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A B S T R A C T

Avoiding undesired electric field-driven cell-to-cell ion conduction is a common issue in electrochemical bipolar
stacks affecting many processes such as alkaline water electrolysis, chlor-alkali electrolysis, and redox flow
batteries. In bipolar stack systems, they are known as ionic shunt or stray currents and flow alongside a cell stack
through the electrolyte manifolds bypassing the bipolar plates. A similar phenomenon occurs if multiple single
cells are operated in parallel with a common electrolyte supply, even though each individual cell is galvanically
isolated. If the parallel cells are operated at different voltages, an electrochemical potential gradient is formed
across the electrolyte tube manifold, causing stray currents to flow from one cell to the other. It is important to
determine and reduce stray currents and its implications to ensure high system efficiency and maximum system
lifetime. This work presents a new approach with which stray currents between parallel operated, galvanically
isolated electrochemical cells has been determined for the first time. For this purpose, an ionic 4-point mea-
surement was implemented into an experimental setup with two electrolyzer flow cells with a common elec-
trolyte supply using reference electrodes. This approach was used to measure the potential differences ΔE
between both electrolyzers exemplarily for alkaline water electrolysis. Combined with the measured ionic re-
sistances of the electrolyte within the polymeric tube manifold, stray currents were accurately determined. The
presented results show that the ionic 4-point measurement could be successfully implemented and validated to
experimentally determine stray currents between parallelly operated cells. The method presented enabled stray
current measurements with high precision in the mA range. Due to the high cell currents and high ionic tube
resistance, the stray current is less than 1 % in the introduced electrochemical setup. The demonstrated sys-
tematic measurement approach can be easily transferred to other electrochemical systems or processes.

1. Introduction

Ionic shunt or stray currents (SC), also referred to as parasitic, bypass,
or leakage currents, typically occur in electrochemical bipolar cell stacks
[1]. Such cell stacks consist of multiple electrochemical cells that are
galvanically and geometrically connected in series with bipolar plates [2].
One side of a bipolar plate serves as the cathode of one cell and the other
side serves as the anode of the next cell, i.e., cathode and anode of
adjacent cells have approximately the same electrical potential. Due to
the bipolar plates, the electrochemical potential within a cell stack builds
up serially from cell to cell. The sum of the individual cell voltages is,

therefore, the total voltage of a bipolar stack as shown in Fig. 1a [3].
Bipolar cell stacks are often designed with a common electrolyte supply
[4]. For a common electrolyte supply system, shared flow-field channels
or tube manifolds are used, which form cell-to-cell connections. Due to
the bipolar structure and the electrolyte conductivity an electrochemical
potential gradient is formed across these connections. Under these con-
ditions, ions can be conducted from one cell to the adjacent cell along the
ionically conductive connection thus bypassing the bipolar plates. This
undesired ion conduction in electrochemical bipolar stacks is defined as
ionic SC [5]. In Fig. 1a, a bipolar stack with its locally varying electro-
chemical potential is shown, which provides an ionic SC pathway due to a
common electrolyte supply system (red line).
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A similar phenomenon can occur in a system where electrochemical
cells are operated in parallel, i.e., each cell has its own potentiostat for
power supply and electrochemical analysis. In such a system, all cells are
galvanically isolated. However, in the case of a common electrolyte
supply, the individual cells are ionically connected to each other. This
ionically conductive cell-to-cell connection again serves as a pathway

for undesired ion conduction from one cell to another (Fig. 1b). Unlike
the bipolar stack, under ideal operating conditions the electrochemical
potentials of parallel single cells do not build up serially due to the
absence of a galvanic connection. Rather, the electrochemical fields are
freely aligned with each other. In this system, undesired ion conduction,
therefore, only occurs if different cell voltages are applied, or the cells

Abbreviations and symbols

Abbreviations
AWE alkaline water electrolysis
EPDM ethylene propylene diene monomer
FEP fluorinated ethylene propylene
PEEK polyether ether keton
PEIS potentiostatic electrochemical impedance spectroscopy
PP polypropylen
PTFE polytetrafluorethylen
SC stray current
SHE standard hydrogen electrode
WE working electrode

Latin symbols
d diameter
A area
E electrode potential
E(x) distance-dependent electrochemical potential
I current
i current density
l length
R ionic resistance

T temperature
U cell voltage

Greek symbols
Δ difference
σ specific conductivity

Subscripts
a anode
aa between anode and anode
c cathode
cc between cathode and cathode
cross cross-sectional
d dynamic
ext extension
i inner
s steady state
sc stray current
t tube

Superscripts
o standard

Fig. 1. Two different electrochemical systems that provide ionically conductive connections and potential differences between adjacent cells enabling shunt or stray
current formation: Electrochemical stack with a bipolar plate that galvanically connects the cells and thereby builds up serially the total electrochemical stack
potential (a). Parallel operated cells that are galvanically isolated with electric fields that are freely aligned with each other (b).
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are not identical. Different cell voltages can be applied to efficiently
distribute power among parallel operated systems in order to increase
system efficiency and reduce the cost of production [6].

