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Proton Exchange Membrane
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ABSTRACT

Water electrolyzer technologies may play a key role in the decarbonization of the fossil-fueled world economy.
Electrolytic hydrogen production could bridge emission-free power generation and various energy end-use sectors
to drive the energy system towards a net zero-emission level. In order to reduce the economic cost of the required
energy transition, both the overall system efficiency in converting electrical energy into the chemical energy
carried by hydrogen, and the material used to build electrolytic cell stacks, should be optimal. The effect of power
quality on the specific energy consumption of proton exchange membrane (PEM) water electrolyzers is
investigated with a semi-empirical cell model. An experimentally-defined polarization curve is applied to analyze
cell-specific energy consumption as a function of time in the case of sinusoidal current ripples and ripples excited
by an industrial 12-pulse thyristor bridge. The results show that the effective electrolyzer cell area should be up to
five times as high as an ideal DC power supply when powered by the 12-pulse thyristor rectifier supply to match
the specific energy consumption between the two power supply configurations. Therefore, the improvement of
power quality is crucial for industrial PEM water electrolyzer systems. The presented approach is applicable to

simulate the effect of power quality for different proton exchange membrane electolyzers.

1. Introduction

In the future the entire energy sector must be based on climate friendly technologies. Recently the EU was facing
this challenge with presenting a hydrogen strategy [1]. In this context water electrolyzers powered with renewable
energy sources may have a very important share in electricity consumption [2]. Large quantities of renewable
hydrogen will be needed for seasonal energy storage, to produce carbon-neutral fuels for transportation as well as
raw materials for the chemical industry and to serve as combustible in steel or cement industries [3, 4]. The
estimated capacity for installed water electrolyzers in a future decarbonized world economy will be in the range
of 3,000 to 6,000 gigawatts beyond 2050 as reported in [5]. The estimated scale for required water electrolyzers
would make electrolytic hydrogen production the most notable electrical energy consumer in the world [5, 6].

To decrease the cost of renewable-based hydrogen, it is most important to make cheap electricity available and
beside that the water electrolyzers specific energy consumption and material use must be minimized [7]. As life
cycle assessment has shown that the input energy of PEM electrolysis systems has the main impact on greenhouse

gas emissions [8], low specific energy consumption is also beneficial under this aspect. The optimization of the



material used is crucial, especially for the current state-of-the-art PEM water electrolyzers, where iridium is
utilized as the catalyst on the anode side.

In the literature the capital expenditure (CAPEX) of Power-to-Gas systems was studied. An important result is
that the electrolyzers are the main cost contributors of such systems. The CAPEX of a power converter in a water
electrolyzer system is approximately 15% of total CAPEX for both PEM and alkaline water electrolyzer systems
[9]. On the other hand, in Mayyas and Mann [10] it is said that power supplies cover 35% of the electrolyzer
system cost, but there is no description what is included to the costs in addition to an AC/DC converter — for
example transformers, capacitor banks and circuit breakers. The currently increasing production volumes of water
electrolyzer manufacturers may affect the price share of water electrolyzer system CAPEX as contract sizes
increase to tens and hundreds of megawatts.

The water electrolyzer stack consumes the most of the energy in Power-to-X-systems and hydrogen is the prime
energy carrier in the final product [11]. The DC current is supplied to all in series connected cells of the electrolyzer
stack and its mean value determines the hydrogen flow of the water electrolyzer. So the cost of electricity
determines the main part of the cost for hydrogen gas produced via water electrolysis. Based on the minimum
required energy defined by the LHV (lower heating value, for hydrogen = 33.3 kWh kg?), commercial available
alkaline and PEM water electrolyzer stacks can achieve efficiencies between 60 and 71% [12]. Typically the
rectifiers used for industrial water electrolyzers are based on thyristors and diodes, as this technology requires high
DC currents [13]. Additional heat losses are caused in the electrolyzer due to the thyristors, which are switching
with line frequency and generating harmonics on the desired DC-current and DC-voltage [14, 15].

