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ABSTRACT: Since the beginning of the 20th century, alkaline electrolysis has been used as a proven method for
producing hydrogen on a megawatt scale. The existence of parasitic shunt currents in alkaline water electrolysis, which
is utilized to produce clean hydrogen, is investigated in this work. Analysis has been done on a 20-cell stack. Steel end
plates, bipolar plates, and an electrolyte concentration of 6 M potassium hydroxide are all included in the model. The
Butler-Volmer kinetics equations are used to simulate the electrode surfaces. Ohmic losses are taken into consideration
in both the electrode and electrolyte phases, although mass transport constraints in the gas phase are not. Using an
auxiliary sweep to solve equations, the model maintains an isothermal condition at 85°C while adjusting the average
cell voltage between 1.3 and 1.8 V. The results show that lower shunt currents in the outlet channels as opposed to the
intake channels are the result of the electrolyte’s lower effective conductivity in the upper channels, which is brought on
by a lower volume fraction of the electrolyte. Additionally, it has been seen that the shunt currents intensify as the stack
gets closer to the conclusion. Efficiency is calculated by dividing the maximum energy output (per unit of time) that a
fuel cell operating under comparable conditions might produce by the electrical energy needed to generate that output
inside the stack. At first, energy efliciency increases due to the rise in coulombic efficiency, peaking around 1400 mA.
The subsequent decline after reaching 1400 mA is linked to an increase in stack voltage at elevated current levels.

KEYWORDS: Alkaline water electrolysis; hydrogen production; shunt current; electric potential

1 Introduction

Globally, suggested remedies concentrate on generating and storing renewable energy. In this context,
hydrogen production has become significant among energy storage techniques due to its energy density,
substantial energy capacity, and ability to be transported [1,2].

Alkaline water electrolysis (AWE) is a technique that employs electrical energy to split water into hydro-
gen and oxygen gases using an alkaline electrolyte, typically potassium hydroxide (KOH). Two electrodes
are usually used in the process: the anode produces oxygen, while the cathode produces hydrogen. The most
widely used technique for electrolytic hydrogen production is alkaline electrolyzers, which are acknowledged
for their high level of industrial maturity. These electrolyzers usually operate at current densities below
0.5 A/cm?. They are designed for robustness and cost-effectiveness. They are considered reliable and efficient,
with many units deployed in various industrial applications. Alkaline electrolysis contributes significantly to
green hydrogen production, aligning with modern sustainability goals. This technology is gaining attention
for large-scale hydrogen production due to its potential environmental benefits. Ongoing research focuses on
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enhancing the efficiency and reducing costs of alkaline electrolyzers, including improvements in electrode
materials and system design.