As discussed, the two systems described differ from each other. In the
case of bipolar stacks, the term ionic shunt current is most commonly
used to describe this phenomenon. Occasionally used, but less common
in the context of bipolar stacks, is the term stray currents. In bipolar
stacks, the ionic SC bypasses the bipolar plates, however the origin and
destination (terminal cathode and terminal anode) of the ionic SC is
identical to that of the ionic cell current. In a system with galvanically
isolated cells operated in parallel, a part of the ionic cell current of one
cell rather strays into the parallel operated cell. The phenomenon in
such a system as considered in this publication is, therefore, better
described by the term stray current and will be used in the following.
Fig. 1 shows both systems, a bipolar stack and single cells operated in
parallel, with an ionic SC pathway (red line) and a schematic illustration
of the electrochemical fields of the individual cells.

It should be noted that galvanically isolated single cells in parallel
operation (Fig. 1b) are no industrial arrangement. In industry, single
cells are electrically connected to bipolar stacks (Fig. 1a) for economic
reasons [7]. However, there are commercial arrangements in which
several bipolar stacks are operated in parallel [8]. This industrial
arrangement represents a mixture of both systems shown in Fig. 1. In
this study, the arrangement of parallel, galvanically isolated single cells
is investigated. It is used as a simplified, bespoke arrangement. The
findings derived from here can be transferred to the industrial applica-
tion mentioned above.

The magnitude of SC in an electrochemical system with common
electrolyte supply depends on the total number of cells in the system,
magnitude of cell voltages, electrolyte conductivity and geometry of the
tube manifold. [9] Depending on the type of electrochemical system, SC
can cause:

- decrease in Faraday efficiency and overall energy efficiency [10],
- accelerated aging at electrode regions near to the electrolyte inlets

and outlets particularly of the terminal electrodes induced by locally
above-average current densities [11,12],

- non-uniform voltage and current distribution in stacks, leading to
different cell performances depending on the cell position within the
stack [13],

- interference with instrumentation, undesirable gas formation or
corrosion of metallic components [5,14,15], and

- explosive or flashover voltage hazard [1,16].
Avoiding the implications of SC plays an important role in ensuring

maximum system lifetime and system efficiency. Therefore, the deter-
mination of SC for the design of electrochemical multi-cell systems is
important. In the literature, two approaches can be found to quantify SC,
i.e. a theoretical, model-based method and experimental approaches.
The former was first pursued in the 1940s, where an equivalent circuit
model was proposed to describe an electrochemical system [17]. Using
equivalent circuit models, SC can be determined based on Kirchoff’s law.
In 1976, an equivalent circuit model was developed for NASA to esti-
mate SC in redox flow battery systems [4]. In the following decades, this
approach was adapted [18] and published for Fe/Cr redox flow battery
[19,20] and fuel cell systems [21–24]. Further studies show equivalent
circuit model based SC determination in Vanadium redox flow batteries
[5,25,26]. For the quantification of SC, most studies are based on the
theoretical approach. Few publications demonstrate the experimental
determination of SC. For experimental quantification, for instance
magnetic field detectors were used to measure the magnetic field
generated by SC [27]. Only a few research groups determined the po-
tential difference or directly SC through the electrolyte in the tube
manifold [28,29]. One research group investigated experimentally and
computationally the effect of SC on the primary and secondary current
distribution at the electrodes in an undivided bipolar stack [30,31]. The
cited literature on the theoretical or experimental determination of SC
focuses almost exclusively on bipolar stack systems (Fig. 1a). For

economic reasons, electrochemical cells are commonly operated as bi-
polar stacks in industry [7]. In this case, multiple stacks can be con-
nected in parallel [8]. However, ionic SC formation between parallel
operated systems has hardly been studied. One publication focused on
SC between parallel bipolar electrolysis stacks [6]. There are only a few
publications investigating SC in the field of alkaline water electrolysis
(AWE) [6,32].

The aim of this work was the development of an ionic 4-point mea-
surement to experimentally investigate SC formation between parallel
operated electrochemical systems. For this purpose, a simplified,
bespoke setup with two galvanically isolated, parallel operated cells was
used. The introduced ionic 4-point measurement approach is based on
the simultaneous use of four reference electrodes. The advantage over
measurements with magnetic field detectors [27] or current sensors [29]
for example, is the high measurement accuracy at low investment costs.
The measurement technique was implemented into the bespoke setup
with two parallel electrolysis flow cells and exemplarily validated for
alkaline water electrolysis (AWE). The findings of this simplified setup
will help to better understand SC formation occurring in industrial
relevant systems such as parallel operated bipolar stacks. The presented
measurement technique is a systematic and transferable approach that
can be easily applied to other electrochemical systems or processes.