It could be beneficial to applicate more modern power converters based on, e.g., insulated-gate bipolar
transistors (IGBTs). Simulation results have shown that the stack-specific energy consumption with a transistor-
based converter topology is up to 14% lower in comparison with a 6-pulse thyristor rectifier and up to 9% lower
compared with the 12-pulse thyristor rectifier [16]. The efficiency of conventional power converters used in
electrolysis systems can reach more than 98%. Therefore optimization of the losses in the converters is secondary
compared to the optimization of the stack losses. In other words, decreasing the switching and/or conduction losses
in the power converter of the water electrolyzer is still likely to yield far greater benefits for the overall energy
efficiency of the water electrolysis system by improving the DC power quality supplied to the electrolytic cells.
The thyristor-based rectifier solutions in water electrolyzer systems could be replaced by the pulse-width
modulated (PWM) technology extensively used e.g. in solar photovoltaic systems. The main difference for water
electrolyzers would be the direction of power flow, which is controlled by software. The current cost for pulse-
width modulated PWM power electronics systems in solar photovoltaics is 0.027 EUR/W,, [17]. The cost for PWM
power electronics is assumed to decrease further following the learning curve. Furthermore, the use PWM rectifiers
would eliminate the need for reactive power compensation equipment on the electricity grid side cutting the related
CAPEX and/or OPEX costs compared to thyristor-based solutions.

The effect of dynamic operation has been shown to have effect on PEM electrolyzer degradation rate e.g. in [18,
19]. However, the cycle time of power fluctuation has been in range of seconds or minutes as the power fluctuation
caused by power electronics in millisecond range. Thorough study on the effect of power quality on the stack
lifetime is still to be conducted.

For this paper, the influence of power quality on the design of PEM water electrolysis systems is analyzed using
simulation tools and experimental verification. Both, simulation tools and experimental equipment, have been

contributed from LUT and IEK-14 to realize this international study. An experimentally-validated, steady-state



model is presented for PEM water electrolyzer cell voltage, which is then used in simulations of the impact of
varying DC current. The selected current waveforms for the analytical investigation are DC with sinusoidal AC
ripples and with the waveform generated by a 12-pulse thyristor rectifier bridge typical for high-power, high-
current applications. Finally, the simulated effect of the power quality on the specific energy consumption (E;) of
PEM water electrolysis will be discussed. The main contributions of this paper are:

e A steady state model of a PEM electrolysis cell is presented and experimentally-validated.

e  The effect of power quality on PEM water electrolyzers is simulated.

e The results offer a practical guideline on how the power quality affects the design of water electrolysis

systems.

This paper is structured as follows: Section 2 describes the modeling of the PEM water electrolyzer cell voltage
and the efficiency of the electrolyzer. The simulated effects of power quality on PEM water electrolyzers in general
are presented in Section 3. Section 4 aims to determine how the specific energy consumption is affected by power

quality at selected DC current waveforms with a single PEM water electrolyzer cell.

2. Semi-empirical simulation approach for PEM electrolysis efficiency

The electrical behavior of a PEM electrolyzer cell can be described with a polarization curve that shows the
dependence of voltage on current density. A general, relatively easy approach to modeling such a polarization

curve was presented by Schalenbach et al. [20] and this is summarized in the following.

2.1. Cell voltage

Important cell voltage-determining effects are shown in Figure 1.
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Figure 1. Polarization curve for a typical PEM electrolyzer cell and characteristic contributions to the total cell voltage
(according to Schalenbach et al. [20]).

The cell voltage calculation is expressed with:
Ucen = Un + Rarea j +11() @
where
Uy  inVis the Nernst Voltage depending on the reversible cell voltage Uy,
Rarea in Q cm? is the sum of all area-specific electrical resistances related to electron and proton transport
through all series-connected cell layers,

j in A cm2 is the applied current density, and



7(j) inV is the aggregation of activation overpotentials on the anode and cathode sides in a Tafel equation

used instead of the more complex Butler-Volmer relationship, which has separate terms and parameters

for the anode and cathode.

This approach does not consider further effects such as losses due to gas bubble-blocked catalyst surfaces or a lack

of water for the reaction, which may in particular appear at very high current densities (>> 2 A cm™, see also

Smolinka et al. [21]). For a well-designed and advanced electrolysis system operated under nominal operating

conditions, these problems should not be relevant. Thus, in the following, the cell voltage is assumed to behave as

described in equation (1). Because this approach is semi-empirical, some of the required parameters can be

determined with experimental results, as discussed in Schalenbach et al. [22]. Table 1 summarizes all of the

equations with an overview of the required parameters to solve (1).

