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Abstract

Industrial water electrolyzers apply direct current in kiloampere ranges.

Therefore, rectifiers are typically based on thyristors despite the high am-

plitude current fluctuation excited by the rectifier. This paper studies the

effect of thyristor rectifiers on the power quality of the electrolyzer stack and

the supplying AC grid. The thyristor bridge excites high current and power

fluctuation causing additional losses in the electrolytic cells. Further, the

both AC supply side and DC output power factors are low especially under

partial load conditions. The reactive power is divided into phase shift and

distortion components. In the case of thyristor rectifier without any passive

filter components the distortion reactive power component is dominating.

The simulated results are supported by the power factor measurements of an

industrial alkaline water electrolyzer. It is proposed that electrolyzer stack

manufacturers should give requirements for the DC power quality to maxi-

mize the stack energy efficiency and lifetime.
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energy consumption, Power measurement.

1. Introduction

Electrolytic green hydrogen production will be the major renewable elec-

tricity consumer in the future carbon neutral Power-to-X systems [1, 2]. The

high DC current levels of the industrial water electrolyzers has led to a fact

that typical rectifiers are based on thyristor bridges [3, 4]. However, the

thyristor rectifier excited current ripples has shown to cause additional heat

losses in the electrolytic cells [5, 6, 7]. Further, the fluctuating power might

also accelerate cell degradation as shown in [8]. Transistor based technolo-

gies have been introduced, but thyristors are still dominating the market

[9, 10, 11].

The reactive power consumption of the industrial customer can be charged

either on the reactive tariff or penalty fees if conditions, defined by reactive

power level or power factor, are met [12]. The thyristor rectifier has a low in-

put power factor practically requiring passive or active compensation studied

in [13] and [14]. It has been shown that in electrolyzer applications passive

compensators are not able to keep the power factor in the desired range,

and thus, the active compensation with a distribution static compensator

(DSTATCOM) is studied in [15] and the hybrid system of passive compen-

sator combined with DSTATCOM in [16]. Active power factor correction

with gate-commuted series capacitors for large current thyristor rectifier ap-

plications is proposed in [17]. The additional power electronics are applied

on the DC side of a thyristor rectifier to achieve sinusoidal AC currents by

shaping the DC current in [18] and [19]. The active PWM rectifier is applied
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in parallel with the thyristor rectifier to improve both the AC power factor

and DC current quality in [20]. The reactive power demand for a fusion re-

actor magnet supply with current of 45 kA was found enormous in the case

of a thyristor rectifier and, thus, using a transistor-based active front end is

proposed in [21]. The high-current rectifier topologies are compared and the

poor grid side power factor and high harmonic content are listed to be the

main issues in case of thyristor rectifiers [22]. Thyristor bridges have been

applied and intensively studied for many decades on high current applications

in case of both resistive and inductive loads. However, the detailed power

factor and current quality analysis considering also the DC side for water

electrolyzers supplied with thyristor rectifiers is not found in the literature

so far.

The contribution of this paper is to introduce methods for analyzing the

power quality on both AC and DC sides of the thyristor rectifier supplying

the electrolyzer stack. The nonlinear voltage–current characteristics of the

electrolyzer stack is simulated with a variable resistor changing its resistance

as a function of stack current. The power factor and stack efficiency are

defined as a function of electrolyzer load current. The reactive power of

both AC and DC sides is further divided into phase shift and distortion

components. The simulated power factors are compared with the measured

values of an industrial 3 MW alkaline electrolyzer. It is proposed that AC

side reactive power might be used as an indicator for poor power quality

excited additional losses in the electrolyzer stack.

This paper is organized as follows. Section 2 describes simulation model

and the voltage–current characteristics of electrolyzer stack applied in the
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study. The effect of thyristor rectifier on the voltage and current waveforms,

power components, and hydrogen production energy efficiency is studied in

Section 3. Finally, Section 4 concludes the paper.