2. Methods

An ionic 4-point measurement was set up to determine the potential
difference ΔE of adjacent electrodes between parallel, galvanically iso-
lated electrochemical cells. For this purpose, modified electrolyte flow
fields (cf. supplementary information) with a narrow groove were
implemented into the flow cells. Reference electrodes were placed in
external electrolyte vessels connected to the cells via Haber-Luggin
capillaries made of PEEK with an inner diameter of 0.5 mm. These
capillaries were passed through the grooves of the flow fields directly in
front of the electrodes. Each cell was equipped with two reference
electrodes. The application of this ionic 4-point measurement enables
the determination of the potential difference ΔE of adjacent anodes and
adjacent cathodes of parallel electrochemical flow cells. Fig. 2 shows the
schematic illustration of the 4-point measurement implementation in an
experimental setup with two electrolyzer flow cells that was used for this
study.

Operating parallel, galvanically isolated cells with individual current
or voltage source and a common electrolyte supply requires appropriate
operating modes of the potentiostats. Important for the voltage or cur-
rent sources used in such a setup is that the electrical devices can be
operated in grounded and floating mode. Therefore, either multiple
potentiostats or individual channels of a multipotentiostat that provides
this function can be used. The default setting for single-cell experiments
with a cell that is not self-grounded is the grounded mode. If additional
cells are operated electrically in parallel with a common electrolyte
supply, it is particularly important that each additional flow cell is
operated galvanically isolated from the first. For such a system, the
operating mode of the potentiostat of each additional cell must be set to
floating mode (Fig. 3a). Multiple potentiostats operated in grounded
mode within the same electric circuit are connected via ground. This
connection can have a direct effect on the alignment of the electric fields
of the individual cells, which in turn could affect the potential difference
ΔE between galvanically isolated parallel cells with a common electro-
lyte supply. A potentiostat is typically grounded via the connection of
the working electrode (WE). When multiple potentiostats are parallel
operated in grounded mode, the alignment of the electric fields to each
other is essentially determined by which electrodes are set as WE
(Fig. 3b and 3c). Three cases for two parallel, galvanically isolated flow
cells with different potentiostat settings and their effect on the align-
ment of the electric fields to each other are shown in Fig. 3. All exper-
iments in this study with two cells in parallel operation were performed
with one cell grounded and the second floating as shown in Fig. 3a.

D. Dogan et al.
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3. Experimental

All AWE experiments were conducted with Micro Flow Cells® from
ElectroCell A/S (Tarm, Denmark). The anode and cathode compart-
ments were built identically, each comprising a Ni electrode, PTFE flow
field and EPDM gaskets. The separator was a Zirfon Perl UTP 500 dia-
phragm from Agfa-Gevaert N.V. (Mortsel, Belgium). The electrode sur-
face area and electrolyte chamber thickness were 10 cm2 and 2 mm,
respectively. For all experiments, 6 M KOH (p.a. quality, Merck) solution
was prepared and used as anolyte and catholyte. The electrolytes were
freshly prepared before each experiment with deionized water from a
PURELAB® flex system. 250 ml each of anolyte and catholyte were
circulated separately using a peristaltic pump at a flow rate of 100 ml/
min (equivalent to 10 ml/min/cm2) per cell. The overall supply system
was built entirely of FEP or PP polymer parts. The inner diameter of all
tubes was 4 mm. Oxygen and hydrogen gas formed was diluted and
displaced from the feed reservoirs with an argon flow of 50 mL/min. A
single-cell setup was used to characterize the electrolyzer without any
disturbances occurring during parallel operation. All other AWE ex-
periments were performed with the two-cell setup with common elec-
trolyte supply (Fig. 2).

For the two-cell experiments, the electrolyzers were operated with
two channels of a VSP-300 potentiostat from Bio-Logic SAS (Seyssinet-
Pariset, France). The operating mode of the potentiostat was set to
grounded mode for one cell and floating mode for the second cell during
the experiments (Fig. 3a). The configuration was verified with a
breadboard and electrical resistors. During the two-cell experiments,
one cell was continuously operated under steady state conditions (cells),
while the operating parameters of the second cell were varied (celld).
The cells were operated in either potentiostatic or galvanostatic mode,
depending on the experiment. Before measuring the potential difference
between adjacent cells, both cells were conditioned at 100 mA/cm2 for
one hour after preparation of the experimental setup. After system
conditioning, celld was operated at different current densities. The

Fig. 2. Schematic illustration of the ionic 4-point measurement for SC deter-
mination performed between two electrolyzer flow cells. Both cells were con-
nected to individual channels of a multichannel potentiostat (P) and supplied
with common electrolyte feeds. Tube manifolds of the supply system present
ionically conductive connections providing SC pathways (red line). Potential
differences of adjacent electrodes were measured with a voltmeter (V, green
line) and reference electrodes.