Table 1. Equations used to simulate a polarization curve.

Summand

Equation

Urey = 5= (=159.6 J mol™* K™%) T + 2.8472 - 10° Jmol ™) in V

where

F = 96485 As mol™1 is the Faraday constant and T is the measured cell temperature in K.

@

Uy = Usey +§1n(%2 \[%) in v

where

R = 8.31446 ] mol~! K™1 is the gas constant,

pu, and po, are the partial pressures of hydrogen on the cathode respective of oxygen on the anode
side directly at the membrane, both depending on an assumed overpressure in the gas bubbles and the

saturated water vapor, as described with (4) and (5),

Do is the reference, here ambient, pressure (1.01325 bar).

©)

Pu, = pc(j) + Ysz — sy (T) in bar
Po, = Pa() + Yo,j — psv(T) in bar

where

psv(T) in bar is the pressure of saturated water vapor at the measured cell temperature

Yy, and Y, are the pressure-increasing factors that can be calculated with (6). They represent the

pa(j) and p.(j) in bar are the measured pressures in the cathode and, accordingly, the anode flow field.

current-dependent pressure caused by the gas evolution inside the electrodes on the cathode and anode.

4)
®)

AHC

Ao mol% -psv(T) - _
Yy, = e molv — 2ePv@ i par cm2 AL
2
(1_100 mol%)*4F€H2(T)

where

d in cm is the membrane thickness under wet conditions
AHC in mol% is the measured anodic hydrogen content

ey, (T) inmol cm™ s7* bar ™ is the hydrogen permeability of the membrane at cell temperature.

(6)

d .
Rairea = = + Rgje i Q cmM?

where

U]




k (T) in S cm™ is the membrane conductivity at cell temperature
Rgje in Q cm? is the measured sum of other ohmic resistances (mainly contact resistances between the

flow field, PTL and the membrane electrode assembly (MEA)), without the membrane itself.

() = aln(ﬁ) inV ®)
where
a is the Tafel slope — also known as the charge transfer coefficient — in V and
Jjo in A cm™2 is the exchange current density.
2.2. Efficiency
The efficiency of a PEM water electrolysis cell can be expressed as follows:
Neell = Nu Nk )
where
Ny = Urev/Ucen 1S the voltage efficiency,
Ng = % is the Faraday efficiency, also known as the current efficiency. For the Faraday efficiency,

hydrogen loss is quantified in terms of electric current utilized for its production. In accordance with
Schalenbach’s approach, the hydrogen losses depend on two effects:
1. Crossover of hydrogen to the anode side, where it can be measured because it is not reacting with
the oxygen present at the IrO anode catalyst.
2. Recombination of permeated oxygen with hydrogen to water on the cathode side, which is

assumed to react perfectly at the Pt catalyst so that one mole of oxygen consumes two moles of

hydrogen.
With these assumptions, the so-called lost current density can be expressed as:
, . . (10)
Jloss = 7 (nHzper +2 nOZper)
where
. _ EHZ(T) . .
M,per = — o PH, 1S the hydrogen permeation flux, and
No,per = EO#(T) Po, the oxygen permeation flux.

3. Experimental work
3.1. Setup

To obtain characteristic data of a PEM electrolysis cell for the simulation model, the following components

were used for the experimental setup at the IEK-14:

Table 2. Experimental setup of the electrolysis cell.

Manufacturer: Forschungszentrum Julich, IEK-14

Electrode cathode: 0.39 mgp: cm™

Membrane: Nafion 117, active area = 17.64 cm?




