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Abstract

The ripple of the supplied direct current has a significant effect on the

energy efficiency of the water electrolyzer cell. Hydrogen production is de-

fined by the current mean value, but current harmonics generate additional

losses in the electrolyzer cell. However, the direct measurement of the DC

current in the kiloampere range may be a challenging task compared with

the voltage, which is practically in the range of a few hundreds volts in the

electrolyzer stack. The effect of current harmonics on the energy efficiency

and the voltage mean and root-mean-square (RMS) values is analyzed ana-

lytically based on the measured polarization curve of the PEM electrolyzer

cell. The results show that both in the case of a theoretical sinusoidal current

ripple and a practical thyristor bridge supply, the voltage mean or RMS val-

ues do not give a reliable estimate of the power quality. Instead, the voltage

waveform as a function of time or the difference between the current mean

and RMS values should be monitored.
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1. Introduction

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 [1, 2]. The hy-

drogen 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 typically the main contributor to the cost of electrolytic hydro-

gen gas. The DC voltage level of MW-scale water electrolyzers is typically

200 V–300 V leading to current levels in the kiloampere range, as stated for

example in [3]. Owing to the requirements for high DC currents, the rectifiers

in conventional industrial water electrolyzers are typically based on thyris-

tors and diodes generating line frequency harmonics to the supplied voltage

and current [4].

These harmonics have been shown to have a significant effect on the spe-

cific energy consumption (SEC) of water electrolyzers, as demonstrated in

[4, 5], where one thyristor-based converter topology was compared with a

transistor-based one. The comparison was conducted by analyzing the re-

sulting specific energy consumptions for a 5 kW alkaline water electrolyzer.

A laboratory-scale alkaline water electrolyzer was analyzed in [6], where a

steady DC current resulted in a minimized cell efficiency loss. It has been

shown that a modern transistor-based rectifier could offer up to a 14% lower

specific energy consumption in the alkaline water electrolyzer stack compared
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with a 6-pulse thyristor rectifier [7]. However, the effect of current ripple on

the electrolytic cell lifetime is still a key research question for water electrolyz-

ers, as suggestions that poor power quality might speed up cell degradation

are given in the literature [8, 9].

As direct measurement of electrical power with high currents in the kilo-

ampere range might be challenging, this paper studies the relation between

voltage and current RMS values with the electrolyzer cell power and specific

energy consumption. The main contributions of this paper are the following.

1) Analysis of the effect of power quality on the DC voltage and DC current

mean and root-mean-square values when the DC current waveform is i) sinu-

soidal with DC offset and ii) a practical industrial waveform generated by a

6-pulse thyristor rectifier. 2) Recommendation for methods to both identify

and quantify the effect of power quality on the specific energy consumption

and the voltage and current behavior of electrolytic cells.

This paper is organized as follows. Section 2 describes the voltage–current

characteristics of electrolyzer cells and introduces the current waveforms ap-

plied in the study. The effect of current AC components on the hydrogen

production energy efficiency is studied in Section 3 together with the effect

of current harmonic components on the cell voltage. Finally, Section 4 con-

cludes the paper.

2. Materials and methods

According to Faraday’s law on electrolysis, the molar hydrogen produc-

tion rate (mol s−1 cm−2) of a single electrolytic cell is linearly proportional to

the current value
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ṅH2 = ηF
jcell
z F

, (1)

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), jcell is

the current density (A cm−2), and ηF is the Faraday efficiency, also known as

the current efficiency.

Experimental data are required to model the selected water electrolysis

processes as shown in [10, 11, 12]. The electrolytic cell voltage is a sum of

the reversible voltage and additional overvoltages occurring in the electrolytic

cell

Ucell = Uocv + Uohm + Uact + Ucon, (2)

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 [13]. The concentration

overvoltage is neglected in this study as the current densities in PEM cells

are typically not high enough to meet significant mass-transport limitations

[14]. The open-circuit voltage can be described using the Nernst equation

[15]

Uocv = U0
rev +

RTel
z F

ln

(
pH2 · p

1/2
O2

pH2O

)
, (3)

where U0
rev is the reversible cell voltage, R is the universal gas constant
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(8.314 462 1 J mol−1 K−1), and Tel is the cell temperature. Further, pH2 , pO2 ,

and pH2O are the hydrogen, oxygen, and water partial pressures, respectively.

The reversible cell voltage is defined as a function of temperature; for

example, for a PEM electrolyzer cell in [16] and for an alkaline electrolyzer

cell with the KOH electrolyte in [17]. However, in this simplified case, the

open-circuit cell voltage under constant operating temperature and pressure

is considered one parameter to be found by curve fitting of the measured

data.