Fig. 3. Effect of potentiostat operating modes for two parallel, galvanically isolated but ionically connected cells on the alignment of the individual electric fields to
each other. Three different cases: one cell grounded to earth and one cell floating (a), both cells grounded to earth with anodes connected via grounding of working
electrodes (b) as well as both cells grounded to earth with one anode and one cathode connected via grounding of working electrodes (c).
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corresponding signals were recorded after 10 min when steady state
conditions were reached. The mean value and standard deviation
calculated in the experimental data are based on a series of 3 mea-
surements per measuring point. Hg/HgO reference electrodes type RE-
61AP from ALS Co., Ltd (Tokyo, Japan) were used to measure elec-
trode potentials or potential differences and were filled and conditioned
with 6 M KOH solution. All measured potentials were converted to the
potential against the standard hydrogen electrode (SHE). The electrode
potentials of the Hg/HgO reference electrodes (78.5 mV vs. SHE) were
determined and regularly checked experimentally using reference
electrodes with well-defined potentials. Potential differences between
adjacent electrodes were measured using a 175 True RMS multimeter
from Fluke Corporation (Everett, USA). All measured electrode poten-
tials for cathode or anode vs. Hg/HgO reference electrodes were IR drop
corrected. The required ohmic resistances between Ni electrode and
reference electrode were determined by potentiostatic electrochemical
impedance spectroscopy (PEIS) in a three-electrode setup. All resistance
values between Ni electrodes of adjacent cells required for SC calcula-
tions were measured by PEIS in a two-electrode setup. All PEIS mea-
surements were performed in the range of 0.1 to 1E+05 Hz at E or U =

0 V and an electrolyte flow of 10 ml/min.

4. Results and discussion

In order to characterize an individually operated single AWE cell, I-U
and electrode polarization curves were recorded and are depicted in
Fig. 4. The cell voltage U (a) and electrode potentials Ea/Ec (b) are
depicted as a function of the current density i. Dashed lines indicate the
thermoneutral cell voltage of the overall reaction Uo = 1.23 V, and the
thermoneutral electrode potential of the oxygen evolution reaction Eao =
0.336 V and hydrogen evolution reaction Eco = − 0.894 V vs. SHE. U
shows a characteristic course with a non-linear and linear region at i <
50 mA/cm2 and i≥ 50 mA/cm2, respectively. At 500 mA/cm2 U reaches
a value of 3 V. The actual values of the onset potentials of Ea and Ec
exceed the respective thermoneutral potentials. Ea and Ec reach elec-
trode potentials of 0.86 V and − 1.79 V vs. SHE at 500 mA/cm2,
respectively.

The cell voltage (Fig. 4a) of the electrolyzer is affected by different
mechanisms, i.e. ohmic losses, activation losses, and mass transport
losses [33]. Ohmic losses occur in the electrolyte due to its ionic resis-
tance and cause the characteristic linear trend of the cell voltage at
higher current densities. The electrode polarization curves Ea and Ec
(Fig. 4b) do not include ohmic losses, but do include activation and mass
transport losses, which are also referred to as overpotentials. Activation
overpotentials increase the onset voltage of the electrolyzer and

correspond to the activation barrier of the electrochemical half reaction.
They are affected by the type of reaction and material properties. Their
physicochemical relation can be described by the Butler-Volmer equa-
tion. Activation overpotentials are predominant in the low current
density range and lead to the non-linear behavior of U, Ea, and Ec in this
region. Mass transport overpotentials arise increasingly when the
diffusive and convective mass transport of the reactants to the electrodes
and of the products into the electrolyte solution is slower than the re-
action rate [34,35].