2. Materials and methods

To analyze the power quality and power components of the thyristor

bridge, which is supplying the electrolyzer stack, the voltage and current

waveforms need to be simulated as a function of time. The power supply for

the industrial water electrolyzer stack is illustrated in Fig. 1a. Thus, a simu-

lation model of a 6-pulse thyristor bridge supplying a MW-scale electrolyzer

stack is built in MATLAB Simulink environment using Simscape Power Sys-

tems and Simscape Electrical libraries, built for physical systems modeling

including power electronics. Therefore, Simscape models are used to individ-

ual thyristors, thyristor firing pulse generation, and ideal sinusoidal voltage

sources describing the AC supply. To model the behaviour of the thyristor

rectification no filter components are modeled, although they typically exist

at least on the AC side. Further, the supply transformer is not modeled as it

also would operate as an inductive filter on the AC side, but the transformer

secondary voltage is emulated by voltage sources. The DC load current mean

value is set to the desired value by a PI controller, which is controlling the

thyristor firing angle.

2.1. Voltage–current characteristics

Experimental data are required to model the selected water electroly-

sis processes as shown in [23, 24, 25]. Often the electrolytic cell voltage is
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Fig. 1. A thyristor rectifier fed alkaline water electrolyzer system; (a) three-phase, 6-

pulse bridge for electrolyzer power supply. The power supply may include both passive

filters and a DSTATCOM for variable reactive power compensation on the main electricity

grid side. (b) voltage–current characteristics of the studied electrolyzer stack, (c) variable

equivalent resistance describing the stack voltage as a function of current.

presented as a sum of the open circuit voltage and additional overvoltages

occurring in the electrolytic cell
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Ucell = Uocv + Uohm + Uact + Ucon, (1)

where Ucell is the cell voltage, Uocv is the open circuit voltage, which is the

lowest voltage required for the water decomposition to occur, Uohm is the

overvoltage caused by ohmic losses in the cell elements, Uact is the activation

overvoltage produced by electrode kinetics, and Ucon is the concentration

overvoltage resulting from mass transport processes [26].

An industrial alkaline electrolyzer stack is used as an example in this

study. The nominal hydrogen production of the stack is roughly 55 kg h−1

with electrical supply power of 3 MW. Stack is pressurized with maximum

pressure of 20 bar. The measured voltage–current characteristics of the stud-

ied electrolyzer stack is shown in Fig. 1b.

A simplified linear model for the electrolyzer stack is used for power

quality analysis in [6]. More detailed model with varying resistance, modeled

as voltage dependent current sources, describing the activation phenomena

is introduced in [26]. As the cell voltage distribution to overvoltage terms is

not required in this study, the nonlinear electrolyzer stack characteristics can

be simply emulated with a single equivalent resistance corresponding to the

zero hertz impedance of the electrochemical impedance spectroscopy (EIS).

The value of the resistance is calculated based on the known voltage–current

characteristics as a function of current R = u/i and shown in Fig. 1c. The

resistance value for the Variable resistor -block of the MATLAB Simulink

Simscape Electrical library is selected based on the momentary stack current

using an interpolating lookup table in Simulink.

This study assumes that the power quality effects can be studied based
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on the voltage–current characteristics measured under static conditions as no

significant phase shift between voltage and current was seen even at 1 kHz

sinusoidal current ripple in case of an alkaline electrolyzer [27]. It is assumed

that high frequency current ripple does not cause pressure or thermal varia-

tion as their time constants are significantly longer. Obviously, the additional

heating power by the current ripple induced losses needs to taken into ac-

count in selection of the temperature of the voltage–current characteristics

curve.

2.2. Specific energy consumption

The hydrogen production rate (mol s−1) of an electrolyzer stack is linearly

proportional to the stack current

ṅH2 = ηFNcell
i

z F
, (2)

where z is the number of moles of electrons transferred in the reaction (for

hydrogen, z = 2), F is the Faraday constant (9.6485× 104 C mol−1), i is the

stack current (A), and ηF is the Faraday efficiency, also known as the current

efficiency, and Ncell is the number of electrolytic cells in series. In this study,

the Faraday efficiency is assumed to unity and hydrogen production rate

can be directly calculated based on the momentary current value. Faraday

efficiency is at lowest at low current densities, where the hydrogen production

rate is also lowest, and has typically relatively stable values at linear region

of the voltage–current characteristics. Thus, considering Faraday efficiency

would not significantly affect the energy consumption results shown in this

paper. The specific energy consumption Es of an electrolysis process can be
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obtained based on the cell voltage, current, and hydrogen production rate

Es =

∫ T

0
i(t)u(t) dt∫ T

0
ṁH2 dt

, (3)

where T is the time interval under study. 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 h kg−1, which

can be assumed to represent the energy consumption of the process with a

100% efficiency.