Numerous reviews exist that outline the various technologies associated with hydrogen utilization. In
their exhaustive analysis and comparison of current storage methods, Abdalla et al. [3] provide a thorough
overview of hydrogen technologies. Zhang et al. [4] provide a clear and well-structured summary of
production, storage, and electricity-producing systems. In addition to describing the generation, storage,
and use of hydrogen, Dutta [5] provides development proposals for the hydrogen economy in several
countries. The economic aspects of both centralized and decentralized production techniques are examined
by Mazloomi and Gomes [6]. Additionally, they discuss the hazards associated with the production, storage,
and distribution phases and offer viable risk-reduction techniques. At the same time, research such as [7]
describes the procedures required to develop a hydrogen economy. Power-to-gas [8,9], using fossil hydrogen
to power vehicles [10-13], and connecting electrolyzers to renewable energy sources in microgrids [14,15] are
some of these measures. According to Wong and Afrouzi [16], one of the newest green technologies is the
hydrogen energy storage system (HESS), which uses excess energy to create hydrogen and store it for later
use. To improve a HESS design, it is crucial to understand optimal design techniques because navigating the
design and sizing processes can be intimidating, given the abundance of information accessible. Therefore,
they intended to gather and analyze a broad spectrum of HESS studies to provide a summary of recent
research findings. Through an analysis of the mathematical structure governing wind power output and
the evaluation of the remaining wind energy, along with the functionalities of hydrogen production and
storage using electrolyzers and hydrogen storage tanks, Lu et al. [17] developed a capacity optimization
allocation model for hydrogen production systems. The objective of their model was to minimize the
total net present value cost across the entire lifecycle, incorporating a cost-benefit analysis that included
costs for equipment disposal, recovery of residual value, penalties associated with wind energy curtailment,
transportation costs for hydrogen, and environmental considerations. The model was implemented on the
MATLAB platform, leveraging the CPLEX solver for its resolution. Zhang et al. [18] formulated an evaluation
index system to assess the suitability of hydrogen production and hydrogenation stations, concentrating
on four primary factors: technology, economy, environment, and safety. By taking real-world conditions
into account, they utilized the Analytic Hierarchy Process (AHP) and Fuzzy Comprehensive evaluation
methods to evaluate hydrogen production and hydrogenation utilizing both water electrolysis and natural gas
reforming. Their results demonstrated that hydrogen production through water electrolysis was superior to
that from natural gas reforming in the context of hydrogen production and hydrogenation stations, rendering
it the more favorable choice. Furthermore, although natural gas reforming outperformed water electrolysis
economically for hydrogen production, it lagged in technological efficiency, environmental impact, and
safety. Wang et al. [19] pointed out that the uncertainty in renewable energy generation combined with the
fluctuation in load demand presents difficulties in determining the capacity of each component in hybrid
renewable energy power generation systems. Their study concentrated on optimizing the capacity of two
configurations of the off-grid hybrid wind-hydrogen energy system. To achieve their optimization goals, they
aimed to maximize system profitability while minimizing the chances of a power supply failure. Initially, they
developed steady-state models for the wind turbine, proton exchange membrane fuel cell, lead-acid battery,
and alkaline electrolyzer using MATLAB software. They subsequently examined the operating modes of the
system and uncovered two distinct setups. Eventually, they evaluated the economic aspects of both systems
and chose the optimal configuration based on the wind speed and load data specific to the sample area.
The performance of alkaline water electrolysis systems is commonly restricted by several factors, including
reaction overpotentials and the durability of the electrocatalysts. Recent reviews have emphasized the
importance of optimizing each component within the hydrogen production system to improve operational
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efficiency [20,21]. Recent studies have suggested the use of bipolar membranes to enhance the efficiency of
water electrolysis. These membranes create a bridge between acidic and alkaline environments, potentially
improving the overall electrolysis performance [22]. The correlation between water dissociation activity
and HER activity presents a significant area for further exploration. Moreover, the development of novel
hybrid nanoarray structures has demonstrated superior performance for both HER and OER, indicating that
interface engineering can play a crucial role in enhancing catalytic activity [23].

A digital twin-based predictive maintenance method for alkaline water electrolysis systems, improving
fault diagnosis and lifespan prediction by combining simulation models, deep learning algorithms, and trans-
fer learning has been reported. It achieves higher accuracy and reliability, enhancing system monitoring and
fault detection during operation [24]. A semi-empirical model of an alkaline water electrolyzer, accurately
capturing cell voltage behavior using polarization data has been performed. It also analyzes how operational
factors impact efficiency, providing insights to optimize AWE performance [25]. Traditionally, AWE uses
diaphragms and 5-7 M KOH, but polymeric diaphragms replaced asbestos ones. Newer alternatives include
ion-solvating membranes and high-conductivity membranes in 1 M KOH. AEM systems with 0-1 M KOH
have improved lifespan and electrode issues. As AWE and AEM technologies converge, this review highlights
recent developments in these membranes [26]. Alkaline electrolysis is well-established on land, but its
economic performance at sea is less understood. Sea-sourced purified water varies in cost and impurities
can reduce efficiency, leading to higher electricity costs. Different electrolyte management options also affect
costs. This article explores the economic viability of offshore alkaline electrolysis, highlighting knowledge
gaps and encouraging discussion in the field [27].

While considering the crucial economic considerations for long-term sustainability, all of these devel-
opments take hydrogen technologies into account. Collaboration between businesses, governments, and
research institutions will be necessary to accomplish this. Alongside the technologies, Fig. | presents the
options, which include both established industrial techniques and those currently under development.

Hydrocarbon-based  hydrog prod

primarily relies on chemical reforming

processes, especially SMR. which is highly

efficieot but relesses O, making. carbon
mitigation strategies essential. These methods

are currently the most economically viable for

large-scale hydrogen production, especially in

industrial settings.

Alkaline electrolyzer
Autothermal reforming PEM electrolyzer
SOE electrolyzer
AEM electrolyzer
Hydrocarbons

Thermochemical water splitting
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Water electrolysis is the most common method for producing clean
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producﬁon Aqueous solutions are mainly used in electrolysis and chemical reactions to
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Figure 1: Classification of hydrogen production focusing on the objective of this paper [28]
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To reduce the expenses associated with hydrogen production, it is crucial to operate the electrolyzers
as efficiently as possible and to ensure their prolonged operational lifespan. The existence of parasitic shunt
currents is one element that limits the stack’s longevity and efficiency. This paper illustrates a secondary
current distribution in a 20-cell setup. The coulombic and energy efficiencies for the stack, relating to
electricity-to-hydrogen conversion, are calculated, along with the specific shunt currents flowing into or out
of each cell. This work contributes new understanding of how electrolyte management and current operations
affect efficiency and parasitic losses in alkaline electrolysis stacks.