Parallel operated electrolysis cells can measurably interfere with
each other if they are operated with a common electrolyte supply. These
interferences are shown in Fig. 5, where the effect of an increasing cell
voltage difference ΔU = Ud - Us on the cell current Is of cells was
measured. Cells was operated under steady state conditions at a constant
low voltage with Us = 1.5 V during the entire experiment. Is was
recorded as Ud was incrementally increased. Initially both cells were
operated at constant voltages of Ud=Us= 1.5 V (ΔU= 0) for 1 h (Fig. 5).
After the conditioning period, Ud is increased from 1.5 V in 0.1 V in-
crements every 15 min until Ud reaches 2.5 V after 3.5 h. After one hour
with the increase in ΔU, a sudden drop in Is can be observed in Fig. 5.
This effect gradually diminishes with each further increase in the cell

Fig. 4. Cell voltage U (a) as well as anode and cathode electrode potential E vs. SHE (b) as a function of current density i measured in a single cell for AWE at 25 ◦C.
Data were recorded using a linear scan (scan rate = 1 mA/s, step size = 2 mA). Dashed lines indicate the thermoneutral cell voltage of the overall reaction U0 = 1.23
V as well as thermoneutral electrode potentials of the oxygen evolution reaction Ea0 = 0.336 V and the hydrogen evolution reaction Ec0 = − 0.894 V for AWE.

Fig. 5. Investigation of the effect of deliberately increased cell voltage differ-
ence ΔU = Ud – Us on cell current Is. Is (left axis) at a constant cell voltage Us =
1.5 V at all times with moving average (red line) and ΔU (right axis) are
depicted as a function of time t. Celld voltage Ud was increased by ΔUd = ΔU =

0.1 V every 15 min starting from Ud = Us = 1.5 V up to Ud = 2.5 V. After 3.5 h
ΔU was reset to 0 V.

D. Dogan et al.
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voltage difference. Furthermore, starting from ΔU = 0.3 V the Is signal
becomes noisy. The noise intensity of Is amplifies with an increase inΔU.
At high values of ΔU, Is approaches 0.13 mA as shown by the moving
average (red line, Fig. 5). After 3.5 h, the cell voltage difference is reset
to ΔU = 0 V and maintained for 15 min. Due to the sudden reset of ΔU,
the current Is in cells rises abruptly and reaches 0.21 mA after 3.75 h.
Furthermore, the noise stops immediately and the Is signal continues
undisturbed. The voltage dependent current of the dynamic cell Id can be
obtained approximately from Fig. 4a.

In conventional single-cell operation, the electric field is formed
within the cell between the anode and cathode. In the setup presented
here, the tube manifolds provide ionically conductive connections be-
tween the two cells operated in parallel. This arrangement leads to more
complex electric field formations in the setup presented. The electric
fields of the individual cells can expand through the tube manifolds and
superpose each other. Furthermore, secondary electric fields can be
formed between adjacent electrodes of the two parallel cells. The weak
electric field of a cell at low cell currents is interfered by these complex
electric field formations. As observed, even small differences in cell
voltage can therefore change the cell current and lead to noise in the
current signal (Fig. 5). As the cell current increases, the influence of the
electric field of the adjacent cell decreases. Measurement data at higher
start cell voltages are shown in the supplementary information (Fig. S2
and S3). As both interference effects disappear immediately when the
cell voltage difference is reset (ΔU = 0), it can be ruled out that the
interferences are caused by other phenomena such as adsorption or
foreign gas bubbles.

Next, the potential differences between the electrodes of the parallel
AWE cells were measured. In Fig. 6, the voltmeter measurements be-
tween the reference electrodes located in the vicinity of the two anodes
ΔEaa and between the reference electrodes located in the vicinity of the
two cathodes ΔEcc (see Fig. 2) are depicted as a function of the applied
current density of the dynamic cell id. During the entire experiment, the
steady state cell was operated at is = 100 mA/cm2. ΔEaa and -ΔEcc show
a linear course for id ≥ 50 mA/cm2 and a nonlinear course for id < 50
mA/cm2. In the linear region, the correlation ΔEaa = -ΔEcc can be
observed. For a current density value of id = is = 100 mA/cm2, the
potential difference ΔEaa and -ΔEcc are both approximately zero. As id
increases, ΔEaa and -ΔEcc increase linearly and reach a potential dif-
ference of about 280 mV at id = 500 mA/cm2. In the nonlinear region,
both quantities show a divergent course. Deviating from the linear
course, ΔEaa decreases more rapidly and shows a steep drop as id ap-
proaches 0 mA. Opposed to this, the curve of -ΔEcc initially becomes
flatter in the low current range as id decreases. For very small values of
id, -ΔEcc increases slightly.