The ohmic overpotential is caused by the voltage across the membrane

electrode assembly (MEA) and current collectors, and can be expressed as

Uohm = Rcell jcell, (4)

where Rcell is the total electrical resistance of the cell.

The activation overpotential is often described by using the Butler–Volmer

equation [18]

Uact =
RTel
αan F

arcsinh

(
jcell

2jo,an

)
+

RTel
αcat F

arcsinh

(
jcell

2jo,cat

)
, (5)

where α is the charge transfer coefficient for the anode and the cathode sepa-

rately, and jo is the exchange current density on the electrode surfaces. The

charge transfer coefficients and the exchange current densities are experimen-

tally defined as a function of temperature for example in [19].

Finally, the simplified model for the cell voltage under constant temper-

ature and pressure as a function of current density can be expressed as

Ucell = Uocv +Rcell jcell + α arcsinh

(
jcell
2j0

)
, (6)
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where Uocv, Rcell, α, and j0 are the parameters to be fitted by experimental

data.

As the above-mentioned parameters have been found by a measured

voltage–current characteristics curve of the electrolyzer cell, the voltage com-

ponents can be studied separately. According to (3), reversible voltage can

be assumed constant as it is not a function of cell current density.

The measured voltage–current characteristics of the studied PEM cell at

ambient pressure and temperature of 75 ◦C are shown in Fig. 1a. A more de-

tailed description of the experimental setup can be found in [20]. The ohmic

and activation overpotentials are shown as a function of current density in

Fig. 1b. The linear voltage–current characteristics at highest current densi-

ties support neglecting concentration overvoltage in this study, even though

the momentarily current density can reach high values in practical devices

with high DC current level and AC ripple components.
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Fig. 1. Voltage–current characteristics of an example electrolyzer cell; (a) cell voltage,

(b) ohmic and activation overpotentials.
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This study assumes, that the power quality effects can be studied based

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 [21]. 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. The specific energy consumption Es of an electrolysis process can be

obtained based on the cell voltage, current density, and hydrogen production

rate

Es =

∫ T

0
PA, cell dt∫ T

0
ṁH2 dt

=

∫ T

0
jcell Ucell dt∫ T

0
ṁH2 dt

, (7)

where T is the time interval under study, PA, cell is the area power density

of the cell as a function of time, and ṁH2 is the hydrogen gas mass flow

rate. 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 kWh kg−1, which can be assumed to represent

the energy consumption of the process with a 100% efficiency.

2.1. Current ripple

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

component in addition to the desired direct current (DC). In this paper, a

sinusoidal ripple is used and iAC defines the ripple amplitude in absolute or

per unit values. 1 p.u. means that the AC ripple amplitude equals the DC
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value, and the current density momentarily reaches a zero value, which is

illustrated, in addition to root-mean-square (RMS) and peak-to-peak values,

in Fig. 2a. AC current amplitudes higher than 1 p.u. are not studied as

those would require momentarily negative current, which practically never

exists in water electrolyzers. The sinusoidal AC component does not affect

the mean value of the current, and thus, jmean = jDC. Fig. 2b illustrates the

difference between current RMS and mean values.

Because of the nonlinear cell polarization curve, the voltage ripple, in

Fig. 2c, is not purely sinusoidal despite the sinusoidal current ripple. There-

fore, Umean and URMS refer to the mean and RMS values of the actual voltage

waveform Ucell. UDC refers to the voltage value with a pure DC supply with-

out ripple under an equal hydrogen production rate as Faraday efficiency is

neglected. Similarly, in Fig. 2d, PA,DC refers to the power density with pure

DC supply without current ripple as PA, cell describes the cell area power den-

sity as a function of time. PA,mean is simply cell power density mean value

over time, and simply called cell power later on. Further, in the case of elec-

trical supply power, 1 p.u. refers to the power required to produce an equal

amount of hydrogen with a pure DC supply PA,DC.