2 Model Description

The main components of the AWE system covered in this paper are a stack, two gas-liquid oxygen and
hydrogen separators, an electrolyte pump, a heat exchanger, and a water tank. It also has other electrical
components and purifying devices, which are not discussed here. A direct electrical current drives an
electrochemical reaction in the stack’s electrolyte while the AWE system is operating. Hydrogen gas and
OH- ions are produced at the cathode when water molecules in the electrolyte get electrons and go through
a hydrogen evolution reduction process. In addition to the influence of the electric field, the concentration
gradient between the cathode and anode sides causes the OH— ions to migrate through the membrane. Water
and oxygen gas are produced on the anode side when OH- ions undergo an oxygen evolution oxidation
process and lose electrons. After leaving the stack, the produced combination of oxygen gas and electrolyte
and hydrogen gas and electrolyte enters the two separators. As the electrolyte is brought back to the mixer
for remixing, the gases leave the system. To maintain the temperature of the stack, the pump first presses the
electrolyte out of the mixer, which is subsequently cooled by cooling water in a heat exchanger. The AWE
system is illustrated in Fig. 2. This research examines the 20-cell stack depicted in Fig. 3. This type includes
a 6 M potassium hydroxide (KOH) electrolyte [26], bipolar plates, and steel end plates. The Butler-Volmer
kinetics equations are used to represent the electrode surfaces. Mass transport restrictions in the gas phase
are disregarded, while ohmic losses in the electrode and electrolyte phases are taken into consideration. The
equations are solved using an auxiliary sweep, changing the average cell voltage from 1.3 to 1.8 V, and the
model runs isothermally at 85°C. Two separate half-cell reactions are involved in the electrochemical process
of water splitting: the oxygen evolution reaction at the anode and the hydrogen evolution reaction at the
cathode [29].

2H,0 + 2€ - H? + 20H™ Cathode (1)

1
2m¥95y+Hp+%Am® (2)

Shunt currents can have several important consequences:

o Decreased Efficiency: They lead to unwanted energy losses, lowering the overall performance of devices
such as fuel cells or electrochemical cells.

o Irregular Current Distribution: Shunt currents may result in uneven current flow throughout individual
cells or components, which can create localized overpotentials and lead to degradation.

« Damage to Components: Continuous shunt currents might hasten the deterioration or damage of
electrodes and other system components due to inconsistent electrochemical activity.

o Challenges in Measurement: They create difficulties in measuring voltage and current, hindering system
diagnostics and evaluations of performance.

 Instabilities in Operation: Excessive shunt currents can disrupt system stability, resulting in unpre-
dictable behavior or safety issues.
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Seperators

02 gas phase

H2 gas phase
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In electrochemical systems, shunt currents are generated at reaction sites, as explained in the context
of the Butler-Volmer equation, which models the relationship between current and voltage at an electrode.
In some situations, such as in a stack without any load, the equation predicts a non-zero current, which
results in shunt currents. These shunt currents are driven by electrochemical reactions at the electrode
surfaces and are influenced by variables such as the voltage difference and ohmic losses in the system.
The Butler-Volmer equation plays a crucial role in determining shunt currents by outlining the kinetics of
electrochemical reactions at the electrode. It essentially connects the current density to the overpotential,
taking into account both the forward (oxidation) and reverse (reduction) reactions. When this equation
is applied to systems with shunt paths—such as in multi-cell stacks or fuel cells—it forecasts the amount
of current that can travel through unintended or parallel routes at each electrode. In more straightforward
terms, if the potential difference across a shunt path causes the overpotential to exceed a specific threshold,
the Butler-Volmer equation estimates the resulting current flow through that path. This phenomenon can
result in parasitic or undesired currents (shunt currents) that circumvent the main circuit, impacting the
efficiency and performance of the system.
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Various elements affect shunt currents in systems represented by the Butler-Volmer equation:

o Voltage difference (overpotential): The extent of the voltage difference across shunt pathways drives
current flow. Greater overpotentials elevate shunt currents.

o Electrode kinetics (exchange current density): More rapid reaction kinetics (higher exchange current
density) facilitate current flow through shunt pathways at a specific overpotential.

o Electrolyte conductivity: Improved conductivity lowers the ohmic resistance along shunt pathways,
enabling more current to pass through.

o  Shunt pathway resistance: The inherent resistance or impedance of unintended current paths dictates
how much current can flow for a specified voltage.