As can be observed, ΔEaa and -ΔEcc are asymmetric at low current
densities of the dynamic cell (id < 50 mA/cm2). This asymmetry in the
measurement of potential differences is an indicator of an increased gas
crossover. In water electrolysis, gas crossover describes the transport of
hydrogen and oxygen in the cell through the separator to the opposite
electrolyte compartment and is caused by different mechanisms. In the
system of this study, the predominant mechanism for this effect is the
differential pressure of the gases in the respective electrolytes. [36] Due to
themixing in the electrolyte reservoir and common electrolyte supply, the
hydrogen differential pressure in the catholyte and therefore the
hydrogen gas crossover through the separator into the anolyte is equal in
both cells. The same applies to the oxygen crossover. Thus, at low current
densities (id < 50 mA/cm2), the gas crossover rate in the dynamic cell is
relatively high. Since the hydrogen is partially oxidized at the anode and
the oxygen is partially reduced at the cathode, this effect results in an
additional charge transfer from the steady state cell to the dynamic cell.
At very low current densities of the dynamic cell, this charge transfer
affects the measured potential differences ΔEaa and -ΔEcc and causes the
asymmetric curve. Detailed explanations of this hypothesis with the
corresponding calculations are provided in the supplementary
information.

The distance-dependent electrochemical potential E(x) within the
cells is schematically depicted in Fig. 7. The potential profile is divided
into five regions (I - IV). The overpotentials characteristic for these re-
gions are shown for the steady state cell (solid line) and dynamic cell
(dotted line). The depicted curves are based on the data for the operating
conditions is = 100 mA/cm2 and id = 10 mA/cm2 (a) as well as is = 100
mA/cm2 and id= 500 mA/cm2 (b). The anode overpotential drops in the
vicinity of the anode surface (I). The electrode overpotential is
composed of the activation and concentration overpotential. Both
overpotentials are merged and shown as one curve in Fig. 7. However,
under the selected operating conditions, the activation overpotential
predominates, as the process is not mass transport limited (Fig. 4a). The
overpotentials over the anolyte (II) and the separator (III) are charac-
terized by ohmic drops. The same overpotentials of the anode side occur
on the cathode side (IV, V). Due to the symmetrical cell structure, the
potential profile is almost rotation symmetrical. Only the electrode
overpotentials deviate from each other (Fig. 4b). The dimensions of
distance x of the individual regions I - V in Fig. 7 are not true to scale for
improved visualization.

With increasing current density, the individual overpotentials I - V
increase. Therefore, the potential profiles of the steady state and the
dynamic cell differ in Fig. 7. The potential difference between the po-
tential in the steady state cell Es(x) and the potential in the dynamic cell
Ed(x) increases towards the respective electrodes. It can be seen that the
contribution of the ohmic overpotentials to this effect is greater than
that of the electrode overpotentials. It should be noted that this
assumption is only valid for the operating conditions shown (no mass
transport limitation). The measurement of the potential differences ΔEaa
andΔEcc was conducted between two reference electrodes in the vicinity
of the respective electrodes. The measured values ΔEaa (red line) and
ΔEcc (blue line) are highlighted in color in Fig. 7. Since measurements
were not conducted between reference electrode and cathode or anode,
but between both reference electrodes, changes of the difference of the
electrode overpotentials are not taken into account in the measurement.
However, the effect of the changes caused by the electrode over-
potentials on the measurement is negligible as discussed.

Fig. 8 shows the results of the investigation of the temperature effect
on the measured potential differences. Depicted are ΔEaa (a) and -ΔEcc
(b) as a function of id at 25, 40 and 60 ◦C. The experimental results
indicate that an increase in temperature leads to a decrease in |ΔE|, i.e.
for id > is, ΔEaa and -ΔEcc decrease as T increases. For id < is, ΔEaa and
-ΔEcc increase to less negative values as T increases. The temperature
effect can be observed to the same extent for bothΔEaa and -ΔEcc. At id=
500 mA/cm2, ΔEaa and -ΔEcc reach a potential difference of about 280,
220 and 170 mV at 25, 40 and 60 ◦C, respectively.

Fig. 6. Potential difference of adjacent anodes ΔEaa (blue line) and adjacent
cathodes -ΔEcc (red line) as a function of current density id. Current density id of
celld was stepwise increased from 1 up to 500 mA/cm2. Cells was constantly
operated at is = 100 mA/cm2. ΔE was measured at 25 ◦C.

D. Dogan et al.
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With increasing temperature, the ionic mobility increases resulting
in lower ionic resistance of the electrolyte, i.e. the ionic cell resistance
gradient dE/di decreases. As a result, the measured potential differences
ΔEaa and -ΔEcc between both cells decrease with increasing tempera-
ture. The decrease of ΔEaa and -ΔEcc at constant current density is
approximately proportional to the temperature increase. Apart from the
ionic resistance of the electrolyte within the cells, the activation over-
potentials are also affected by the temperature change. [37–39] How-
ever, these effects are negligible.