Electrode anode: 2.19 mgr cm

Porous transport layer (PTL) cathode: | Toray paper

PTL anode: Sintered titanium coated with iridium

The membrane electrode assembly (MEA) was manufactured with a decal process comparable to the method
described by Stéhler et al. [23]. The cell was operated in a FuelCon electrolyser test rig “C1000-LT Elektroyse”
at the IEK-14. This test rig was equipped with an external power supply unit (PSU), provided by LUT [24], and
special voltage — respectively current — sensors. These sensors allow high speed ripple measurements. The voltage
was measured with the GN840B sensor from HBM and current with a DC current transducer called the “Flux
CT600”, from the company CAENels. The anodic hydrogen content was measured with the thermal conductivity
sensor FTC300 from messkonzept. The cell was supplied with heated water on both, anode and cathode side via
gear pumps. The pressures at the cell inlet were measured with “CA 1600 Hydrogen” pressure transmitters from

Labom. Figure 2 shows the related P&I diagram.
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Figure 2. P&I diagram of the used test rig in combination with the LUT ripple generator.

3.2 Measurements

In this study, we concentrated on the measurement of a polarization curve and the anode hydrogen content
(AHC) to obtain the main cell-specific parameters. For both measurements, the cell was operated at ambient
pressure and with 75 °C, controlled at each cell inlet port (TIC in the P&I diagram). Furthermore, water circulation
was realized on both, the anode and cathode sides. The volume flow of water was fixed to 100 ml min-* for both
pumps. With this flow the stoichiometric factor regarding the water supply of the cell was varying between 1012
@ 1 Acm?and 337 @ 3 A cm at the anodic cell entrance. Here the stoichiometric factor is defined as the ratio
of the circulation molar water flux and the needed molar water flux for the electrochemical reaction. To attain
stable cell voltage signals, the current density was varied in steps of five minutes for the polarization curve. The
hydrogen crossover was evaluated after the anode hydrogen content signal (AHC, see (6)) was constant for at least
30 minutes.

It was observed that a rising gas evolution leads to a slightly increasing pressure (PI in the P&I diagram) at the

anodic and cathodic cell inlet. This effect on the cell pressure is evaluated to describe the current dependency of



P, and p. in the simulation model.

Because the cell components, used for this work, have been thoroughly characterized previously the remaining
measurable parameters for the semi-empirical simulation model are taken from literature as follows: Ohmic
resistance R.. and membrane thickness d are taken from [22], membrane conductivity x(T), oxygen and

hydrogen permeability ey, (T) and ,, (T) are taken from [20].The following section 3.3 gives an overview of all

parameter values.

3.3. Measurement results and parameters for the semi-empirical simulation model

First a polarization curve was measured and then the anodic hydrogen (AHC) content. The measurement results
are shown in Figure 3. The observed increase of the pressures at the anode and cathode cell inlet port (p. and p,) is
modelled based on pressure data obtained during the measurement of the polarization curve. The resulting current
depending fits for p. and p, are shown in Table 3. In the next step the AHC (Figure 3 Figure 3. (a) Measured and
simulated polarization curve with simulated faraday and voltage efficiency;
(b) measured and simulated anodic hydrogen content.(b)) is used for the determination of the pressure increasing
factor Yy,. Contrary to Schalenbach’s approach [22], a constant pressure increasing factor Yy, (6) does not lead to
an accurate fitting of the measured AHC. Instead, a precise fitting of Yy, is possible with an additional current-
dependent term. In comparison with newer research on hydrogen crossover the resulting equation is correct in
meeting the measured AHC, but further aspects of this complex phenomenon are yet to be understood. For example
Trinke et al. have reported in [28] that supersaturation of dissolved gas is the best explanation for the current
density dependence of the AHC and in [29] Trinke et al. found that also the cathodic ionomer content of the
membrane is affecting the AHC. However, the measured and simulated AHC are fitting very well, as can be seen
in Figure 3 (b). After Yy, is extracted in that way, Yy, , py,and po, can be calculated according to equations (4) and
(5). With these pressure parameters, the Nernst voltage is calculated, according to equation (3). The cell specific
parameters membrane thickness d, membrane conductivity x (T) and ohmic resistance R, are applied in equation
(7) to determine the ohmic losses of the cell. The only missing parameters, to model the polarization behavior in
equation (1), are Tafel slope a and exchange current density j,. They can be determined by fitting with the
measurement results as shown in Figure 3 (a). Table 3 gives an overview of all parameters, needed for the presented

models and the references for data from literatures.

