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Effect of Converter Topology on the Specific
Energy Consumption of Alkaline Water

Electrolyzers

Joonas Koponen, Vesa Ruuskanen, Antti Kosonen, Markku Niemeld, and Jero Ahola

Abstract

Water electrolysis will be used to produce renewable hydrogen for energy storage and Power-to-X applications

in the future renewable-energy-based energy systems. , the energy efficiency of hydrogen production will
become a major issue. In this study, the effect of practical supply power converters on the specific energy
consumption of MW-scale alkaline electrolyzers is studied and compared with an ideal DC power supply. The
current quality and the stack specific energy consumption are studied in the case of traditional thyristor rectifiers
and a transistor-based converter. The stack specific energy consumption is analyzed based on the simulated current
waveforms and the electrical equivalent circuit of the electrolyzer stack. It is found that the transistor-based converter
offers up to 14% lower electrolyzer stack specific energy consumption than the 6-pulse thyristor rectifier and up to
9.2% lower electrolyzer stack specific energy consumption than the 12-pulse thyristor rectifier as the current varies
between 5000 A and 1000 A. The simulated change in the stack specific energy consumption of the MW-scale alkaline
water electrolyzer outweighs the losses occurring in the rectifiers. Further, selection of the AC voltage level may have
a more adverse effect on the stack specific energy consumption with the thyristor rectifier topologies compared with

the transistor-based topologies.

I. INTRODUCTION

Water electrolyzers may be the main electricity consumers in the future as the whole energy sector has to be based
on renewable energy sources [1]. Renewable hydrogen is needed to produce carbon-neutral fuels for transportation
and seasonal energy storages, as well as raw materials for the chemical and steel industries [2]-[6]. Therefore,
optimization of the specific energy consumption of water electrolyzers is essential for future energy systems. Water
electrolysis has been identified as the main cost contributor to the capital expenditure (CAPEX) of Power-to-Gas
systems [2], [7], [8]. The CAPEX of the water electrolyzer supply converter is approximately 15% of the CAPEX
of the electrolyzer system for both alkaline and proton exchange membrane (PEM) water electrolyzer technologies

[9].
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In Power-to-X systems, where electrical energy is converted into other forms of energy, the water electrolyzer
stack is the main energy consumer, and hydrogen is the main energy carrier in the end product. The hydrogen
production rate of a water electrolyzer is directly proportional to the mean value of the DC current supplied to
the electrodes, and thus, the cost of electricity is the main contributor to the cost of electrolytic hydrogen gas.
State-of-the-art, commercial alkaline and PEM water electrolyzers can reach voltage efficiencies up to 82% [10],
when compared with the minimum energy requirement defined by the higher heating value of hydrogen gas,
39.4kW hkg~!. However, owing to the requirement for high DC currents, the rectifiers in conventional industrial
water electrolyzers are typically based on thyristors and diodes [11]. Switching according to the line frequency
generates harmonics to the supplied current and voltage causing additional heat losses in the water electrolysis
process [12], [13]. Application of more modern power electronic converters could be beneficial, but would require
modular conversion structures to share the supplied currents among suitable levels for semiconductors using forced
commutation, such as an insulated-gate bipolar transistor (IGBT). The optimization of the electrolyzer stack losses
outweighs the losses in the power electronic converters as the rectifiers used in conventional water electrolysis
systems can reach efficiencies exceeding 98%.

Possible effects of inverter current ripple on PEM fuel cell operation have been introduced in [14]. Low-frequency
current ripple was found to have an impact on the performance, efficiency, and lifetime of a solid oxide fuel cell in
[15]. However, the fuel cell inverters—typically preceded by a DC-DC boost converter if voltage level increase is
required before the inverter [16]—are typically transistor-based topologies with generally lower amplitude current
ripple compared to the DC current quality seen in water electrolyzers supplied by traditional thyristor rectifiers
[17]. For fuel cells, the switching frequency has been recommended to be greater than 1.25kHz and the fuel cell
current ripple lower than 5% to prevent cell operation disturbance [17]. The fuel cell inverter current quality and
sizing of the filter capacitor are discussed in [18]. The load transients and current ripple has been shown to have a
significant effect on the area specific resistance (ASR) degradation of the planar solid oxide fuel cell [19]. However,
the effect of current ripple on electrolytic cell lifetime is still a key research question for water electrolyzers [9],
[20].