In order to calculate the SC Isc between both cells based on the ΔE
values, the ionic resistance of the electrolyte within the tube manifold

between adjacent electrodes Rt is required. For this purpose, tube ex-
tensions with a defined length lt,ext of 10, 20 and 30 cm were installed
between the electrolyte inlets and outlets of the cells (cf. supplementary
information, Fig. S4). The experimental data (squares) for one of the
four identical tube manifolds is depicted in Fig. 9a. The results show a
linear dependence between Rt and lt,ext. Literature data on KOH con-
ductivity was used to calculate the theoretical value of the length-
dependent resistance dRt/dlt,ext for the given dimensions of the tube
extension. The theoretical value of dRt/dlt,ext is equal to 12.7Ω/cm at 25
◦C. dRt/dlt,ext was used for the implementation of a linear fit on the
experimental data (solid line). The experimental data are in very good

Fig. 7. Schematic representation of the distance-dependent electrochemical potential E(x) within the symmetric AWE cells for two different current density values id
of celld. Operating conditions in the figure are is = 100 mA/cm2 and id = 10 mA/cm2 (a) as well as is = 100 mA/cm2 and id = 500 mA/cm2 (b). The potential
distributions are depicted as a function of the distance x in the electrochemical field and shown for the steady state cell Es(x) (solid line) and dynamic cell Ed(x)
(dotted line). The potential distribution is composed of the electrode overpotential of the anode (I), ohmic overpotential in the anolyte (II), ohmic overpotential in the
separator (III), ohmic overpotential in the catholyte (IV) and electrode overpotential of the cathode (V). Values for the individual overpotentials were taken from
experimental data and literature. The dimensions of the individual regions I - V are not true to scale for improved visualization.

Fig. 8. Potential difference of adjacent anodes ΔEaa (a) and adjacent cathodes -ΔEcc (b) as a function of current density id. Current density id of celld was stepwise
increased from 1 up to 500 mA/cm2. Cells was constantly operated at is = 100 mA/cm2. ΔE was measured at 25 ◦C (solid line), 40 ◦C (dashed line) and 60 ◦C
(dotted line).

D. Dogan et al.



Electrochimica Acta 500 (2024) 144767

8

agreement with the literature data [40]. As lt,ext represents only a part of
the total resistance, the line does not pass through the origin. The
intersection with the ordinate corresponds to the resistance of the tube
connectors and is equal to 277Ω. The vertical dash-dotted line shows the
experimental condition for the ΔE measurements. Given the very good
agreement with the literature, Rt at elevated temperatures was subse-
quently calculated using the literature data [40]. Fig. 9b shows Rt as a
function of total tube length lt for 25, 40 and 60 ◦C. The length depen-
dence of Rt at elevated temperatures is 9.9 and 7.4Ω/cm at 40 and 60 ◦C,
respectively. Rt measured during the ΔE measurements corresponds to a
length of lt = 32.25 cm (dashed-dotted line).

SC were determined by dividingΔE values (Fig. 8) by Rt data (Fig. 9).
The total SC Isc is calculated by summing the respective SC values for the
common inlets and outlets of the anode and cathode sides (cf. supple-
mentary information S5). The results of the SC calculations are depicted
in Fig. 10, showing Isc as a function of id at 25, 40 and 60 ◦C. When both
cells are operated at the same current density (id= is= 100mA/cm2), no
SC flows between the cells (Isc = 0). With increasing id, Isc increases
linearly and reaches a value of Isc = 2.75 mA at id = 500 mA/cm2. For
values id < 100 mA/cm2 Isc decreases linearly to negative values. A
change in the process temperature has no major effect on Isc.

The course of Isc is determined by ΔE and accordingly by the course
of the polarization curves. The linear course at high current densities is a
result of the linearity of Ea and Ec in the ohmic loss range (Fig. 4). In the
low current range, the nonlinearities of ΔEaa and ΔEcc compensate each

other due to their opposite trends and lead to a linear progression of Isc
when calculating the total SC. Due to the increasing conductivity, |ΔE|
(Fig. 8) and Rt (Fig. 9) decrease with increasing process temperature.
However, the change in |ΔE| and Rt per temperature unit is the same for
both variables. Thus, both effects neutralize each other, and the tem-
perature has no relevant influence on Isc.

Since Isc is inversely proportional to Rt, Isc is affected both by the
conductivity of the electrolyte and by the tube geometry. Fig. 11 shows
the influence of the tube length lt and the inner tube diameter di on Isc.
The presented data of Isc are valid for id= 100mA/cm2 and is= 500mA/
cm2. The results indicate that the limit of Isc(lt, di) is infinity as lt ap-
proaches 0 or di approaches infinity. The limit of Isc(lt, di) is 0 as lt ap-
proaches infinity or di approaches 0. The experimental conditions of the
ΔE measurements correspond to lt= 32.25 cm, di= 4 mm and Isc = 2.75
mA and are marked in Fig. 11 (red triangle).

