI water
is essential to avoid contaminating the electrolyzer cell. It is
advised to monitor and maintain water purity throughout the
duration of the test.

• Water reservoir: The most important concern in selecting a
water reservoir is that it can withstand the highest desired
operating temperature–usually 80°C.

• Heaters: For small test setups, a hot plate with a temperature
probe can be sufficient for water heating. Larger reservoirs

Frontiers in Energy Research 02 frontiersin.org

https://doi.org/10.3389/fenrg.2025.1549219
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Fortiner et al. 10.3389/fenrg.2025.1549219

FIGURE 1
Flow chart of electrolyzer cell test procedure.

FIGURE 2
Schematic of typical PEM electrolyzer test station. Cathode inlet not pictured, assumed to be closed.

may require an immersion heater. In addition, some labs may
choose to heat the cell itself using heating rods or heating pads
for more precise temperature control. Importantly, temperature
should be controlled to the inlet of the cell, but also measured
at the outlet. This is crucial for more reproducible data sets.
The temperature gradient between the inlet and the outlet
should be kept below either 0.08°C cm-2 or 2°C, or whichever
is lower, to avoid cell voltage fluctuations (Bender et al., 2019).
Ensure that heater elements are only in proximity to compatible

materials, and particularly keep them away from exhaust lines
for hydrogen and oxygen.

• Pump: Should be able to provide 2 mL min-1 cm-2. For higher
current densities the flow rate should be increased to keep the
temperature difference between the inlet of the cell and the
outlet below 2°C (Bender et al., 2019).

• Ion exchange resin: While not required, an ion exchange resin
bed is strongly recommended to filter contaminants that might
be introduced into the water loop due to cell component
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degradation. Note that the maximum temperature specification
of the resin is required to be higher than the water temperature
to avoid decomposition.

• Tubing and fittings: The anode and cathode sides of the cell
must be electrically isolated from each other. Plastic tubing
is appropriate, but ensure that the material can withstand
the highest desired operating temperature. Dielectric fittings
can also be used to isolate the cell, specifically, when metal
tubing is used. To avoid contamination, metal tubing should be
passivated prior to use using established passivation methods
such as ASTM A967 or ASTM A380, for example.

Electrical equipment
There are generally two options for supplying power to an

electrolyzer cell: power supplies and potentiostats/galvanostats.
Potentiostats/galvanostats are high precision programmable power
supplies capable of running complex techniques such as EIS and
cyclic voltammetry (CV). However, they can be expensive, and it
may be necessary to purchase boosters to reach the desired current
densities. Power supplies can reach higher current densities at a
much lower price, but they lack the capability to run EIS and some
may lack accuracy at low currents. One solution that labs employ
is to conduct EIS at low currents with a potentiostat/galvanostat,
and apply larger currents with a power supply to run polarization
curves and/or steady state testing without utilizing EIS diagnostics.
This is an economical option, but great care must be taken
when switching electrical connections. Before changing electrical
connections, always shut off the potentiostat/galvanostat or power
supply and use a multimeter to verify the cell potential has dropped
below 1 V. This procedure limits the hazard of undesired electrical
discharge.

If bolts are used for the power connection, they should be
tightened with a wrench to the torque specified by themanufacturer.
Loose bolts can cause high resistances which may cause overheating
at the power connection. Voltage sense leads should be connected
as close as possible to the cell components and care should be taken
that they are not in contact with current carrying components.

Product gas handling
Product oxygen and hydrogen exit the electrolysis cell through

the exhaust lines of the anode and cathode, respectively. Both
exhaust streams ideally include a water gas separator, which in
the anode case can also double as the water container. From
these devices the water is either recycled into the cell (anode
recirculation loop) or drained (anode and cathode) and the gas is
exhausted typically into the laboratory exhaust ventilation system.
A safety assessment according to the regulations of the respective
institution should always be performedprior to generating hydrogen
or oxygen gas.

Procedure

Step-by-step procedure

This protocol can be applied regardless of the cell components
that are used. Cell components include porous transport media
for anode and cathode, catalysts, and membranes. It is assumed

that the user has determined a cell configuration that they want
to characterize and have assembled the electrolyzer cell prior to
conducting this protocol. More information on cell assembly can be
found in the literature, e.g., Parimuha et al. (2025).

This protocol assumes the use of a potentiostat. With the
exception of the EIS, the protocol can also be conducted with a
power supply. For all steps involving an applied current, multiply
the listed current density by the active area of the electrolyzer
cell in square centimeters to obtain the appropriate total current.
Note that while we recommend to always use 80°C for the entire
conditioning procedure and initial performance measurements to
ensure reproducible results between cells, subsequent experiments
can also be conducted at different operating conditions, such as at
60°C cell temperature, for example,.