The effects of power conditioning on the specific energy consumption of water electrolyzers were introduced
in [11], [12], where one thyristor-based topology was compared with a transistor-based one. The comparison was
conducted by analyzing the resulting specific energy consumptions for a 5 kW alkaline water electrolyzer. A lab-
scale alkaline water electrolyzer was analyzed in [21], where steady DC current resulted in minimized cell efficiency
loss.

The power quality of the AC and DC sides of a thyristor rectifier with a distribution static compensator
(DSTATCOM) was analyzed for example in [22], but the effect of power quality on the load behavior was not
considered. A DC chopper was introduced for electrochemical applications in [23]. The chopper rectifier was stated
to have a higher efficiency than a thyristor-based rectifier in the whole operating range despite the lowest output
voltages. The three-phase chopper with a diode rectifier was shown to have a higher efficiency than a thyristor
bridge with a DSTATCOM [24]. Efforts have been made to apply IGBTs to specific high-current rectification

applications [25], [26]. Yet, thyristor topologies are the traditional, most common solution for high-current, high-
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power applications [24]-[26].

In this paper, the effect of power quality on the energy consumption of a MW-scale alkaline water electrolyzer
stack is analyzed using simulation tools. A simplified model for the MW-scale water electrolyzer is established
based on the measured performance of a small-scale alkaline water electrolyzer. 7/e rectifier topologies selected for
analysis are: 1) a 6-pulse thyristor rectifier, 2) a 12-pulse thyristor rectifier, and 3) a 6-pulse diode bridge followed
by an IGBT-based chopper. The transistor-based topology is selected to represent the more modern, practical
alternative to the typical thyristor rectifiers [24], [27]. The current quality of the transistor-based topology could
be further improved by reselecting the switching frequency and resizing the reactive components. However, this
paper concentrates on the main differences between the thyristor and transistor topologies in the alkaline water
electrolyzer supply converters, and the filter design is not considered.

The main contributions of this paper are: 1. The current and voltage waveforms of the MW-scale alkaline
electrolyzer stack are simulated in the case of thyristor rectifiers and the transistor-based chopper power supply
converter. 2. The resulting water electrolyzer stack specific energy consumptions as a function of load current
are compared with a pure DC supply. 3. The effect of the AC voltage level selection on the stack specific
energy consumption is studied. 4. The effect of the converter topology on the water electrolyzer controllability
and implications of stack degradation for the AC voltage level selection are discussed.

This paper is organized as follows. Section II introduces the basics of the electrochemistry in water electrolysis
processes and describes the simplified electrical model of the MW-scale alkaline electrolyzer stack. The power
quality and specific energy consumption of the alkaline electrolyzer with 6- and 12-pulse thyristor rectifiers and a

transistor chopper-based converter are studied in Section III. Section IV concludes the paper.

II. METHOD OF ANALYSIS

The hydrogen production rate (mols~!) of a single electrolytic cell is linearly proportional to the current

Z.cell Acell

fH2:7IF *F

. (D

where [y, is the hydrogen production rate (mols~ '), z the number of moles of electrons transferred in the reaction
(for hydrogen, = = 2), F the Faraday constant (9.6485 x 10* C mol™1), i the current density (A cm™2), A the
effective cell area (cm?), and 7 the Faraday efficiency, also known as the current efficiency.

Experimental data are required to model the selected water electrolysis processes as shown in [13], [28], [29]. The
electrolytic cell voltage is a sum of the reversible voltage and additional overvoltages appearing in the electrolytic

cell

Ucell = Urev + U, ohm T Uact + Ucon; (2)

where U, is the cell voltage, U, the reversible voltage, which is the lowest voltage required for the water
decomposition to occur, Uypy the overvoltage caused by ohmic losses in the cell elements, U,y the activation

overvoltage produced by electrode kinetics, and U, the concentration overvoltage resulting from mass transport
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processes [30]. The principle of the bipolar electrolyzer stack with series-connected cells and the actual stack of

the studied alkaline electrolyzer are illustrated in

AN

Neell

(@ (b)

Fig. 1. Operating principle of the bipolar electrolyzer stack with series-connected cells and the actual electrolyzer stack of the Baby McPhy
alkaline water electrolyzer; the nominal hydrogen production rate of the electrolyzer is 0.4 N m? h—! with the electrical power of 2.8 kW. (a)
Principle of the DC power supply of the bipolar electrolyzer stack. (b) Electrolyzer stack of the Baby McPhy alkaline water electrolyzer with

30 cells connected in series.