2.3. Current ripple

Current or voltage ripple means that there is an alternating current (AC)

component in addition to the desired direct current (DC). The DC component

of any signal is the mean value of signal over the periodic time.

The root mean square (RMS) value of a varying voltage or current equals

the DC value, which gives the same power dissipated by an electrical resis-

tance. The RMS value of voltage, or current in this example case, is defined

as an integral over the periodic time

I =

√
1

T

∫ T

0

[i(t)]2 dt, (4)

where T is the periodic time of the current and i(t) is the instantaneous value

of current as a function of time. Thus, the RMS value of a sinusoidal signal

can be derived by dividing the signal amplitude by
√

2.

2.4. Power definitions

Classically electrical power is divided into three components. Active

power P describes the net transfer of energy. An ideal resistive load would
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consume only active power. However, energy storing reactive components,

like inductors and capacitors, make the energy to flow instantaneously to the

reverse direction, and this component is called reactive power Q.

In complex power presentation, active power is the resistive part as reac-

tive power is the imaginary part. Apparent power S is the magnitude of the

complex power and can be expressed as a square sum of active and reactive

powers according to the power triangle

S2 = P 2 +Q2, (5)

from which the power factor cosφ is defined as

cosφ =
P

S
. (6)

Further, the apparent power can be defined as a product of voltage and

current RMS values

S = U I, (7)

where U is the RMS value of voltage and I is the RMS value of current.

Instantaneous power is the product of instantaneous voltage and current

values u(t) and i(t). Active power is the mean value of instantaneous power

P =
1

T

∫ T

0

u(t) i(t) dt, (8)

where T is the periodic time of power. Reactive power can be further divided

into phase shift and distortion components as proposed by Budeanu [28].
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Q2 = Q2
S +Q2

D, (9)

where QS is the phase shift component and QD the distortion component of

the reactive power. The phase shift component is excited by passive com-

ponents causing phase shift between voltage and current waveforms. Shift

reactive power is defined by the sum of frequency components, which are

often defined by discrete Fourier transform (DFT) describing the signal as a

sum of sinusoidal frequency components often called harmonics, as

QS =
v∑

h=1

Uh Ih sin θh, (10)

where v is the number of harmonic components, Uh is the voltage RMS value

of the respective harmonic, Ih is the current RMS value of the respective

harmonic, and θh is the phase shift angle of the respective voltage and current

harmonics. Budeanu further introduced that the distortion power can be

defined by the law of cosines

QD =

√√√√ v−1∑
m=1

v∑
n=m+1

[(Um In)2 + (Un Im)2 − 2Um Un Im In cos(θm − θn)] , (11)

where Um, Un, Im, and In are the respective voltage and current harmonic

RMS value components and θm and θm the respective harmonic components

current and voltage phase shift components. As stated in [29], in practice

the distortion power component is easiest to calculate by the other power

components

QD =
√
S2 − P 2 −Q2

S. (12)
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Typically the practical power analyzers do not separate reactive power

components from each other, but the reactive power is solved from (5) as

apparent and active powers are first calculated by (8) and (7). However, in

harmonic mode the reactive power can be calculated by (10) neglecting the

distortion power component, and further the apparent power according to

(5) as described, for example, in [30]. In case of distorted power, this leads

to a mismatch of reactive and apparent power components between normal

time stepping and harmonic modes. Therefore, Budeanu’s distortion power

definition is applied in this paper although it has been excluded from the most

recent version of the IEEE 1459-2010 standard [31]. The generalization of

the concept of reactive power has long been debated and multiple definitions

have been suggested [32].

2.5. Three-phase thyristor rectifier

The six-pulse thyristor bridge is idealized by neglecting all inductances

and assuming the DC current to be constant [33]. The DC average DC

voltage is a function of AC voltage and thyristor firing angle

UDC =
3
√

2

π
ULL cosα, (13)

where ULL is the AC line-to-line voltage RMS value and α is the thyristor

firing angle. If α is zero the thyristor bridge acts as a diode rectifier. The

AC current harmonic component RMS values are inversely proportional to

their harmonic order

Ih =
I1
h

=
0.78IDC

h
, (14)
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where I1 is the RMS value of the AC current fundamental, IDC is the DC

current, and h = 6n±1 is the nontriplen odd harmonic number (n = 1, 2, . . . ).