Heat soak

1. Set water temperature to 80°C. Begin flow of water through
the electrolyzer cell. The flow rate should be at least
2 mL min−1 cm−2.

2. Allow water to flow through the cell until the temperature
at the inlet and outlet have both reached 80°C, then another
10 min to ensure that the cell temperature has equilibrated, and
the membrane is hydrated.

3. If a nitrogen cylinder is available, temporarily stop water flow
and apply 30 psi of nitrogen to the cell. If an obvious leak or
pressure drop is observed, do not proceed with the rest of the
protocol as the cell is not properly sealed. After conducting
the nitrogen leak test, resume flowing water and monitor the
water temperature until both the inlet and outlet reach 80°C
again. This test should always be conducted after the heat soak
step, as the swelling of the membrane upon hydration helps
seal the cell.

Electrical short check

4. Connect the positive power and sense leads (working) of the
potentiostat/galvanostat to the anode side of the cell, and the
negative power and sense leads (counter and reference) to the
cathode side.The power leads should have a robust connection
capable of carrying up to 3 A cm−2 of the electrolyzer cell.

5. Turn on the potentiostat/galvanostat and launch the software
on the connected computer.

6. Most potentiostat/galvanostat software should have a readout
of the open circuit voltage (OCV) of the cell. If the cell has
been connected correctly, this should be 0 V or a small positive
voltage <100 mV. If the OCV is negative or changing rapidly,
check the potentiostat connections to the cell.

7. The short check is a two-step procedure which must be
followed in the order below. Program the following procedure
in the potentiostat software:
a. Constant voltage hold (i.e., chronoamperometry (CA))

at 1.0 V versus reference for 2 min. Record at least
1 point per second

b. Record voltage response (depolarization) with no applied
voltage or current for 2 min. An OCV measurement can
be used for this. Record at least 1 point per second
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FIGURE 3
(A) Expected current behavior during 1 V hold step of short check. (B) Expected voltage behavior during depolarization step of short check.

8. Run the program. In a non-shorted cell, the following
behaviour should be observed:
a. During the CA step, the measured current will start

high but almost immediately drop to 0 A or close
to 0 A (see Figure 3A).

b. During the depolarization step, the measured voltage
will be 1.0 V at the very beginning of the depolarization
step and will decrease gradually throughout the
depolarization step (see Figure 3B).

9. Observing one or more of the following behaviours could
indicate the cell is shorted:
a. During the CA step, the measured current starts high and

drops to a steady value > 40 mA cm-2 (see Figure 3A).
b. Measured voltage is < 0.9 V at the very beginning of the

depolarization step (see Figure 3B).
c. During the depolarization step, voltage drops immediately

to 0 V (see Figure 3B).
10. If a short is suspected, do not proceed with the rest of

the protocol.

Conditioning
While electrolyzer conditioning protocols are still widely

debated, it is agreed that proper conditioning of the cell leads
to improved performance, including lower HFR and increased
active sites (Wang et al., 2022). Therefore, the most important
considerations are that the same conditioning procedure must be
applied to cells intended for comparison and that the conditioning
is complete, so that performance differences can be attributed to
the cell components themselves (Bender et al., 2019). The following
steps constitute an example of a conditioning protocol. Many other
conditioning protocols can be found in the literature that target to
activate the catalyst material, establish proton pathways and enable
stable, repeatable and reproducible performance. Please note that the
given values for voltage and current are based on previous published
work (Parimuha et al., 2025; Lickert et al., 2023; Wang et al., 2022).

If a cell was operated and then left idle for an extended
period of time, a shortened “re-conditioning” procedure can
be used with shorter hold times.

11. Program the following procedure in the potentiostat software:
a. Constant current hold (i.e., chronopotentiometry (CP)) at

0.2 A cm−2 – 30 min
b. Constant current hold (CP) at 1 A cm−2 – 30 min
c. Constant voltage hold (CA) at 1.7 V vs. reference – 15 h

or until variation in current is less than 1% per hour
(Lickert et al., 2023; Bender et al., 2019)

12. Run program and observe current response of step c for
stability.

13. Upon first application of current, check around the cell for
leaks using a handheld combustible gas detector.

Polarization curve
It has been shown that at least one “conditioning”

polarization curve is required for a stable and repeatable
voltage response (Lickert et al., 2023). Therefore, it is recommended
to repeat the polarization curve procedure at least twice, and report
only the last polarization curve measurement.

In this protocol, polarization curve and EIS measurements are
listed separately for clarity. However, if equipment allows, it is
recommended to perform them in combination, collecting both a
constant current hold and an EIS spectrum at each current point
before moving to the next one.

The maximum current of the polarization curve may be limited
by the power supply or potentiostat used. Although 3.0 A cm−2 is
used as themaximumhere, some test setupsmay be able to reach 4.0
or 5.0 A cm−2. Do not apply any current over the limit of the power
source or greater than the electrical cable ratings.

