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THE EFFECT OF POWER SUPPLY RIPPLE ON DC WATER
ELECTROLYSIS EFFICIENCY

ZSOLT DOBO-ARPAD BENCE PALOTAS*>PAL TOTH?

It has been known that the efficiency of alkaline water electrolysis under DC conditions is dependent
on the stability of the power supply. High output voltage fluctuation is typical mostly at thyristor-based
power supplies - this effect is known as power supply ripple. As a result of continuously varying voltage
levels the behaviour of the electrolysis may differ from DC conditions. The deviation from DC signals
may lead to decreased cell efficiency — the magnitude of this effect was investigated in this paper. A
novel experimental method was designed in order to obtain a complete experimental matrix. The
experimental method was based on a fully automatic, programmable power supply and measurement
system. The system was capable of carrying out thousands of measurements in a day without human
supervision. Cell efficiency was recorded as a function of signal amplitude and frequency, while signal
offset (the DC component) was kept at a constant 2.44 V. A total of 245 measurements were carried
out that investigated an experimental matrix between 0.2 and 5 kHz frequency and between 0 and 443
mV amplitude. It was shown that cell efficiency was not significantly affected by signal frequency,
while a significant efficiency loss (up to 4%) was measured as the amplitude of signal variation
increased.
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Introduction

Hydrogen is mostly produced from fossil resources, primarily from methane (natural gas) [1]
due to cost-efficiency reasons. However, growing concerns about diminishing fossil fuel
reserves and increasing gas prices drive attention to hydrogen production from water. The
conventional electrolytic method for hydrogen production is alkaline water electrolysis. Net
efficiency of 50 to 60% is common with current electrolytic hydrogen production methods
[1, 2, 3], however the overall efficiency is much lower if the losses of electricity generation
from primer or renewable fuels is also taken into consideration. In this case the overall
efficiency rate would hardly reach 40% [4]. Because of the low overall efficiency, attention
turned to enhancing the electrolytic process; i.e. by subjecting the cell to a gravity field [5],
ultrasonic waves [6] or magnetic fields [7].

The conventional DC electrolysis of water involves generation of hydrogen gas at the
cathode and oxygen gas at the anode. The electrode reactions are typically described as
follows [8]:

cathode: 2H,0 +2e” — H, + 20H"
2H* + 2" —> H»

anode:  20H™ — 0.50; + H,0 + 2¢e~
H,O — 0.50, + 2e” + 2H*
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Gas formation can be induced by applying a potential difference between the cell electrodes.
In theory, the thermodynamic decomposition voltage of water at 298 K and 1 atm is 1.23 V,
however, due to reaction overpotentials and resistance losses (ohmic voltage drop), higher
cell voltages should be applied [8]. Gas starts to form at a voltage level of 1.65-1.7 V and
most industrial cells are operated from 1.8 to 2.6 V [4, 9].

In order to create a potential difference between the electrodes AC/DC or DC/DC power
supplies are typically used. One of the main properties of power supplies is voltage ripple,
meaning that the voltage level is not constant, but oscillates around a mean value. Reduced
or eliminated voltage ripple is an important requirement, although it is difficult to achieve
with high-power sources. In water electrolysis any deviation from perfectly uniform DC
voltage might affect the electric power consumption, the intensity of gas production and the
water splitting efficiency. Although several papers reported using impulse voltage or
interrupted direct current [10-13], the available information about the effects of the applied
voltage waveforms is still scarce [14, 15]. It has been suggested that efficiency loss may
occur if the power supply used for DC electrolysis produces contaminated or unstable signals
[16], but the magnitude of this effect has not been investigated so far. Since the feasibility of
alkaline DC water electrolysis depends strongly on the achievable cell efficiency, the
information regarding the effect of signal stability on efficiency may be valuable from
economic points of view. In this paper, we investigate the effect of power supply ripple on
cell efficiency. A novel experimental system was designed and built that allowed for the
quick and automatic assessment of different signal waveforms that modelled the ripple of DC
power supplies.

1. Materials and methods
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Figure 1
Schematic illustration of the experimental system

A schematic illustration of the measurement system is seen in Figure 1. The main component
is the gas-tight cell powered by a special power supply containing a high current operational
amplifier (op-amp) type OPA549 [17]. The op-amp is controlled by a dedicated National
Instruments device (NI USB-6259) — its operation can be automated using a LabVIEW
program. The device is responsible for measuring cell voltage, cell current and the pressure
of the generated gas. The NI device can also control the electric valve connected to the top
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of cell. This system can generate arbitrary waveforms with frequencies up to 50 kHz, currents
up to 8 A and between voltages of —10 and 10 V. The power supply can be operated either
in galvanostatic or potentiostatic mode, i.e., it is able to generate voltage or current
waveforms, according to the operational amplifier topology [17].