Decreasing the tube length to lt = 0 or increasing the inner diameter
to di = ∞ will result in infinitely large SC, since these conditions
correspond to a short circuit of the cells. Full isolation (Isc = 0) is ach-
ieved by infinitely long tubing (lt = ∞) or an inner diameter of di = 0.
The results show that both an increase in lt and a decrease in di are

Fig. 9. The ionic tube resistance Rt as a function of tube extension length lt,ext (a) and total tube length lt (b) at different process temperatures T. Inner diameter di of
the interconnecting tube was 4 mm. The ionic tube resistance Rt was experimentally determined for lt,ext values of 10, 20 and 30 cm (a, squares) at 25 ◦C. Theoretical
values of Rt at 25, 40 and 60 ◦C (b) were calculated based on specific conductivity values ρ6M KOH of 6 M KOH taken from literature [40]. During the experiment, Rt =
410 Ω was measured with the experimental setup (Fig. 2) of this study (dashed-dotted line).

Fig. 10. Total stray current Isc as a function of current density id between two
AWE cells. Current density id of celld was stepwise increased from 1 up to 500
mA/cm2. Cells was constantly operated at is = 100 mA/cm2. Isc was calculated
based on ΔE measurements and Rt data. Isc is depicted for 25 ◦C (solid line), 40
◦C (dashed line) and 60 ◦C (dotted line).

Fig. 11. Calculated total stray current Isc as a function of total tube length lt
and inner tube diameter di between two AWE cells for id = 100 mA/cm2 and is
= 500 mA/cm2. Tube length lt and inner tube diameter di was changed from 10
up to 500 cm and 0 up to 5 mm, respectively. Experimental conditions are
marked at lt = 32.25 cm and di = 4 mm (red triangle).
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appropriate measures to reduce Isc present in a system. In practice, in
some cases large values for lt are selected to reduce Isc, which may
require the connecting tubes to be rolled up. When decreasing di, the
required increase in pumping power must be taken into account.

SC are determined using Ohm’s law. This equation can be rearranged
(1) to determine the tube geometry (total tube length lt and inner
diameter di) required to reduce the total SC Isc to a defined limit, where
σelectrolyte is the specific conductivity of the electrolyte and At,cross the
cross-sectional area of the tube.

lt = 4⋅σelectrolyte⋅At,cross
ΔE
Isc

(1)

If Isc in the system presented is to be reduced to 1 mA during oper-
ation with is = 100 mA/cm2 and id = 500 mA/cm2, a minimum tube
length of 87.0 cm is required when using 6 M KOH and a tube inner
diameter of 4 mm. The measurement approach introduced can be
applied to other electrochemical systems to experimentally determine
ΔE. Eq. (1) can then be used to determine the tube geometry needed to
avoid negative SC implications.

5. Conclusions

In this study, the ionic stray current formation between galvanically
isolated, parallel cells with common electrolyte supply was investigated.
For this purpose, an ionic 4-point measurement setup was developed to
experimentally determine the potential difference ΔE between parallel
electrochemical cells. This systematic and transferable experimental
approach was validated on an experimental setup with two parallel flow
cells exemplary for alkaline water electrolysis. The measurement
method is applicable to other systems and works with alternative tech-
nically relevant electrolytes. It was shown that stray currents in a par-
allel multi-cell system are determined by the potential difference ΔE
between the cells and, therefore, depend on the individual cell voltages.
Measurements were performed at 25, 40 and 60 ◦C. In the system pre-
sented, the relative dependence between the total stray current Isc and
the potential difference ΔE is 9.8, 12.3 and 16.5 mA/V at 25, 40 and 60
◦C respectively. However, this correlation is explicitly valid only for the
system tested in this study and depends on the electrolyte conductivity
and the geometry of the tube manifold. Furthermore, the potential dif-
ference ΔE is also temperature dependent. However, the two tempera-
ture dependencies, i.e. ofΔE and of the ionic resistance of the electrolyte
within the tube manifold Rt, compensate each other. Therefore, it was
found that temperature has no measurable effect on the stray current if
all other parameters are kept constant. By application of the ionic 4-
point measurement, small stray currents of less than 1 % with respect
to the cell current could be measured precisely in this study. When
designing industrial plants, the influence of scaling parameters on stray
currents must be taken into account [6,8]. During upscaling, the pipe
cross-section of the electrolyte supply system is typically increased to
manage the large volumes of electrolyte required. Increasing the
cross-section without lengthening the pipe will increase the stray cur-
rent in the system. This example shows that all scaling factors must be
considered when designing a system to avoid exceeding critical stray
current thresholds. It is therefore important to determine the total stray
current a priori when designing new systems or industrial plants.
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