In this study, a simplified electrical model of the stack is used for the simulation. The stack is assumed to
operate under constant temperature and pressure. Therefore, the reversible voltage is assumed to be constant and

the overpotential caused by the stack current to be linearly dependent on the current amplitude

Ustack =0, rev,stack 1 RIstaCkv (3)

where ULy stack 1S the stack reversible voltage (V), R the equivalent resistance of the cell (£2), and Ig,cx the stack
current (A). The measured voltage and current waveforms of the alkaline electrolyzer in Fig. 1b with 30 cells
connected in series are presented in Fig. 2a. As there seems to be no phase shift between the voltage and the
current despite the relatively high (1kHz) AC ripple frequency, the stack impedance can be assumed to be purely
resistive. Fig. 2b depicts the measured voltage as a function of current with the estimated voltage with a reversible
voltage of 55.65V and a stack equivalent resistance of 277 mf2.

Solanki et al. [22] used a similar kind of linear voltage equation for an MW-scale electrolyzer with Uley stack
values from 142V to 150V and R values from 4.8 mf2 to 15.4m(2. In this study, the values of the Baby McPhy
alkaline electrolyzer can be scaled to the MW range by multiplying the voltage by a factor of three, as a result of
which the total number of series-connected cells is 90 with the nominal voltage of U,k = 200V. The current,

linearly proportional to the active cell area (see Fig. la), is scaled by a factor of one hundred and the nominal



IEEE TRANSACTIONS ON POWER ELECTRONICS 5
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Fig. 2. Measured current and voltage waveforms of the Baby McPhy alkaline water electrolyzer. The measured voltage as a function of current

is compared with a simplified model.

current is chosen to be I,k = 5000 A. Therefore, the voltage equation parameters are selected to be Useystack =
150V and R = 10 m$2. The key electrical parameters of the commercial small-scale alkaline water electrolyzer and

the scaled water electrolyzer used in the simulations are collected in Table I.

TABLE I
Electrical Parameters of the Measured McPhy BabyPIEL Alkaline Water Electrolyzer and the Scaled 1 MW Industrial Alkaline Water

Electrolyzer.

Ttack (A) Ustack (V) Pyack (kW) Neell (-) R (mQ) Urev,slack V)
BabyPIEL 35 65 2.8 30 277 55.65
Scaled electrolyzer 5000 200 1000 90 10 150

The voltage and current waveforms of the electrolyzer stack supplied with various power supply converters are
simulated using the Simscape environment in the MATLAB Simulink software. The electrical power of the stack
is based on the stack current and voltage as a function of time. The hydrogen production is calculated
based on the current with (1) neglecting the effect of the Faraday efficiency, as a result of which the average
hydrogen production is only a function of current DC value. However, the Faraday efficiency has been suggested
to be a function of current density in constant DC current operation in [31], where the measured Faraday efficiency
varied as a nonlinear function of current density in the range of 28%—99%. Further investigations are required
to explicate the instantaneous Faraday efficiency of water electrolyzers on the millisecond timescale. The specific

energy consumption F of an electrolysis process can be

R t
0 I Etack Ustack dt

E, = O
o fudt

4)
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The higher heating value (HHV) is the minimum energy required to produce hydrogen gas with a thermoneutral
process. The per mass unit HHV of hydrogen gas is 39.4 kW hkg~!, which can be assumed to represent the energy

consumption of the process with a 100% efficiency.

III. RESULTS

The output current and voltage quality of the 6-pulse and 12-pulse thyristor rectifiers and the transistor-based
converter is studied. The specific energy consumption of the electrolyzer is analyzed as a function of DC current in
the range from 1000 A to 5000 A level by setting the thyristor firing angle and the transistor pulse width with a PI

controller in Simulink. Further, the effect of the AC voltage level on the electrolyzer energy efficiency is considered.

A. 6-Pulse Thyristor Bridge

A 6-pulse thyristor rectifier is connected to a three-phase voltage source and no filtering is used in either side of
the rectifier bridge. The minimum RMS value of the main voltage of the supply grid Uxc is selected to be 150V
to achieve a current of 5000 A almost at the full voltage of the rectifier. The voltage and current waveforms with

the currents of 1000 A and 5000 A are given in Fig. 3.

