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Abstract—The water electrolysis process requires a high
DC current supply that can sustain the desired hydrogen
production rate over a large period of operation at a
competitive cost. During the conversion of electricity from
AC to DC, power quality may be affected because of the
non-linear effect caused by the power electronics. Most of
the recent research has focused on exploring different
rectifier topologies. None of them have investigated the
influence of cell stack degradation on the performance of
power electronics. In this work, we built a one-way
interaction model to predict the influence of electrolyzer
degradation on power electronics output over multiscale
operational time (from milliseconds to years) for proton
exchange membrane electrolyzer (PEM). In this model, we
assume a constant degradation rate on the electrolyzer that
results in a linear increase of internal resistance over time.
Counterintuitively, rather than the power quality decreasing,
results show that the power quality increased with the
electrolyzer degradation for both the AC (power factor and
THD) and DC side (ripple) for the 6-pulse thyristor.
Furthermore, the influence of three variables (degradation
rate, load current, and topology) on AC (power factor and
THD) and DC (ripple factor) side power output were
investigated. Finally, results were partially validated with
experimental data from a 20 MW scale PEM electrolyzer.

Keywords—power  electronics,  electrolysis, PEM,
rectifiers, stack degradation, power quality, interaction.

1)  INTRODUCTION

Hydrogen is an industrial gas used for fuel
desulfurization, fertilizer, and methanol production. Global
hydrogen production is mainly derived from fossil fuels
through the reforming of natural gas, this process emits
more than 800 million tons of carbon dioxide per year [1].
There has been an exponential interest in the last few years
to replace the use of fossil fuels with renewable energy to
suffice the future demand for hydrogen.

Green hydrogen has been proposed as an important
energy vector in the last few years in order to accelerate the

transition into a low-carbon economy. One promising
solution is green hydrogen production through water
electrolysis powered by renewable energy. Water
electrolyzers have become of increasing importance for
generating green hydrogen motivated by the declining costs
of renewable power and ongoing innovations in achieving
cost reductions through economies of scale [1]. Strong
governmental policies are being deployed around the world
to support the implementation of the hydrogen
infrastructure.

Among different water electrolysis technologies, PEM
electrolysis has become one of the front-runner technologies
for supporting the production of green hydrogen, several
PEM electrolyzer plants have been commissioned in the last
few years, and there are more that will come online in the
next decade [2]. Figure 1 summarizes the development of
some of the major MW-level PEM electrolyzers worldwide
from 2018 through 2025. As can be seen from the trend, the
power scale of the new PEM electrolyzer plants grows
exponentially.
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Fig. 1. Development of MW- scale PEM electrolyzers (y-axis is in
MW)
Power quality improvements can be made for

minimizing the stack-specific energy consumption. This is
achievable by using energy-efficient rectifiers. However, the



influence of cell stack degradation on the performance of
power electronics remains to be investigated.

Water electrolysis faces some challenges that need to be
addressed in order to be competitive with other mature
hydrogen production technologies. One of the key issues is
the nonlinear effect in power switching and conversion
losses in the rectifier. Electrolyzer systems require the
delivery of low voltage with a high DC input. Therefore, the
power generated at the source must be converted from AC
to DC [3]. This is done through a power rectifier which can
then transmit the converted power to the electrolyzer stack
for hydrogen production. Power converters contribute
around 15-20% of the CAPEX for PEM electrolyzer
systems [3]. Therefore, optimization in this area can bring
valuable benefits in making PEM electrolysis more
competitive in the market [4].

Thyristor-based rectifiers are commonly used for
industrial-scale water electrolysis due to their maturity and
low cost, including the solution for the world’s largest PEM
electrolysis system (20 MW at Becancour, CA) operated by
Air Liquide. As MW-scale electrolyzers become
commercially available, new research on electrolyzer
energy management, including the power -electronics
influence on stack energy consumption and cell degradation
have become relevant. As an example, recent literature has
explored the use of transistor-based converters for reducing
the DC-ripple and total harmonic distortion (THD) while
improving the power factor [5]. However, most of these
publications have been devoted to alkaline water
electrolyzers due to the technology maturity of this type of
electrolyzer [4].