The RMS values are widely used in electrical engineering. The RMS value

of a varying voltage or current equals the DC value, which gives the same

power dissipated by an electrical resistance. The RMS value of current, or

current density in this case, is defined as an integral over the periodic time

jRMS =

√
1

T

∫ T

0

j2cell dt, (8)

where T is the periodic time of the cell current. For voltage, the RMS values
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Fig. 2. Current ripple illustration; (a) 1 p.u. sine current ripple (jAC = jDC) with the

example DC current density level of 2 A cm−1 together with respective RMS and peak-

to-peak values, (b) difference of the current mean and RMS values as a function of ripple

amplitude, (c) cell voltage calculated based on current DC value, as a function of time,

voltage RMS, and mean values, (d) cell area power density calculated in case of pure DC

supply, with current ripple as a function of time, and the mean value of power density

with ripple.

are defined similarly as in the case of current. In the case of sinusoidal

ripple, the current RMS value can be given based on DC and AC component
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amplitudes

jRMS =

√
j2DC +

[
1√
2
jAC

]2
. (9)

Therefore, the current ripple increases the RMS value of the current as shown

in Fig. 2b. Most AC circuits can roughly be assumed to have a sinusoidal

waveform with no DC component. Therefore, some low-end measurement

devices estimate the RMS value directly by the peak value of the current,

which equals to the AC component in case of pure AC current without DC

component, jRMS = 1√
2
jAC. Typically, the measurement devices also give the

peak-to-peak value, which is the difference between the minimum and max-

imum values of the signal, or the minimum and maximum values separately.

On the other hand, even if the waveforms are measured point-by-point, it is

essential to calculate both the mean and RMS values. The situation is the

same if the values are measured by power analyzers (without knowing the

waveform), and thus, the mean and RMS values should be checked. There-

fore, the experimental analysis of power quality and its impact on the specific

energy consumption of an electrolytic cell requires knowledge on the electri-

cal measurement devices in question and the methodology to determine the

electrical quantities.

3. Results and discussion

This section first introduces and discusses the effect of sinusoidal current

ripple on the key electrical and energy consumption characteristics of the

electrolytic cell. Finally, the key characteristics are analyzed in the case of a

practical industrial 6-pulse thyristor rectifier.
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3.1. Effect of current ripple on the electrical power and specific energy con-

sumption

The electrical supply power area density of the electrolytic cell can be

defined by cell voltage and current as shown in the numerator of (7). The

effect of current ripple on the supply power is studied in Fig. 3, where the

power with current ripple is compared with the power with pure DC current.

It is clearly seen that the current ripple increases the required supply

power. The power consumed by the ohmic and activation overpotentials is

shown in Fig. 3c and Fig. 3d. As the ohmic overpotential is linearly related

to the current, based on the definition of RMS values ohmic loss is linearly

dependent on the square of RMS current. Further, in case of sinusoidal

ripple, p.u. value of the resistive loss power density can be written based on

(9)

PA, ohm =
jRMS URMS

jDC UDC

=
Rcell j

2
RMS

Rcell j2DC

=
Rcell j

2
DC +Rcell j

2
AC

Rcell j2DC

= 1 +

[
jAC

jDC

]2
.

(10)

It can be seen that the p.u. value of the resistive loss is not a function of

current DC value, but just the relation between current AC and DC compo-

nents. Therefore, the power lines of ohmic losses in Fig. 3c are overlapping.

However, the relation of the activation overpotential to the current is not

linear, and activation loss is not linearly dependent on the square of current.

Therefore, the p.u. value of the activation loss also depends on the current

mean value.

According to (1), the hydrogen production is directly proportional to the

charge transferred, leading to a linear relation between the hydrogen pro-
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Fig. 3. Electrical supply power of the cell as a function of current AC and DC components;

(a) in absolute values, (b) compared with a pure DC supply in per unit values. Loss

components compared with a pure DC supply, (c) ohmic loss, (d) activation loss.

duction and the current mean value. As seen in Fig. 4a, the current ripple

does not affect the hydrogen production if the Faraday efficiency is assumed

constant. However, in practice, the Faraday efficiency behaves nonlinearly

and has the lowest values under the lowest current densities because of the

leakage currents and gas crossover phenomena [22, 23]. Hence, the hydro-
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gen production may decrease if the ripple decreases the current density low

enough at some time.

Finally, the effect of current ripple on the specific energy consumption of

the electrolytic cell is shown in Fig. 4b. It can be stated that the current

ripple may significantly increase the electrolyzer specific energy consumption,

as expected.
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Fig. 4. Effect of power quality on hydrogen production and specific energy consumption

as a function of current AC and DC components; (a) hydrogen production mass flow rate

(mg h−1 cm−2) as the Faraday efficiency is assumed unity, (b) specific energy consumption

(kWh kg−1) of the cell.