« Reaction conditions: Factors such as temperature, catalyst effectiveness, and surface characteristics
impact reaction rates, thereby influencing shunt currents.

o System design: The arrangement and configuration of the cell stack, including the positioning of
membranes and electrodes, affect shunt pathways.

Herein, Butler-Volmer kinetics is used to simulate the electrode surfaces, accounting for both ohmic
losses in the electrodes and electrolyte phases while ignoring any effects from gas-phase mass transport
restrictions (this is known as a secondary current distribution model). The model operates under isothermal
conditions, with the stack functioning at a temperature of 85°C. The effective conductivity of the electrolyte
within the electrolyte compartment on either side of the separator is established to vary based on the volume
fraction of the electrolyte according to:

Oleff = 8?/201,bulk (3)

In this context, 07, ;1% represents the bulk conductivity of a 6 KOH solution. The electrolyte volume
fraction, denoted as ¢, is defined to decrease linearly with z, starting from 100% at the base of the electrode’s
active surface area and dropping to 50% at the upper manifold exits [26].

The principle of mass conservation was articulated through the continuity equation within all compu-
tational domains, as stated below:

V.u=0 (4)

where u represents the velocity vector of the electrolyte.

The flow channels had their velocity field defined by the Navier-Stokes equation [30]:
p(u.V)u=-Vp+uviu (5)

In this context, p refers to the density of the electrolyte.
The velocity distribution within the porous electrodes was determined by integrating the Navier-Stokes
equation with Darcy’s law for porous media, leading to the results in [31-33]:

Pyl =-vp+Eviu- Ly 6)
& € I K

where « represents the permeability of the porous electrode and ¢ denotes its porosity.

3 Results and Discussion

Fig. 4 represents streamlines for various voltage differences. The shunt current patterns depicted
in Fig. 4 can be calculated by integrating the internal boundary between each manifold and its corresponding
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electrolyte compartment to determine the specific entry and exit shunt currents for each cell. This is
illustrated in Figs. 5-7 for average cell voltages. Fig. 5 represents electrolyte potential. Electrolyte Potential
pertains to the electric potential present in an electrolyte solution, a conductive liquid that contains ions. It
is vital in electrochemical systems, including electrolysis processes, where the movement of ions produces
an electric current. It shows how voltage fluctuates within the electrolyte and influences ion transport and
the overall performance of the device.
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Figure 4: Streamlines for various voltage differences
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Shunt currents in the outlet channels are lower than those in the intake channels because of the
lower electrolyte volume percentage and consequently lower effective electrolyte conductivity in the upper
channels. Furthermore, it is noted that shunt currents become more noticeable as the stack gets closer to the
conclusion. In Fig. 7, the elevated stack voltage results in generally higher shunt currents when compared
to those in Fig. 6. Furthermore, it can be found that the more the voltage difference, the greater the shunt
current. For illustration, it is clear that the maximum value in Fig. 6 is 16 A; however, it has a value of 20
in Fig. 7. In both figures, it is obvious that the current for hydrogen at the upper and lower positions increases
gradually with cell number. Oxygen at the lower position has the most negative current, especially at lower
cell numbers. The oxygen current at the upper position remains relatively low but positive as the cell number
increases. This visualization likely illustrates how different gases and positions influence current flow within

the cells over multiple units.
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Fig. 8 presents a polarization plot for the stack, where the total current on the x-axis was obtained by
integrating the current density across one of the end plates of the stack. This plot also features the open
circuit and thermoneutral cell voltage for the given operating conditions. The thermoneutral cell voltage is
particularly noteworthy, as extra heat would be necessary to warm the stack if the electrolyzer operates below
this voltage. A polarization plot is a graph commonly used in electrochemistry to analyze the performance
of electrochemical cells, such as batteries, fuel cells, or corrosion studies. Often, the plot illustrates how the
cell voltage decreases as the current increases, highlighting kinetic limitations, overpotentials, and other
effects. This figure helps determine parameters like electrode resistance, exchange current density, and
overpotentials. Polarization resistance is the slope of the voltage vs. current at low currents. According to this
figure, the efficiency can be evaluated, and it can be advantageous to understand limiting factors like charge
transfer resistance or mass transport limitations.