A similar approach of using transistor-based rectifiers
can be applied to PEM electrolysis to assess what
improvements can be made with respect to lowering the
stack specific energy consumption while improving power
quality [4,6]. Chen et al. [9] compared the AC power quality
at the beginning of the electrolyzer’s lifetime with the
end-of-life performance of various rectifier topologies.
Keddar et al. [5] demonstrated the advantages of a
three-phase interleaved buck converter (3PIBR) in AC
power quality over a 6-pulse thyristor and validated their
numerical model using data from a 20 MW PEM
electrolysis plant. On the DC side, the produced voltage and
current generally contain a ripple in the form of alternating
components due to the nature of rectifiers. In the water
electrolysis case, the hydrogen production is directly related
to the rectifier DC current. In such a process, DC current is
of more interest, and ideally, any alternating component
should be minimized in a desired direct current waveform.
Koponen et al. [7] assessed the power quality of a 12-pulse
thyristor rectifier in a PEM electrolysis system subjected to
varying sinusoidal ripples. Results showed the cell area
should be up to five times higher for a 12-pulse thyristor at
low load currents to achieve the same specific energy
consumption as compared to an ideal DC power supply.
Buitendach [8] conducted a similar study for a 6-pulse
thyristor and found that high ripple factors lead to an
increase in power consumption while the hydrogen
production remains unaffected.

Research shows that the cell resistance increases with
time due to cell degradation [10]. However, none of the
aforementioned works have assessed the impact of PEM
stack degradation on power electronics over a long period of

operation under different load current scenarios. In the
present paper, we explore the effect of cell stack degradation
on the power quality over an extended period of operation at
constant degradation rates and load conditions. The power
factor, THD, and ripple factor behavior are simulated
throughout the electrolyzer lifetime for a 6-pulse thyristor
topology. For comparison, we also evaluated the parameter
influence on a 3-phase interleaved buck rectifier (3PIBR).
Model validation of the power factor for a single stack unit
was conducted based on months of operation. Lastly, we
elaborate on the limitations of the current modeling scheme.

2)  THEORETICAL BACKGROUND

In the present research, we implemented a constant
degradation rate into our existing power electronics-PEM
electrolyzer model for two rectifier topologies using the
operating conditions of the 20 MW Becancour electrolyzer
plant. Figure 2 summarizes the hydrogen production process
at the Becancour plant.
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Fig. 2.

Air Liquide’s Becancour PEMWE plant process scheme [5]

a) Rectifier Topologies

In this research, we focus on two rectifier topologies, the
6-pulse thyristor currently used in the 20 MW Becancour
plant and the 3-phase interleaved buck rectifier (3PIBR): a
proposed topology. The thyristor rectifier and the 3-phase
interleaved buck rectifier models were designed and built
using MATLAB/Simulink software. The details of the two
topologies and more theoretical background can be found in
our previous publication [5].

The architecture of the 6-pulse thyristor consists of a
three-phase bridge rectifier with thyristors running in
parallel, with each thyristor having a firing angle control
signal. This topology achieves great energy efficiency at a
low cost with simple control. However, it exhibits high
harmonic and reactive power losses that increase the
specific energy consumption of the PEM electrolyzer [6, 7,
8].

A three-phase interleaved buck rectifier, permits a higher
switching frequency, higher reliability, and fast dynamics.
This topology is composed of a diode bridge rectifier
followed by a buck inverter. Additionally, this rectifier
provides a major advantage by reducing the bulky
harmonics filters. Therefore, the DC output current ripple is
decreased, contributing to a reduction in  specific
electrolyzer energy consumption [6]. Furthermore, the leg
number of the buck converter can be expanded to increase
the topology reliability and decrease the DC current ripple.
Despite all these improvements, the 3PIBR topology
presents some drawbacks, such as the high voltage stress
applied to the power switches and the high cost compared to
the 6-pulse thyristor rectifier.



b) Degradation Model

The performance of a PEM electrolytic cell can be
estimated by constructing a linear cell polarization curve
using experimental data that accounts for the overall cell
resistance based on the following equation:

=R _*i +V (1)

cell — int cell int

where Rint is the equivalent internal resistance, ice” is the
cell current, and Vint is the cell reversible voltage and can be

defined as

Vint = AG/zF 2)
where, AG is the Gibbs energy used to split the water
molecules, z is the number of electrons exchanged during
the reaction, and F is the Faraday constant. Then, the
equivalent electrical circuit of the PEM cell can be modeled
as depicted in Figure 3.

Fig. 3. PEM electrolyzer cell circuit
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Fig. 4. Resistance model under degradation and long-term operation

It is known that the cell resistance increases with time
due to several factors that affect cell degradation [10]. The
degradation of the cell stack is assumed to yield a linear
relationship as follows:

R =R +d_*R 3)

rate
where Rt is the resistance over time, R 0 is the initial
resistance and dmte is the degradation rate (in %/yr) over a

period of years as seen in Figure 4.