14. Program the following procedure in the potentiostat software:
a. Constant current holds (CP) for 2 min each from

0.04 A cm−2 to 0.2 A cm−2 in steps of 0.04 A cm−2, i.e.
0.04, 0.08, 0.12, 0.16, and 0.2 A cm−2. Record at least
1 point per 10 s

b. Constant current holds (CP) for 2 min each from
0.2 A cm−2 to 3.0 A cm−2 in steps of 0.2 A cm−2. Record
at least 1 point per 10 s

c. Optionally, reverse steps a and b (step down current)
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15. Ensure a maximum voltage limit of 2.5 V is set on the
potentiostat.

16. Run the program with the water controlled to 80°C as set
previously.

HFR measurement
Electrochemical impedance spectroscopy (EIS) is a well-

established diagnostic for research and development of
electrochemical systems. In depth information about this
diagnostic can be found in the literature (Siracusano et al., 2018;
Padgett et al., 2023; Gerhardt et al., 2021).This protocol takes an EIS
spectrum at each of the current densities used in the polarization
curve. A booster is required to reach high current densities, and
not all boosters are capable of EIS. Perform EIS up to the highest
current allowed by the potentiostat/galvanostat and booster, keeping
in mind the perturbation amplitude.

17. Prior to performing EIS, ensure no wires, cables, or other
conductive materials besides the power cables and voltage
sense leads are touching the cell. Twisting positive and negative
cables together can prevent electromagnetic noise, and the
shortest possible cables should be used. The cables and
potentiostat/galvanostat are often calibrated together and in
that case shouldn’t be removed from the system.

18. Program the following procedure in the potentiostat/
galvanostat software:
a. Optionally, potentiostatic electrochemical impedance

spectroscopy (PEIS) at OCV, 100 kHz (or as high
as equipment allows) to 1 Hz, 9 points per decade,
perturbation +/- 10 mV

b. Galvanostatic electrochemical impedance spectroscopy
(GEIS) at each current used in the polarization curve
(not exceeding the maximum current for EIS on
the potentiostat/galvanostat), 100 kHz (or as high
as equipment allows) to 1 Hz, 9 points per decade,
perturbation +/- 10 mA cm−2

19. Run the program. If a live display is available, observe
the resulting Nyquist plot (Re(Z) on the x-axis, -Im(Z)
on the y-axis) as the data is collected. A typical Nyquist
plot is shown in Figure 4A. The points collected at the
highest frequencies are most influenced by inductive wire
contributions, therefore their -Im(Z) values are expected to be
positive, and they appear below the x-axis. The progression to
lower frequencies is expected to result in a more capacitive
response of the system, therefore the -Im(Z) values become
negative and the plot is expected to intercept the x-axis. The
intercept point is defined as the high frequency resistance
(HFR). If any irregularities are observed in the data, stop
the measurement and troubleshoot for loose connections or
similar anomalies that could affect the measurement.

Shutdown

20. Once all programs have finished, shut off potentiostat power. If
using a power supply, turn applied current to 0 A, then shut off
power supply. Shut offwater pump,water heater, and cell heater
if applicable. Using a multimeter, monitor the cell voltage until
it drops below 1 V before disconnecting electrical cables. Wait
for cell to cool before handling.

Results and example data, cautions
and common interferences

All plots in this section contain fictitious data, intended to
represent the expected trend of each technique.

Short check

The short check consists of a 1 V hold step (see Figure 4A)
followed by a depolarization step (see Figure 4B). Figure 3 shows the
expected behavior during each step for a cell passing (solid blue line)
or failing (dashed orange line) the short check.

During the 1 V hold step, the current in the passing cell
drops quickly to a steady state value close to 0 A. This steady state
value is referred to as the shunt current. The shunt current will
almost never be exactly 0 A, but should be below 10 mA cm−2

in a passing cell. If the value is between 10 and 40 mA cm−2, a
short is possible, but not certain. Within this range, knowledge of
the cell components and their expected performance is necessary
to diagnose if a short is present or not. The shunt current in a
passing cell will depend on the thickness of the membrane and
the other cell components, so it is important to run a short check
with every test to get a sense of what is typical of the particular
cell configuration being used. If the shunt current is higher than
40 mA cm−2, a short is likely. The failing shorted cell in Figure 3A
has a shunt current of almost 300 mA cm−2, which would be
considered high for any cell configuration.These current thresholds
are based on experience at Nel Hydrogen. Cells containing thin
membranes and/or rough porous transport media are more prone
to shorting.