Table 3. Simulation parameters obtained from measurements and the literature.

Parameter Value / Equation Unit Source

T cell temperature 75 °C Measurement

pc pressure cathode flow field —0.0067 j2 + 0.0389 + 0.0644 bar fitted to measured
pressures during

pa pressure anode flow field —0.0109 j2 + 0.0474; + 0.0383 bar polarization

psy Pressure of saturated water vapor 0.3860 bar [25]

d membrane thickness 0.2100 mm [22]

K membrane conductivity 0.1603 Scmt [20]




Re1e ONMIC resistance 0.0290 Q cm? [22]
ey, hydrogen permeability 483-10711
mol cmtstbar? [20]
€, 0Xygen permeability 2.32-10711
: , 03 fitted with

Yy, pressure-increasing factor 1.2 + — bar cm? A

] crossover data

0.1

Yo, =% Yy, 0.6 + — bar cm? A™! [20]
a is the Tafel slope 0.0253 \ fitted with a
Jjo is the exchange current density 2.641-107° Acm™? polarization curve

Now, all parameters are known to simulate the behavior of the cell voltage and the anode hydrogen content. The

comparison of the simulation results and measurements in Figure 3 demonstrates the high accuracy of the approach

used.
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Figure 3. (a) Measured and simulated polarization curve with simulated faraday and voltage efficiency;
(b) measured and simulated anodic hydrogen content.

The presented model can be used for the simulation of cell voltages and efficiencies for various ripple scenarios.

With some easy measurements, the obtained parameters can also be adjusted to other pressure levels, MEASs or

temperatures.

The following example shows the application of the model for a certain ripple scenario. It is assumed that a

300 Hz sine ripple affects the current so that it varies during one period by between 5% and 195% of the nominal

current. The resulting cell voltage and efficiency simulation of this sine ripple application can be taken from Figure

4,
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Figure 4. Simulation of cell voltage and efficiencies during one period of a 95% sine ripple
on the nominal current @ 300 Hz.

This model can be utilized to assess the theoretical impact of ripple variation on the performance and energy
consumption in PEM electrolysis systems. Furthermore, this steady state approach can be used in the future for
comparisons with real measurements to evaluate the influence of dynamic effects on cell voltage and efficiency.

The use of steady state voltage—current characteristics assumes that the electrical time constant of the
electrolyzer stack is negligible. This assumption is supported by the measurements as nearly no phase shift between
voltage and current can be observed at ripple frequency of 300 Hz in Figure 5. Further, because of the lack of
liquid electrolyte the dynamics of PEM electrolyzer is often assumed be faster compared with alkaline
electrolyzers. However, also the alkaline electrolyzers have been shown to have fast electrical dynamics with

current rise time below 1 ms in [26].

—cell voltage —current density

1.9 1.90
E; 1.7 - 1.00 §
=3 =
1.6 0.55
1.5 T T T 0.10
0 2 4 6 8 10
Time (ms)

Figure 5. Measured cell voltage and current density during application of 80% sine ripple @ 1.0 A cm2 and 300 Hz.

4 SIMULATION
4.1 Approach

The hydrogen production of an electrolysis cell is directly proportional to the current applied at the electrodes
which is described by one of Faraday’s laws. The density of the hydrogen production in a single electrolytic cell
can be expressed as:

JA My, (11)

fH2=nF F



where
fu,in g st cm?is the hydrogen production density,
ng is the Faraday efficiency which is also called current efficiency,
A is the effective cell area in cm?,
My, is the molar mass of hydrogen = 2.016 g mol and

z represents the amount of transferred electrons in the reaction (for hydrogen, z = 2).

As the momentary electric supply power density of the cell is calculated with the product of the cell current
density and voltage, the specific energy consumption Eg can be obtained on the basis of the integration of power
density and hydrogen production density for an electrolysis cell. Subsequently for an electrolyzer stack the
calculation of the specific energy consumption can be calculated according to Koponen [27]:

t
_ fo ! Ustack Istackdt (12)

E
) [ iy, dt

where
E is the specific energy consumption in kWh kg'H12 and
t1 is the studied time, which is in this case one full period of the AC ripple.
Ustack 1S the stack voltage

Iseack 1S the stack current

4.2 Results
In the following, 1 p.u. indicates that the AC ripple amplitude equals the DC value and the current density

momentarily reaches zero value, which is illustrated in Figure 6.