Further, the power factor of the idealized rectifier AC side is shown to be

cosφ =
3

π
cosα, (15)

which indicates high reactive power at high firing angles.

3. Results and discussion

A 6-pulse thyristor bridge rectifier is simulated under varying electrolyzer

current. The power quality on both grid and load sides of the rectifier is

studied by analyzing the current, voltage, and power components behavior

in addition to the loss analysis of the electrolyzer stack.

3.1. Voltage and current waveforms

The firing angle of the thyristors was controlled to achieve desired elec-

trolyzer current mean values. The voltage and current waveforms with elec-

trolyzer currents of 9000 A and 1000 A are presented in Fig. 2.

A relative small change in the electrolyzer voltage in Fig. 2a causes a

high amplitude ripple in the current as there is no passive filtering in the

circuit. The ripple is even higher at lower load current level in Fig. 2c. As

the AC supply is modeled as an ideal voltage source the voltage waveform is

sinusoidal despite the highly nonsinusoidal current in Figs. 2b and 2d. The

voltage and current RMS values together with current frequency components

are shown as a function of electrolyzer current in Fig. 3.

The AC side voltage RMS is fixed because of the ideal voltage source.

The DC side voltage is nonlinearly dependent on the DC current because
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(a) (b)

(c) (d)

Fig. 2. Current and voltage waveforms as a function of time; (a) electrolyzer side IDC =

9000 A , (b) AC side IDC = 9000 A, (c) electrolyzer side IDC = 1000 A, (d) AC side

IDC = 1000 A.

of the nonlinear voltage–current characteristics. Furthermore, both AC and

DC side current RMS values behave nonlinearly. DC side current RMS value

clearly differs from the DC component that has stated to indicate additional

losses in [34].

On the DC current the harmonic components with frequencies multi-

ples of six times the AC frequency are present. Especially the amplitude
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(a) (b)

(c) (d)

Fig. 3. RMS values as a function of electrolyzer current; (a) voltage, (b) current. Current

frequency component RMS values with different electrolyzer current values; (c) electrolyzer

current, (d) AC current.

of harmonic with frequency of 300 Hz has even higher amplitude than the

DC component at lowest load levels. Also on the AC side the harmonic am-

plitudes are quite high compared with the fundamental component at the

partial loads. The harmonic frequencies match those given for an ideal case

(14), but the amplitudes differ because of the varying load current and the

nonlinear load.
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3.2. Power components

The instantaneous power of electrolyzer side and on one phase of the AC

side corresponding to the voltage and current waveforms in Fig. 2 are shown

in Fig. 4.

(a) (b)

Fig. 4. Instantaneous power on electrolyzer side and of one phase on the grid side; (a)

IDC = 9000 A, (b) IDC = 1000 A.

The power flow is in all cases far from constant as a function of time. The

relations between the power components on both electrolyzer and grid side

are illustrated in Fig. 5.

There is a significant difference in the active and apparent powers in

especially on the AC side under lowest loads. The power factor, cosφ = P/S,

has values between 0.95 and 0.68 on the DC side. Further, the power factor

values on the AC side vary from 0.89 to 0.41.

The phase shift excited reactive power component remains low as there

are no energy storing, inductive or capacitive, components in the circuit.

On the other hand, the distortion reactive power component has high values
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(a) (b)

(c) (d)

Fig. 5. Power components as a function of load current; (a) active and apparent power,

(b) power factor, (c) electrolyzer reactive power components, (d) grid side reactive power

components.

both on the electrolyzer and AC side of the rectifier. Especially on the AC

side, the reactive component exceeds the active power component at partial

loads.

3.3. Power components with buck rectifier

To overcome the limitations of thyristor rectifiers in electrolysis applica-

tions transistor-based topologies are proposed for example in [22]. A simple
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single leg step-down (buck) DC/DC converter with a diode rectifier is studied

by means of additional losses caused by DC current ripple in [6]. The same

power quality analysis described for the thyristor bridge above is repeated

for this buck rectifier and the power components are shown in Fig. 6.

(a) (b)

(c) (d)

Fig. 6. Power components with a buck rectifier as a function of load current; (a) active

and apparent power, (b) power factor, (c) electrolyzer reactive power components, (d) grid

side reactive power components.