The power supply is connected to the electrolytic cell shown in Figure 2. The cell is a
gas-tight vessel with two electrodes attached to the lid. Next to the electrodes are the two gas
outlets, a T-type Thermocouple (used as a sensor to measure electrolyte temperature) and the
outlet pipes of the cooling cycle (mounted on the lid). Two 1.5 mm thick stainless steel
electrodes (material: EN 1.4307) were placed in the cell, with a spacing of 40 mm. 500 ml of
30 wt% potassium hydroxide aqueous solution was used as the electrolyte. The temperature
of the electrolyte was 25+0.5 °C.
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Figure 2
Left: Schematic illustration of the electrolytic cell, a) cathode, b) anode, c) to pressure
sensor, d) to valve, €) cooling water inlet, f) cooling water outlet
Right: electrode dimensions and their position in the electrolyte (the units are in mm)

The gas bubbles formed at the electrode surfaces cause pressure increase in the cell. The rate
of pressure increase is directly proportional to the flow rate of the gas produced. Pressure
was measured using a pressure sensor type MPX5010DP (Freescale Semiconductor, Inc.),
capable of measuring differential pressures up to 10 kPa at a sensitivity of 450 mV/kPa. The
pressure sensor was calibrated by using an independent flow meter. While the pressure sensor
was fixed at one of the gas outlets, the second gas outlet was connected to an electromagnetic
valve. When the valve is open the pressure in the cell decreases to the ambient pressure and
the H,+0O, gas mixture is released into the environment. The pressure increase in a single
experiment is negligible; however, over a long series of experiments, pressure can build up
in the cell, which may alter electrolysis conditions. The formed gas is therefore released
through the valve after each experiment. The valve can be operated via the digital output
terminal of the signal generator module.
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The fully automated measurement system allows for carrying out a large number of water
splitting experiments within a short timeframe, which facilitates the systematic exploration
of frequency and amplitude effects on cell efficiency. The system is also remote-controlled,
allowing for changes in experimental conditions and sampling through the internet.

Power supply ripple was modelled by applying sinusoidal waveforms between the
electrodes with constant offset (DC component) and varying frequency and amplitude.
Frequency was changed from 200 Hz to 5000 Hz in 100 Hz increments, while amplitude was
varied from 0 mV to 440 mV in 110 mV increments. The experimental matrix therefore
contained 245 cases, of which 49 were true DC cases. The offset value of the waveforms was
2436 mV + 12 mV.

The duration of each measurement was 15 s. After completing a case, the magnetic valve
was opened for 15 s and the cell was allowed to equilibrate for an additional 30 s.

Cell voltage, cell current and cell pressure were measured and recorded at a sampling rate
of 50 kHz — this sampling frequency allowed for the bias-free measurement of waveform
parameters. Data analysis was performed by custom software developed in C#. The custom
software calculated gas flow rate and power consumption from the measured raw data. Flow
rate was calculated based on the rate of linear pressure rise during an experiment, while power
consumption was computed as:

P = fU(t)I(t)dt (1)

where P is power, U is the measured cell voltage and | is the measured cell current. The
efficiency of water splitting (n) was calculated as the ratio of measured and theoretical gas
flow rate using Faraday’s law:

VmP< 1 1 )]‘1 @)
n = 100Q +—

UF \zy, zo,

where Q is the measured gas flow rate (derived from pressure rise), Vi is the molar volume
of ideal gases at standard conditions (24465 cm®/mol), U° is the theoretical thermodynamic
decomposition voltage of water (1.23 V), F is Faraday's number (96485 C/mol) and z is
charge number (2 for H, and 4 for O2). All flow rates were evaluated at standard state (25 °C,
atmospheric pressure).

2. Results and discussion

Figure 3 shows the results of the 245 systematic experiments that were carried out by using
the automatic system described in Section 1. It is seen that increasing the amplitude of voltage
variation immediately resulted in decreasing efficiency. An increase in ripple magnitude
from 0 to 443 mV resulted in an efficiency drop of about 4%. When expressed as relative
magnitude, an amplitude of 443 mV corresponds to a root mean square (rms) variation of
13%, which may not be unreasonably high in an industrial setting (see Section 3.1 for details).

From Figure 3 it is also seen that the obtained efficiency values were not significantly
affected by the frequency of the model waveforms, at least in the studied 0.2-5 kHz range.
Figure 4 therefore shows cell efficiency along with other cell parameters as values averaged
over the frequency range, in order to better show the effect of increasing signal amplitude.
As seen, efficiency dropped about 4% as amplitude was increased. Cell current and gas flow
rate increased very slightly with increasing amplitude — an increase of about 3% was
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measured. Electric power intake, on the other hand, increased from 4.4 to 4.9 W as amplitude
was increased from 0 to 443 mV, which is a relative change of about 11%. This shows, that
the decrease of efficiency was mainly caused by the significantly increased power intake.
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Figure 3
Efficiency as a function of the frequency and amplitude of the AC component of the model
waveform. A total of 5 different amplitude setting were tested, of which the first corresponded to
the true DC case (a = 0). Efficiency was reduced from about 51% to 47% as the magnitude of
voltage ripple increased from 0 to 443 mV
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Figure 4
Water splitting efficiency, cell current, gas flow rate and electric power consumption as function
of signal amplitude. The figure shows that efficiency dropped about 4% as signal amplitude
increased from 0 to 443 mV. The frequency dependence of the obtained values was negligible —
the standard errors of the mean values were so low that error bars are not shown in the figure.
The data shown here demonstrates that the efficiency drop was mostly caused by the increased
power intake of the cell. Gas flow rate remained proportional to cell current
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The data show that in the investigated frequency and amplitude range, the mass transfer and
electrochemistry of the process did not change considerably. Efficiency was rather decreased
by the increased power intake of the cell, which was caused by the oscillation of voltage and
current. If the voltage and current signals are expressed as the superposition of a DC and AC
component (assuming that there is a phase shift @ relative to the voltage signal):