4.2.1 Sinusoidal current ripple

The first case to be studied is the sinusoidal current ripple. This might not be the case in practical power supplies,
but is interesting to investigate, because the ripple is symmetrical above and below the DC value. Figure 5
illustrates a 1 p.u. sine ripple with a 50 Hz frequency (20 ms period) when the DC current is 20 A. 1 p.u. means
that the AC current ripple is then £20 A. Analysis with a sine ripple is how carried out, where the ripple amplitude

varies between 0-100% of the DC current density value.
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Figure 6. 1 p.u. sine current ripple at a DC current level of 20 A. The mean value and root mean square (RMS) of the DC
current waveform are illustrated with dotted lines in blue and red, respectively.

Figure 6 describes the behavior of electrical power as a function of the DC current density and the AC current
density ripple. The cell voltage can be determined as a function of time, with the actual ripple-depending current

for each time step via (1) based on the current density waveform. Moreover, the power is analyzed point by point,
as shown in the nominator of (12).
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Figure 7. Simulated power density (W m~2) characteristics when the electrolyzer is supplied with DC at increasing levels
of sine ripple.
It can be seen from Figure 7 that the power is mainly a function of the current density DC component. However,
the AC ripple in the current increases the power consumption, which is emphasized at the highest DC current
values. Hydrogen production as a function of the DC and AC current densities is defined in Figure 8 by using (11).
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Figure 8. Simulated hydrogen production rate (kg h~*cm~2) when the electrolyzer is supplied with DC at increasing levels
of sine ripple.

According to Figure 7, the hydrogen production rate is little affected by the current ripple because the average
current density (11) remains constant and only the Faraday efficiency varies with the ripple. Hence, it is obvious
when comparing Figures 6 and 7 that the current ripple decreases the energy efficiency of the electrolyzer stack.
Specific energy consumption is defined by the cell input power and hydrogen production, as shown in (12). The
result is shown in Figure 9.
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Figure 9. Simulation of the specific energy consumption E; (kWh kg’éz ) as a function of the current density and current
sine ripple.

Figure 8 ensures the result presented above. The effect of the ripple is amplified when the current density is
higher. The closer the supplied current is to real DC, the more optimal the E; of the electrolysis cell is. The lower
the current density, the closer the cell voltage is to the Nernst voltage level (see Figure 1). The input power of the
supply with ripple power compared to pure DC supply with the same hydrogen production rate is shown in Figure
9. The analysis is repeated with four different DC current densities that are linearly proportional to the hydrogen

production rate.
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Current ripple has a significant effect on the specific energy consumption (E;) by generating additional losses.
This leads to the fact that the same electrolyzer stack will produce less hydrogen with the same amount of input
energy in the presence of current ripple. In other words, increasing the current ripple raises the cost of hydrogen.
Therefore, an analysis of compensating the poor power quality by decreasing the current mean value or increasing
the cell active area is performed with a sine ripple wherein the ripple amplitude varies 0-100% of the DC current
density value.

In the following analysis, a method of Eg-matching is applied to demonstrate the effect of power quality; the
ideal DC power supply and the resulting E, of the PEM water electrolyzer are compared to a non-ideal DC power
supply and the respectively resulting E of the PEM water electrolyzer as functions of the current density. The Es-
matching method finds the mean current densities that have matching specific energy consumptions. Figure 11
presents the curves for the Eg-matching compared to pure DC currents as sinusoidal ripple is added to the DC
supply. Figure 11 also illustrates the required increase in the effective cell area corresponding to the lowered
current density to match the E5 and hydrogen production rate with the DC supply: When the AC ripple amplitude
equals the DC value (1 p.u.), the required increase in the electrolyzer cell area is +50%. The blue curves in Figure
11 represent constant E levels at the designated ideal current density levels.
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Figure 11. Simulated current lowering with constant specific energy consumption as current ripple is added. The right y-
axis presents the effective cell area increase required to compensate for the decreased current if the hydrogen production
rate and E; are kept unchanged.