(a) (b)

Fig. 3. Voltage and current waveforms of the 6-pulse rectifier at certain DC current levels,

The thyristor rectifier excites significant current ripple. At partial loads, the current momentarily reaches a zero
value. The frequency components of the current are given as a function of current mean value at two different grid
voltage values in Fig. 4.

It can be seen that the amplitude of the 300 Hz current ripple exceeds the current DC level at loads below 3000 A.
Further, the increased grid voltage leads to a higher firing angle of the thyristors and, thereby, higher current ripple
values. The specific energy consumption of the electrolyzer supplied with the 6-pulse rectifier is compared with a
pure DC supply in Fig. 5.

The current ripple excited by the thyristor bridge significantly increases the energy consumption of the electrolyzer

stack. The effect of the power supply is emphasized at the lowest DC current levels and the highest grid voltage
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Fig. 4. Current frequency content with the 6-pulse rectifier at certain DC current levels.

(@ (b)

Fig. 5. Specific energy consumption of the electrolyzer supplied with the 6-pulse rectifier and pure DC at certain DC current levels.

levels. In the studied case, at the grid voltage of 150V, the energy consumption with the 6-pulse rectifier is 14.4%
higher than with the pure DC supply at the partial load of 1000 A and 1.6% higher at the full load. At the grid
voltage of 175V, the energy consumption with the 6-pulse rectifier is 18.5% higher than with the pure DC supply
at the partial load of 1000 A and 12.5% higher at the full load. As the grid voltage level affects the required firing
angle and the current waveform, the specific energy consumption with the 6-pulse bridge is given as a function of
DC current level and grid voltage in Fig. 6.

Obviously, the DC current level is the main factor affecting the specific energy consumption. However, the effect
of the supply AC voltage cannot be neglected either, but the voltage level must be matched with the maximum

current of the electrolyzer at the zero firing angle of the thyristor bridge.
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Fig. 6. Specific energy consumption of the electrolyzer as a function of DC current level and the line-to-line voltage of the 6-pulse rectifier

input.

B. 12-Pulse Thyristor Bridge

A 12-pulse thyristor rectifier is implemented by connecting two 6-pulse rectifiers in series as shown for example

in [22]. The AC supplies of the rectifiers are phase shifted by 30° from each other. Further, the voltage amplitude

of the AC supplies is scaled by a factor of \/‘?;/E 7 to achieve the same DC voltage peak values as in the case of the

6-pulse rectifier. The voltage and current waveforms with the currents of 1000 A and 5000 A are shown in Fig. 7.

(@ (b)

Fig. 7. Voltage and current waveforms of the 12-pulse rectifier at certain DC current levels, wien Use = 150 V. (a) 1000 A (b) 5000 A.

The voltage and current ripple are significantly lower with the 12-pulse rectifier than with the 6-pulse rectifier.
The frequency components of the current are given as a function of current mean value at two different grid voltage

values in Fig. 8.

The dominating harmonic component at 600 Hz has significantly lower amplitudes than the 300 Hz component
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(@ (b)

Fig. 8. Current frequency content with the 12-pulse rectifier at certain DC current levels.

in the case of the 6-pulse rectifier. The specific energy consumption of the electrolyzer supplied with the 12-pulse

rectifier is compared with a pure DC supply in Fig. 9.

() (b)

Fig. 9. Specific energy consumption of the electrolyzer supplied with the 12-pulse rectifier and pure DC at certain DC current levels.

The 12-pulse rectifier offers a better efficiency than the 6-pulse rectifier especially at partial loads around 50%
of the nominal current. In the studied case, at the grid voltage of 150V, the energy consumption with the 12-pulse
rectifier is 9.0% higher than with the pure DC supply at the partial load of 1000 A and 0.9% higher at the full
load. At the grid voltage of 175V, the energy consumption with the 12-pulse rectifier is 11.7% higher than with
the pure DC supply at the partial load of 1000 A and 4.6% higher at the full load. As the grid voltage level highly

affects the energy consumption also in the case of the 12-pulse rectifier, the specific energy consumption with the
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12-pulse bridge is presented as a function of DC current level and grid voltage in Fig. /0.
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Fig. 10. Specific energy consumption of the electrolyzer as a function of DC current level and the line-to-line voltage of the 12-pulse rectifier

input.