¢) Model Configuration

The resistance shown for the PEM electrolyzer is based
on the DC output current from the rectifier. The power
rectifiers are connected to the main electricity grid (120kV,
60Hz) through a 36 MVA two-winding three-phase
transformer. Then, another 5.4 MVA transformer is used to
reduce the voltage and connected to the rectifiers that
transmit power to electrolyzer stacks. The output capacitor
value recommended by the manufacturer is used to illustrate
the relation. Although this value is smaller than the on-site
operation, similar behaviors are observed using the real
plant setup. In this paper, we use a MATLAB/Simulink
power electronics - electrolyzer static/quasi-dynamic model.
Table 1 summarizes the parameters used for the simulation
model.

Degradation of the PEM electrolyzer cell stacks can
occur due to several effects, including membrane thinning,
dissolution/poisoning of the catalyst layers, corrosion of the
proton transfer layers, and others [12]. The current
state-of-the-art PEM electrolyzers experience a degradation
rate of 2-4% per year [11, 13, 14, 15], while the commercial
target is to reduce the stack degradation to below 1%/year
by 2023 [13].

The base study is done using a 6-pulse thyristor which
corresponds to the current topology used in the 20 MW
Becancour plant. Based on the assumption that the
electrolyzer has a lifetime of approximately 80,000 hours, as
given by several stack suppliers [16], the conducted
simulation has a span of a 10-year period.

TABLE I. SIMULATION PARAMETERS

Parameter 6 - pulse 3-phase interleaved
thyristor buck rectifier
rectifier (3PIBR)

Input voltage (source) 25kV, 60 Hz
Output voltage (V) 330 - 460
Output current (kA) 2-12.2

Input voltage (V) 350 550
Diode bridge capacitor (uC) - 8000
Output filter inductor (mH) 44 19
Output filter capacitor (uC) 9000 2000
Switching frequency (Hz) 360 1000
Degradation rate (%/yr) lor2

3)  Resurrs

The influence of three variables (degradation rate, load
current and topology) on AC (power factor and THD) and
DC (ripple factor) was investigated for 6-pulse thyristor and
3PIBR converter topologies. Additionally, a cell stack
degradation rate of 1% and 2% per year was introduced into
the model to investigate the impact over a long period of
operation. Three load current conditions were also
investigated for two different topologies.



a) Degradation rate influence on 6-pulse thyristor

Inclusion of the cell stack degradation rate in the model
provides a new perspective to analyze the impact on the
power quality performance. Figure 5a depicts how an
assumed constant degradation rate of 2%/year leads to a
linear increase in the cell voltage accompanied by a
decrease in the ripple factor at nominal load conditions. At
the beginning of the operation, the ripple factor is as high as
10%. As time evolved, the ripple factor decreased to below
5%. This decrease in ripple factor should have an effect of
decelerating the cell degradation. Based on a constant
overall degradation rate assumption, the contribution of
degradation caused by the ripple effect decreases with time
for the 6-pulse thyristor topology.
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Fig. 5. Long-term power quality performance for 6-pulse thyristor at

2%/yr degradation rate (a) and 1%/yr degradation rate (b)

As for a different degradation rate of 1%/yr as shown in
Figure 5b, the voltage and ripple factor behaves similarly
but with a smaller ripple factor decrease. By comparison,
the ripple profile (in blue) in Figure 5 (b) is less significant
than in Figure 5 (b). This is because the faster the
degradation takes place the better the power quality
improvement is.

b) Load percentage influence on a 6-pulse thyristor

The influence of three load conditions was investigated
to understand how the ripple factor changes over time.
Figures 6a and 6b display the decrease of the ripple factor
while accounting for a constant rate of cell degradation. As
the electrolyzer ages, it is clear that the power quality
improves for both scenarios with the 2%/yr degradation rate
providing the fastest decline in the ripple factor to the end of
life of the electrolyzer. The slower degradation rate of 1%/yr
presents a ripple factor of approximately 7.5% at the last
year of operation, indicating that the slower the degradation
rate, the slower the ripple decline will be.
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Fig. 6. Ripple factor at different degradation rate and load conditions

for 2%/yr degradation rate (a) and 1%/yr degradation rate (b)

¢) Topology Influence

Figures 7a and 7b, depict the increase in cell voltage
over time when a 1% cell stack degradation rate is assumed
per year for the 6-pulse thyristor and 3PIBR topology. The
ripple factor for both topologies decreases to the end of life
of the electrolyzer due to the increase in cell resistance. As
the electrolyzer ages at a constant degradation rate, the
3PIBR topology outperforms the 6-pulse thyristor as it
needs less energy to produce the same amount of hydrogen
throughout years of operation.
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Fig. 7. Long-term power quality performance for 6-pulse thyristor (a)
and 3PIBR (b)