Compared with the thyristor rectifier especially the DC side current ripple

is significantly smaller leading to higher power factor and small reactive power
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component. Further, the AC side power factor is higher and reactive power

lower compared with a thyristor bridge especially under the partial loads.

At nominal load the difference on the AC side between the topologies is

relatively small as thyristor bridge operated under small firing angles and

with behavior close to a diode.

3.4. Measured reactive power and power factor

The simulated results shown above are compared with the measured val-

ues of the industrial 3 MW electrolyzer described in Section 2. The AC values

are measured on the 20 kV grid side of the supply transformer, which was

not included in the simulation. The rectifier topology of the measured elec-

trolyzer is 6-pulse thyristor bridge without any active or passive filtering.

The AC side reactive power and power factor of simulated thyristor bridge

and buck rectifiers are compared with the measured values as a function of

DC current in Fig. 7.

(a) (b)

Fig. 7. Simulated thyristor bridge and buck rectifier compared with the measured grid

interface values of the industrial electrolyzer; (a) reactive power, (b) power factor.
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The operating range of the electrolyzer was limited for safety reasons.

Thus there are no measured values below DC current value of 3500 A. It can

be stated that both simulated reactive power and power factor are in the

same range with the measured values. Near the nominal load the measured

reactive power is higher than the simulated value, which probably is caused by

the fact that the inductance of the supply transformer is not included in the

simulation. On the other hand, at lower currents the measured reactive power

is lower than the simulated one. This may be a consequence of the increased

distortion power component partly filtered by the transformer. However,

the measurements verify the simulated result of high reactive power and low

power factor especially under partial loads.

3.5. Discussion

It was already stated in [6] that poor DC power quality of the thyristor

bridge causes additional losses in the electrolyzer cells. The specific energy

consumption with thyristor and buck rectifiers is compared with pure DC

supply as a function of load current in Fig. 8.

In this study the increase of 2.5–11% in specific energy consumption was

found because of the additional losses excited by the thyristor rectification.

With buck rectifier the specific energy consumption is close to a the pure DC

supply over the whole operating area. In [34] the difference between elec-

trolyzer current DC and RMS components was shown to indicate additional

losses. This study shows that similar dependence can be seen between the

reactive and apparent power components. It is notable that also high reac-

tive power component on the AC side indicate power fluctuation at DC side

also.
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(a) (b)

Fig. 8. Specific energy consumption compared with pure DC supply without ripple; (a)

with 6-pulse thyristor bridge, (b) with chopper-rectifier.

The poor power factor on the DC side just indicates additional losses

because of the power fluctuation, but the effect of power quality on the

AC side is more dramatic. As the grid companies typically do not allow high

reactive power consumption, compensation of the reactive power is necessary

using passive components or distribution static compensator as described for

example in [15]. At high power levels this causes also a significant capital

cost for the system.

As shown in [6], the AC voltage has a significant effect on the power

quality of the thyristor bridge. If the AC voltage is unnecessary high, the

thyristor bridge needs to operate at higher firing angles at partial load area.

Therefore, both the power fluctuation excited losses and the need for reactive

power compensation can be minimized using a transformer with an on-line

tab changer, which is able to set the AC voltage level of the thyristor bridge

on the optimal level.
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4. Conclusions

The effect of thyristor rectifier on the power quality of the electrolyzer

stack was studied based on the simulated voltage and current waveforms.

It was shown that the thyristor rectification excites high amplitude current

harmonics on both AC and DC sides of the rectifier. Current harmonics were

shown to cause additional losses in the electrolyzer stack, but also decrease

the power factor requiring compensation especially on the lowest load lev-

els. Further, the reactive power causes additional losses in the conductors

and supply transformers and active compensation with additional power elec-

tronics is required. The reactive power component was further divided into

phase shift and distortion excited components. In case of thyristor recti-

fication without passive filter components the distortion component is the

major component of the reactive power. It is proposed that AC side reactive

power might also be a practicable indicator of the poor power quality on the

DC side. Further, it is proposed that electrolyzer stack manufacturers could

define the DC power quality requirements to maximize the stack energy ef-

ficiency and lifetime by means of allowed DC side current ripple amplitude,

relation between current RMS and DC values, or reactive power. Modern

transistor rectifiers might not only improve the DC power quality but also

mitigate the need for active reactive power compensation devices on the AC

side.
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