The 12-pulse rectifier offers a better efficiency than the 6-pulse rectifier over the whole operating range. However,
it is pointed out that the losses of the rectifier itself are higher in the case of the 12-pulse rectifier as the current

must flow through two 6-pulse rectifiers connected in series.

C. Transistor-Based Topology

A simple single leg step-down DC/DC converter is selected to study the characteristics of transistor-based forced
commutation power supply topologies. A three-legged transistor topology is depicted in [24]. In this study, the
DC/DC converter is supplied by a 6-pulse rectifier instead of the 12-pulse rectifier common in the literature. A
capacitor of 1 mF is used to stabilize the DC link voltage. In [24] t/iere are 96 uH inductors in each of the three
output legs of the converter together with an output filtering capacitor. In this study, no capacitor is applied and a
single 32 uH inductor is used as an output filter. Further, the switching frequency of the transistor is selected to be
1kHz. The voltage and current waveforms with the currents of 1000 A and 5000 A are shown in Fig. 11.

The effect of switching frequency is clearly seen at the partial load as the grid-excited pulsation of the DC link
voltage is emphasized at the full load. The frequency components of the current are given as a function current
mean value at two different grid voltage values in Fig. 12. The ripple amplitudes are far lower in the case of
the transistor-based converter than with the thyristor rectifiers. The specific energy consumption of the electrolyzer
supplied with the forced commutation rectifier is compared with the pure DC supply in Fig. 13.

The efficiency of the transistor converter-fed electrolyzer stack is only slightly higher than with the pure DC
supply at all loads. Further, also the effect of the grid voltage on the electrolyzer stack efficiency is small. At the
grid voltage of 150V, the energy consumption with the transistor converter is only 0.6% higher than with the pure

DC supply at the partial load of 1000 A and 0.02% higher at the full load. At the grid voltage of 175V, the energy
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(@ (b)

Fig. 11. Voltage and current waveforms of the buck rectifier at certain DC current levels,

(a) (b)

Fig. 12. Current frequency content with the buck rectifier at certain DC current levels.

consumption with the transistor converter is 1.5% higher than with the pure DC supply at the partial load of 1000 A
and 0.9% higher at the full load. Obviously, the current quality and the output filter cost must be optimized for
each case. The specific energy consumption with the transistor converter is presented as a function of DC current
level and grid voltage in Fig. 14.

As the effect of AC voltage on the specific energy consumption of the elecrolyzer stack is almost insignificant, the
specific energy consumption is practically only dependent on the DC current level. Eventually, the current quality
and the stack efficiency . However, a transistor-based
converter has been shown to be able to achieve a high current quality with an output filter consisting of only an

inductor with an inductance in the range of tens of microhenrys.
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(a) (b)

Fig. 13. Specific energy consumption of the electrolyzer supplied with the buck rectifier and pure DC at certain DC current levels. ()
Usc = 150V. (b) Usc = 175 V.
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Fig. 14. Specific energy consumption of the electrolyzer as a function of DC current level and the line-to-line voltage of the transistor converter

input.

D. Comparison of the Topologies

1) Current Quality: The amplitudes and frequencies of the dominating current harmonic components, found for
6- and 12-pulse thyristor bridges and a buck converter in the previous section, are collected to Table II. It can be
seen that the harmonic amplitude exceeds the DC current level at partial loads with both studied thyristor bridge
topologies. Further, 12-pulse bridge excites slightly lower harmonic amplitudes with higher frequency compared
with the 6-pulse bride. However, only buck rectifier is able to offer current harmonics in the amplitude and frequency
range allowed for fuel cells according to the literature [17]. The current quality of the buck rectifier could be further

improved by selecting higher inductance output filter or applying parallel converter legs.
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TABLE II
Uac =150V
Fuel cell 6-pulse bridge 12-pulse bridge Buck rectifier
fi
U 1000A  5000A 1000A  5000A  1000A 5000 A
Frequency (Hz) 1250 300 300 600 600 1000 1000
Amplitude (%) 5 168 31 144 22 39 0.4
Uac =175V
Fuel cell 6-pulse bridge 12-pulse bridge Buck rectifier
reference
1000 A 5000 A 1000 A 5000 A 1000 A 5000 A
Frequency (Hz) 1250 300 300 600 600 1000 1000
Amplitude (%) 5 177 85 158 47 64 7