18 —e- Cell voltage (varied in sweep)

—e- Cell equilibrium voltage
—e- Cell thermoneutral voltage

1.75]

1.7]

1.65

1.6

1.55

Voltage (V)
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1.4

1.35

1.3

1.3 1.4 1.5 1.6 1.7 1.8
Stack current (A)

Figure 8: The plot for polarization

We can additionally calculate the coulombic efficiency related to hydrogen production within the stack.
The overall current density for hydrogen evolution across all cells is divided by the stack current multiplied
by the number of cells to determine this efficiency statistic.

Coulombic efficiency (also called charge efficiency) measures how effectively an electrochemical process
converts injected or extracted charge (in coulombs) into useful products or reactions. It indicates the fraction
of charge that contributes to the desired electrochemical reaction. High coulombic efficiency means minimal
losses due to side reactions (like corrosion or parasitic reactions). It reflects the effectiveness and stability
of an electrochemical system. In Fig. 9, the Coulombic efficiency is shown. The interaction among various
polarization effects leads to the efficiency being reduced at lower stack currents.

In Fig. 9, it can be found that the efficiency increases as the stack current rises, starting around 32% at
1.3 A and approaching close to 93%-94% at 1.75 A. The curve shows a trend of improving efficiency with
higher current, indicating more effective hydrogen production or utilization at higher current levels.
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The findings from this study have practical implications for real-world alkaline water electrolysis (AWE)
systems:

«  Electrolyte Management and Design Optimization

The observation that lower electrolyte volume fraction in the upper channels reduces effective conduc-
tivity suggests that careful management of electrolyte distribution is critical. In commercial AWE systems,
uniform electrolyte distribution is essential to ensure consistent current distribution and minimize parasitic
shunt currents, which can lead to efficiency losses. Designing flow channels and electrolyte filling strategies
to maintain optimal electrolyte volume throughout the stack can enhance overall performance.

o Stack Efficiency and Scalability

The significant increase in efficiency at higher current densities (from ~32% to ~94%) indicates that
operating AWE systems at higher currents can substantially improve energy utilization. This supports the
development of larger, more efficient stacks for industrial hydrogen production, where maximizing current
density is key to economic viability.

+  Shunt Currents and Long-Term Performance

The finding that shunt currents become more prominent near the end of the stack highlights the
importance of stack design to mitigate these losses. In real systems, this can be addressed through improved
bipolar plate design, electrical insulation, or current balancing techniques, ensuring long-term stability and
efficiency.

o Thermal and Electrolyte Considerations

Operating uniformly at 85°C and understanding the role of ohmic losses help in designing thermal
management systems. Maintaining optimal temperature and electrolyte composition can sustain high
efficiency in large-scale applications.

o Economic and Environmental Impact

Insights into efficiency gains at higher currents contribute to reducing the cost per kilogram of hydrogen
produced, making electrolysis more economically competitive. Improving efficiency directly reduces energy
consumption and greenhouse gas emissions associated with hydrogen production.
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In summary, these findings emphasize the importance of electrolyte management, current optimization,
and stack design in scaling up alkaline electrolysis technology for commercial and industrial use, ultimately
aiding the transition to cleaner hydrogen energy systems.

4 Conclusion

Since the turn of the 20th century, alkaline electrolysis has been a proven method for producing
hydrogen on a megawatt scale. In order to produce clean hydrogen, an examination of parasitic shunt
currents in alkaline water electrolysis has been conducted. A stack of 20 cells has been studied. The model
includes a 6 M potassium hydroxide electrolyte, bipolar plates, and steel end plates. Butler-Volmer kinetics
equations are used to represent the electrode surfaces. Mass transport restrictions in the gas phase are
disregarded, while ohmic losses in the electrode and electrolyte phases are taken into consideration. The
equations are solved using an auxiliary sweep, changing the average cell voltage from 1.3 to 1.8 V, and the
model runs isothermally at 85°C. The findings demonstrate that lower electrolyte volume fraction in the
upper channels results in reduced effective electrolyte conductivity, which in turn causes lower shunt currents
in the outlet channels as opposed to the inlet channels. Furthermore, it is noted that shunt currents become
more noticeable as the stack gets closer to the conclusion. Efficiency is calculated by dividing the electrical
energy required to generate the energy in the stack by the greatest energy output (per unit of time) that a
fuel cell operating under the same conditions might provide. Current to hydrogen Coulombic productivity
shows that the efficiency increases as the stack current rises, starting around 32% at 1.3 A and approaching
close to 93%-94% at 1.75 A. The curve shows a trend of improving efficiency with higher current, indicating
more effective hydrogen production or utilization at higher current levels.
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Nomenclature

AWE Alkaline water electrolysis

p Pressure

u Velocity vector

Greek Letter

01 puix  Bulk conductivity

€ Electrolyte volume fraction
P Density

U Viscosity
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