U =Upc+u="Up + aysin(wt)

where the index DC means the constant component, o is radial frequency, t is time and ay
and a, are the amplitudes, the power increase AP over the direct current case is the integral
of the two time-varying components:

_qay
AP = > (4)

When carrying out the correction of measured power by Equation 4, the drop in energy
efficiency indeed proved to be around 4%, justifying our previous statement about the main
cause of the efficiency drop.

By looking at the current efficiency, expressed as:

Va (1 1\
n; = 100Q T<—+—)] (5)
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it was observed that n, decreased from approximately 99.7% to 99.1% as amplitude
increased. The very slight change indicates that the electrochemistry of the system was not
changed much by increased ripple magnitude in the studied limits.

By looking at the measured voltage and current signals, a phase shift was observed, which
is shown in Figure 5.
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Figure 5
Phase shift between cell voltage and current. The phase shift increased with increasing
frequency, but was fairly independent of ripple amplitude
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As seen, the phase shift between voltage and current signals increased with increasing
frequency, but was unchanged by increasing ripple amplitude. This indicates the capacitive
behavior of the cell, while also pointing out that the effect of phase shift on cell power was
not noticeable in the frequency limits investigated in this work. At higher frequencies, phase
shift might affect cell efficiency. Further studies using the experimental system described in
this paper may elaborate.

3. Notes on power supplies

Common silicon controlled rectifier (SCR) regulation techniques permit the design of low
cost, compact power supplies, but their main disadvantage is relatively high ripple and noise
[18]. For example a single phase, unfiltered, full-wave DC rectifier used in low power
applications has around 48% rms ripple [19] at frequency 100 Hz, and a 3-phase rectifier
used in high power applications has around 5% rms [20] at frequency 300 Hz. With inverter-
grade thyristors the frequency can be increased to 600 Hz [21]. By reducing the output power
in unfiltered 3-phase thyristor controlled rectifiers, the output ripple significantly grows — at
50% output power the ripple is around 40% rms [22]. Publications show that the voltage
ripple can reach up to 60% rms [23]. To put these numbers into perspective, the highest
magnitude ripple studied in this work was around 13%, which resulted in an energy efficiency
loss of 4%. Although the ripple of the power supplies are mostly given for output voltage, in
order to calculate or appreciate the efficiency loss the ripple of the electric current must also
be known, what depends basically on the load.

By adding filters to a thyristor based rectifier the ripple can be reduced to 0.8% rms at
full load, and a ripple of 2.8% rms is typical at 50% power [22]. According to our results, a
ripple of similar magnitude causes an efficiency drop of 0.15%. By adding a filter to an SCR
the ripple is lower, however, the overall cost of the power supply increase. The transistor
based power supplies operates at much higher frequencies (from 5-10 kHz) than SCR, and
their ripple is significantly lower, but the disadvantages are the higher cost and their usage in
high power applications are not fully formed as yet.

Considering the strict requirements regarding energy efficiency in order to make water
electrolysis a feasible technique for sustainable hydrogen production, it is therefore advisable
to design electrolysis systems with an emphasized consideration of power supply stability.
Since the rms ripple of typical power supplies increase when the unit is operated sub peak
power, it is also advisable to avoid such modes of operation or provide other means to
maintain cell efficiency at reduced powers.

Summary

The effect of power supply ripple on the efficiency of alkaline water electrolysis for hydrogen
production was investigated. For the study, a novel, automated measurement system was
used, that allowed for the remote collection of data from thousands of programmed
experiments. Power supply ripple was modelled by applying sinusoidal voltage to an
electrolysis cell. The voltage signals had a constant offset (DC component) and an alternating
component with variable frequency and amplitude. A frequency range of 200-5000 Hz and
an amplitude range of 0-443 mV was studied at an offset of 2.44 V. Results showed that the
energy efficiency of the electrolysis process was not affected significantly by the source
frequency, but was affected by the amplitude (the magnitude of the ripple). Cell efficiency
dropped from 51% to 47% when the signal amplitude was increased from 0 to 443 mV (0—
13% rms). The efficiency loss was mostly caused by the increased power consumption of the
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cell, due to the effective power of the alternating components of voltage and current signals.
Observations regarding current efficiency supported this conclusion, as current efficiency did
not change much with increasing signal amplitude. The phase shift between cell voltage and
current did not have a noticeable effect on cell efficiency in the studied frequency range. The
results suggest that power supply signal stability must be an important factor in designing
alkaline water electrolysis units, as typical ripple magnitudes may lead to significant
efficiency drop.
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