2) Specific Energy Consumption:

With the 6-pulse thyristor rectifier, at the 150V grid AC voltage, the mean stack specific energy consumption is
60.1kWhkg~! at the full load of 5000 A and 54.1kW hkg~! at the minimum load of 1000 A. However, the
stack specific energy consumption varies from 48.7kWhkg™! to 62.6kWhkg™' and from 44.3kWhkg~! to
58.2kW hkg~1! at the full and minimum loads, respectively, when the specific energy is calculated point-by-point
according to the stack voltage and stack current waveforms shown in Fig. 15. Additionally, as a result of the
considerable 300 Hz AC current ripple, the instantaneous stack current reaches 0 A at DC current operating points
<4000 A. The minimum stack current as a function of electrolyzer load is illustrated for the three different topologies
in Fig. 16.

In Fig. 15, the stack specific energy consumption with the 12-pulse rectifier varies from 52.9kWhkg™! to
62.5kWhkg~! and from 44.3kW hkg~! to 54.8kW hkg ™! at the full and minimum loads, respectively. Because
of the 600 Hz AC current ripple, the instantaneous stack current reaches 0 A at DC current operating points <3000 A.
With the transistor-based converter, the point-by-point stack specific energy consumption varies only slightly, and
the instantaneous stack current remains above the 0 A level at all analyzed loads (1000 A to 5000 A). If the current
is not allowed to reach a zero value during operation, the buck rectifier can offer a significantly wider operating
area than the thyristor rectifiers. This may be essential in the renewable energy applications, where electrolyzers

are a key component in the electricity grid frequency control system.
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TABLE III

Uac =150V
DC 6-pulse bridge 12-pulse bridge Buck rectifier
1000 A 5000 A 1000 A 5000 A 1000 A 5000 A 1000 A 5000 A
SEC (kW hkg™1) 47.27 59.09 54.07 60.06 515 59.64 47.57 59.10
SEC (% of DC) 100 100 114.4 101.6 108.9 100.9 100.6 100.0
Uac =175V
DC 6-pulse bridge 12-pulse bridge Buck rectifier
1000 A 5000 A 1000 A 5000 A 1000 A 5000 A 1000 A 5000 A
SEC (kW hkg™!) 47.27 59.09 56.00 66.45 52.79 61.78 47.95 59.14
SEC (% of DC) 100 100 118.5 112.5 111.7 104.5 101.4 100.1

(a)

(b)

Fig. 15. Electrolyzer stack specific energy comparison for the three rectifier topologies and an ideal DC power supply when Usc = 150 V.

3) Converter Losses: The internal losses of the converters are roughly estimated by the threshold voltage and on-
state resistance of the semiconductor components. The component types are selected based on [24]. In the 6-pulse
rectifier there are two thyristors connected in parallel to limit the current of the individual thyristor. The 12-pulse
rectifier consists of two series-connected 6-pulse bridges. Therefore, the internal losses of the 12-pulse rectifier are
approximately twice as high as the 6-pulse rectifier losses. In the buck rectifier there are two diodes in parallel in
the 6-pulse diode rectifier bridge. On the DC side there are 12 transistors and six free-wheeling diodes in parallel.
The switching on and off energies of the IGBT at the full load are 5mJ and 16.5 mJ. At the switching frequency of
1kHz, the switching loss of a single transistor would be only 21.5 W, which is insignificant in this study. Further,

the losses of the inductive and capacitive filters are neglected in the study. The equivalent circuit parameters of the
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Fig. 16. Minimum current of a rectified waveform as a function of electrolyzer stack current set point when Uac = 150 V.

components are given in Table IV.

TABLE IV

EQUIVALENT CIRCUIT PARAMETERS OF THE SEMICONDUCTORS FOR CONVERTER L0OSS ESTIMATION.

Threshold voltage (V) Resistance (m2)
Diodes and thyristors (TZ800N12KOF) 0.82 0.17
IGBT transistors (FD600R0O6ME3) 0.80 0.80

The loss power of each component is calculated separately based on the simulated current waveforms. The

converter losses of the studied topologies are compared with each other at the stack current of 5000 A in Table V.