In other words: If the power quality is improved by decreasing the current ripple, the mean current density may
increase while still maintaining the cell E; level. This means that the current density increase then results in a
higher hydrogen production rate with the same electrode area.

4.2.2 Thyristor Bridge (12-Pulse)

The analysis is based on a selection of a range of supply AC voltage levels and firing angles for a thyristor
bridge. The AC voltage level and thyristor firing angle define the resulting voltage waveform, as shown in Figure
12. Based on the voltage waveform, the current density can be interpolated with the known polarization curve.
Furthermore, the hydrogen production rate and E are calculated. The analysis starts with selecting grid voltage
and firing angle vectors. Then voltage, current, power and specific energy consumption are analyzed in all
combinations. The results below were achieved by selecting the suitable operating points based on the current
mean value (hydrogen production) or E. The final curves can be smoothed by selecting vectors with smaller steps,
leading to longer calculation times.
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Figure 12. lllustrative 12-pulse thyristor bridge voltage and current waveforms and their mean values with the DC current
level of 20 A. The firing angle defines the time instant for the thyristor’s turning on. Afterwards, the voltage waveform
follows the grid voltage. The current can momentarily reach zero if the voltage is lower than the reversible voltage of the
cell. (a) The AC voltage level 1.30 V; (b) the AC voltage level is 1.45 V.

In Figure 13, the supply power with the thyristor bridge is compared to the supply power with pure DC. The
firing angle and therefore the current harmonic content are affected by the grid voltage. If the voltage is
unnecessarily high, the high firing angle leads to low power quality and higher losses. On the other hand, too low
a voltage limits the highest achievable current density at full voltage waveforms.
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Figure 13. Simulated stack power consumption comparison with thyristor bridge supply at four different AC voltage
levels. The stack power consumption with an ideal DC power supply is used as a reference.

In Figure 13, the base value at the x-axis is the DC current density. On the left y-axis is given the average current
density of the thyristor bridge with the Eg-matching the DC value on the x-axis. Once again, the grid voltage also
affects the results and therefore the analysis is repeated with four grid voltage values. The lowest AC voltage level
(1.30 V) cannot output and create a current high enough to reach DC current densities > 1.57 A cm™2. Thus,
selecting too low an AC voltage level may limit the current control range; conversely, too high an AC voltage may
adversely impact the Eg of the water electrolyzer. On the right y-axis is illustrated the additional area required to
compensate the lower current density to match the E; and hydrogen production with DC. At low current densities
close to 0.5 A cm, the effective cell area, when powered by the thyristor bridge, must be more than five times

larger than with the ideal DC supply to match the hydrogen production rate and E.
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Figure 14. Simulated Eg-matching current lowering with constant specific energy consumption using the thyristor bridge
supply at four different AC voltage levels. The x-axis represents the E;-matching current density with pure DC power supply.
The left y-axis presents the E;-matching mean current density using the thyristor bridge supply, while the right y-axis
presents the effective cell area increase required to compensate for the decreased current if both the hydrogen production
rate and E; are kept unchanged.

5. CONCLUSION

A Finish-German cooperation has investigated the effect of current ripple on the proton exchange membrane



water electrolyzer-specific energy consumption using a semi-empirical cell model. This model allows the
simulation of the electrolyzer specific energy consumption as a function of time in case of the sinusoidal current
ripple and ripple excited by a 12-pulse thyristor bridge. Based on a measured voltage-current characteristic, in
conjunction with the anodic hydrogen content measurements at various current densities, all necessary simulation
parameters can be determined. To get a concrete example, the method was applied on a single cell with a Nafion
117 membrane. It was found that with the thyristor rectifier supply under the lowest partial loads, the cell area
should be up to five times higher than with a pure direct current supply to achieve the same specific energy
consumption. It can be concluded that a higher power quality offers lower specific energy consumption. The
presented method is applicable for all proton exchange membrane electrolyzers and it helps to find out what is the
needed or economically feasible power quality of a concrete electrolysis system. Finally, the authors strongly
recommend defining and controlling the maximum current ripple of power converters for the build-up of future

sustainable and economic electrolyzer systems.
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