Cell stack degradation also has an influence on the
power factor and total harmonic distortion (THD). Figure 8a
depicts how for a stack degradation rate of 2%/yr at
different loads, the power factor improves considerably over
time for the 6-pulse thyristor, whereas for the 3PIBR the
power factor remains almost constant for the period of
operation, as shown in Figure 8b.
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Fig. 8. Long-term power factor performance for 6-pulse thyristor (a)

and 3PIBR (b)

Consequently, the THD at the same degradation rate of
2%/yr will experience a linear decrease over time and lead
to a reduction in reactive power losses for both topologies as
shown in Figures 9a and 9b. Electrolyzer aging improves
power quality parameters at the expense of higher specific
energy consumption.
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4)  MODEL VALIDATION

The power factor- operation time relation has been
validated with data from the 20 MW PEM electrolyzer at
the Becancour site for one hour operation in Figure 10 (a)
and over a span of 5 months of continuous operation at a
20% load condition for one unit (5 MW). As seen in Figure
10, the simulation results from the current-voltage relation
have approximately ~5% error discrepancy when compared
to the actual plant measurement. The constant degradation
model is able to predict the increasing trend of power factor
throughout time. However, its mathematical representation
is not accurate since the degradation rate is assumed to be
constant over the period of validation when in fact, it is
varying due to the dynamics of the process.
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Fig. 10.  Model validation over a span of (a) 1 hr and (b) 5 months of

operation

Unfortunately, in the present research, we are only able
to validate the model for the low-load (20%) scenario over a
span of 5 months of electrolyzer operation as well as the one
hour operation scenario as shown in Figures 10a and 10b,
respectively.  We  couldn’t  validate the power
quality-operation time relation at a nominal load condition
(100%). This limitation can be attributed to the missing of
stable operation data for a long time period at this load level

since in reality, vast fluctuations in load current occur over
time, altering the degradation rate. System dynamics along
with an appropriate control scheme can help further the
validation of higher loads and hence increase the
understanding of power quality variation with time under a
wide range of conditions. At the same time, the model
reaches its limits when the output voltage will be close to
the nominal voltage. However, the transformer output
voltage can be increased in order to compensate for the
increment in internal resistance.

To the best of our knowledge, there are no records in the
available literature that show the relation of power quality
parameters over time at MW-scale stack units. Further,
model validation with real power plant data is necessary to
test the model fidelity at different time scales.

5) CONCLUSIONS AND FUTURE WORK

A power electronics - PEM electrolyzer model with cell
stack degradation was developed and validated with
experimental data. The performed simulation provides a
novel insight into how power quality parameters benefit
from electrolyzer cell stack degradation for the 6-pulse
thyristor topology. Potentially, this model can bring a new
perspective on power quality management for large-scale
water electrolyzers under varying power supply scenarios,
converter topologies, and cell stack degradation effects.

The results presented in this work showed that power
quality parameters improve with electrolyzer aging for the
6-pulse thyristor topology, a reduction in DC ripple, and
THD is achieved over time while the power factor increases.
Additionally, the higher cell stack degradation rate will
provide more benefits in terms of power quality at the
expense of higher stack energy consumption over time. On
the other hand, IGBT presents a lower degradation rate than
the 6-pulse thyristor, even if a decrease of power quality
was observed at high load.

The current model is limited to handling static loads,
meaning that though it was used to predict the power quality
performance over time, the conclusions drawn cannot be
generalized to a dynamic power scenario. Previous research
showed that the degradation rate can be significant at higher
loads under steady-state conditions as compared to a
dynamic load condition [15, 17]. Thus, it remains unclear
how the introduction of dynamic loads affects the
performance of the power quality parameters. Furthermore,
the representation of the PEM electrolyzer cell as a linear
resistance model is simplistic and does not resemble the real
physics of all the resistances encountered during the
process. The implementation of a physics-based module
PEM electrolyzer into the current model can help identify
what specific impact the DC ripple has over the cell
overpotentials.

Moreover, in the current model and in the available
literature, no considerations have been made with respect to
the degradation of the power electronic components, it is
clear that these components are rated to withstand dynamic
conditions and are designed for the end-of-life of the
electrolyzer. However, it remains unknown how the
degradation of power electronic rectifiers impacts the
performance of the overall electrolysis process.
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