TABLE V
ESTIMATED CONVERTER LOSSES AND THE CONVERTER LOSS EFFECT ON THE SPECIFIC ENERGY CONSUMPTION AT THE CURRENT
LEVEL OF 5000 A. THE STACK SPECIFIC ENERGY CONSUMPTION IN THE FULL LOAD OPERATION Is 60 kW hkg—1.

Loss power Converter specific energy Minimum Maximum

(kW) consumption (kW hkg—1) current (A) current (A)
6-pulse 13 0.8 1497 6201
12-pulse 26 1.5 2912 6171
Buck rectifier 17 1.0 4771 5212

The converter losses, even at the full load, are less than 3% of the energy consumption of the electrolyzer stack,
as the stack specific energy consumption is roughly 60 kW hkg ' at the DC current level of 5000 A. Therefore, the
effect of current quality on the energy consumption of the stack is much more significant than the converter losses.
Further, improving the power quality does not only affect the energy consumption of the stack, but the enhanced

power quality may also have a positive effect on the lifetime of the electrolyzer stack.
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4) AC Voltage Selection: Finally, selection of the AC voltage level should be considered. In Section III, the
simulated stack specific energy consumption remained invariable to the AC voltage only with the transistor-based
converter topology. With both the 6- and 12-pulse thyristor rectifiers, the AC voltage has an impact on the resulting
stack specific energy consumption . Therefore, a dependence on the AC voltage level hinders the specific
energy consumption optimization task. Furthermore, selection of the AC voltage level may have to take into account
the voltage degradation of individual electrolytic cells,

As the cells age, their voltage increases at a rate typically described
in the range of uV h~! [9]. For alkaline water electrolyzers, stack lifetime values have been suggested to be in the

range of 60000 h to 90 000 h and cell voltage degradation rates 0.4 uV h~! to 5.0V h~! [9]. If the degradation rate

of 5uVh~1tis to behave linearly for over 60000 h for the studied 1 MW alkaline water electrolyzer (90
cells in series, U,k = 200 V), the increase in the stack voltage be 27V (+13.5%). The voltage degradation
rate then determines a system design for the water electrolysis plant: The selection of the AC voltage level

should consider the stack voltage and its increase over the stack lifetime, and the capability of the water electrolysis

plant to later meet its technical specifications

A 25V increase in the AC voltage would correspond to an 11% increase in the stack specific energy consumption
with the 6-pulse thyristor rectifier and a 4% increase with the 12-pulse thyristor rectifier, when nominal operation at
5000 A is considered. With the transistor-based topology, this impact of the AC voltage increase on the increase in
the stack specific energy consumption would be marginal or negligible. At the 150 V AC voltage level, the alkaline
electrolyzer stack specific energy consumption with the transistor-based converter topology is 1.6% to 12.0% lower
than with the 6-pulse thyristor rectifier depending on the stack DC current set point (5000 A to 1000 A). Because
of the increased AC voltage, especially the difference in specific energy consumption at the nominal current is
emphasized . Similar effect of the AC voltage on the stack specific energy consumption can be seen

with the 12-pulse thyristor rectifier.

IV. CONCLUSION

Water electrolyzers require DC power, and heir operation depends on electric conditioning. In this paper, the
specific energy consumption of a 1 MW alkaline water electrolyzer (Ugaek = 200V, I = 5000 A) stack is
simulated with three distinct industrial rectifier topologies: 1) a 6-pulse thyristor rectifier, a 12-pulse thyristor
rectifier, and 3) a transistor-based converter. The resulting stack specific energy consumptions are compared against
an ideal DC power supply.

It was found that the transistor-based converter topology can offer up to 14% lower stack specific energy
consumption than the 6-pulse thyristor rectifier and up to 9% lower stack specific energy consumption than the
12-pulse thyristor rectifier in the studied current and voltage range. Furthermore, the selection of the AC voltage
level may have a more adverse effect on the resulting stack specific energy consumption with the thyristor rectifier

topologies.
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Future investigation on the specific energy analysis of water electrolyzers will focus on the Faraday efficiency—
the ratio of the actual hydrogen production rate to the ideal hydrogen production rate—and how the harmonic
components in the stack DC current may affect the hydrogen gas production. Furthermore, more detailed experi-
mental work on the effect of load transients and current ripple on the electrochemical cell degradation phenomena
used for water electrolysis is yet to be studied as most of the previous degradation studies have concentrated on

fuel cell applications.
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