During the depolarization step, the voltage of a passing cell starts
at 1 V and slowly decreases. The slope of the decreasing voltage
will again depend on the cell configuration. If a short circuit is
present, the voltage decay will be almost instantaneous, or the cell
voltage may start well below 1 V. The 1 V hold and depolarization
steps together are a useful diagnostic tool throughout the
cell lifetime.

Polarization curves

Data should be expressed as current density in A cm-2 for easier
comparison with results from different cell sizes as reported in the
literature and the electrolysis community. To convert to current
density from total current, divide the value in A by the active
area of the cell in square centimeters to obtain a current density
in A cm-2. Average the recorded current and voltage data of each
current step into data points, convert them into current density if
needed and plot them as voltage vs. current density. Researchers
should also review the data in the form of voltage vs. time, as
shown in Figure 5A, to confirm that the data constitutes a clean
staircase. Deviations from this staircase may indicate contamination
or other irregularities that may have impacted the experiment
(Padgett et al., 2024).

Each step is a different current setpoint. If the voltage is relatively
stable through the duration of each step, as in Figure 5A, the average
voltage over the whole of each current point can be reported.
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FIGURE 4
(A) Example EIS spectrum, with HFR value and frequencies indicated. (B) EIS spectrum with high frequency interference resulting from test setup, with
frequencies indicated.

FIGURE 5
(A) Raw polarization curve data in the form of voltage vs. time. (B) Processed polarization curve in the form of voltage vs. current density.

If the voltage takes some time to stabilize after the current is
changed, report an average over a stable region of at least 15s.
The step length used for recording the polarization curve can be
adjusted based on how quickly the voltage response stabilizes. If the
voltage does not stabilize, the reason needs to be explored as the
data may indicate contamination or other experimental challenges
(Padgett et al., 2024). To create the final polarization curve, average
the voltage and current data at each step and plot the voltage vs.
the current density points, as seen in Figure 5B. The step-by-step
method outlined in this protocol is preferred over a linear-sweep
voltammetry (LSV) approach, as it allows the voltage response
of the cell to stabilize so that the behavior described above can
be observed.

Further analysis of the polarization curve data to determine
contributions from different processes is useful, and outlined
well in a EU-harmonized protocol (Malkow et al., 2018).
Performing a reversed polarization curve (from high to low
current) is not always necessary, but it can sometimes reveal

more information about the cell, such as presence of contaminants
(Padgett et al., 2024).

EIS–HFR measurement

The HFR is typically calculated from EIS data by finding the
value of Re(Z) at which -Im(Z) is 0 Ohm. This can be achieved by
interpolating the high-frequency data and determining the intercept
of the Nyquist EIS plot with the x-axis.

Many electrochemical software programs are also capable of
extracting HFR. Figure 4A shows where on the EIS curve to extract
an HFR value.

As with current, resistance should be reported in area-
specific units. To obtain the area-specific resistance in Ω cm2,
multiply the resistance in Ohms by the cell active area in square
centimeters. Note that this is different from the calculation for
current density described in the “Polarization Curves” section, as
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the measured resistance is inversely proportional to the active area
of the cell.

Figure 4B shows an example of an EIS spectrum with
interference from the test setup. Note how the spectrum
does not cross the Re(Z) axis. The HFR can therefore not be
extracted from this data set. Much more detail is available
in literature about parasitic and inductive effects at high
and low frequencies (Hensle et al., 2023; Franzetti et al.,
2023). EIS should be conducted up to the highest frequency
allowed by the user’s potentiostat. High frequencies allow
for analysis of resistance without influence of charge transfer
(Dastafkan et al., 2023).

It is possible to extract much more information from EIS data
than what is outlined in this protocol. Use of EIS data to help
deconvolute voltage contributions from different cell components
and processes is well described in literature (Siracusano et al., 2018;
Sánchez Batalla et al., 2024).

HFR free voltage calculation

Often, polarization curve and EIS data is combined to report
HFR-free voltages. This means that the voltage loss from ohmic
drop has been subtracted from the cell voltage. This helps
isolate contributions of non-ohmic voltage losses, such as from
catalyst utilization (Padgett et al., 2023). To obtain an HFR-free
voltage at a certain current, the following equation (Equation 1)
can be used:

VHFR− free = V− I∗R (1)

Where V is the measured cell voltage at current I in A, and
R is the cell HFR in Ohms (Ω). Note that this uses the total
cell current in A, not the current density in A cm-2. The HFR-
free voltage can also be calculated using the current density in
A cm-2 and the area-specific HFR in Ω cm2. Examples of HFR-
free polarization curves and their importance can be found in
Lickert et al. (Lickert et al., 2023). Some users may want to go a
step further and perform a voltage breakdown analysis to separate
the kinetic, ohmic, and mass transport losses of the cell. Details
of this analysis can be found in literature (Gerhardt et al., 2021;
Malkow et al., 2018; Rogler et al., 2023).
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