3.2. Effect of current ripple on the voltage mean and RMS values

As the cell voltage under current ripple is defined as a function of time,

mean and RMS values are typically studied. With a resistive load with linear

current–voltage characteristics, the mean value of current would be indepen-

dent and the RMS value would increase as a function of ripple amplitude

as in the case of current. However, the nonlinear activation overpotential
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leads to a fact that the voltage mean value is actually slightly decreased as

a function of current ripple as shown in Fig. 5.
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1.8
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2.2

(a) (b)

Fig. 5. Cell voltage mean value as a function of current DC and AC components; (a) cell

voltage mean value, (b) difference in the cell voltage mean value compared with the cell

voltage with pure DC.

The voltage RMS value is analyzed in Fig. 6a and Fig. 6b. There is no

clear trend in the voltage RMS value as a function of current ripple. The

nonlinear activation overpotential tends to decrease the RMS value especially

at lower current densities as the linear ohmic overpotential increases the

voltage RMS value at higher currents. Therefore, the voltage RMS value

with ripple gets lower values than the DC voltage at current densities below

1 A cm−2 and higher values than the DC voltage at higher current densities.

The cell voltage peak-to-peak value behaves nonlinearly as a function of

current components as shown in Fig. 6c.
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Fig. 6. Cell voltage RMS and peak-to-peak values as a function of current DC and

AC components; (a) cell voltage RMS value, (b) difference in the cell voltage RMS value

compared with the cell voltage with pure DC, (c) cell voltage peak-to-peak value.

3.3. 6-pulse thyristor bridge

The thyristor rectifier has been shown to generate high harmonics and

thereby decrease the electrolyzer efficiency. The thyristor bridge rectifier

was compared with a transistor based on example waveforms in [7]. It was

further shown that the grid AC voltage level has a significant effect on the DC
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power quality of the thyristor rectifiers. Thus, the power consumption of the

studied PEM cell as a function of current density under an example constant

grid voltage compared with a pure DC supply is shown in Fig. 7a. Further,

the peak-to-peak values of cell current density and voltage are illustrated as

a function of current density in Fig. 7b. Fig. 7c shows two current waveforms

as a function of time around the current DC value where the current starts

to momentarily reach zero, which is seen as a knee point in the voltage and

current peak-to-peak value curves.

The harmonics generated by the thyristor bridge induce significant ad-

ditional losses even in the PEM cell with a relatively low resistance. The

effect of harmonics is emphasized under the lowest current densities, where

a large firing angle of the thyristors is required. Especially, the peak-to-peak

value of the current is multiple compared with the current mean value. The

current and voltage RMS values with a 6-pulse thyristor bridge are shown in

Fig. 8.

Because of the large firing angles, the current RMS value is more than 50%

higher than the mean value at low current densities. However, the voltage

mean and RMS values are even lower compared with the pure DC supply

at the lowest current densities with a high harmonics content. Similarly to

the sinusoidal supply, the voltage mean or RMS value does not give any

reliable indication of the power quality of the electrolytic cell supplied with

a thyristor bridge.

To sum up, current ripple in the DC supply for an electrolytic cell may

have significant effect on the specific energy consumption of the electrolytic

cell. To identify and quantify the losses in an electrolytic cell, cell voltage is
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Fig. 7. 6-pulse thyristor rectifier; (a) electrical supply power (p.u.) of the cell as a

function of current density, (b) cell current and voltage peak-to-peak values, (c) example

of current waveforms as a function of time.

typically studied. Due to the nonlinear behaviour of electrolytic cell voltage

at low current densities, and contrary to a case of a purely resistive load,

the mean cell voltage actually slightly decreases as a function of current

ripple. The cell voltage RMS value as a function of current ripple is affected

by the dominating—nonlinear or linear—loss region of the electrolytic cell,

and therefore the cell voltage RMS or the cell voltage mean value are not
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Fig. 8. Cell current and voltage as a function of current mean value with a 6-pulse

thyristor bridge; (a) difference in the current RMS value and mean value, (b) cell voltage

mean and RMS values compared with the cell voltage with pure DC.

reliable indicators of power quality. For practical rectifier topologies of water

electrolyzer systems, where accurate electric current measurement may be

difficult, the cell voltage waveform should be defined point-by-point, and the

power quality should be analyzed based on the current–voltage characteristics

or the cell equivalent model.

4. Conclusions

The electrolyzer cell behavior with sinusoidal current ripple was studied

based on the measured voltage–current characteristics. It can be stated that

current ripple causes additional losses on the electrolyzer cell. Further, it was

found that the difference between the current mean and RMS values indicates

additional losses, although an estimate of the actual additional loss power

cannot be given based on the current alone. Finally, it was found that no
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direct conclusion on the power quality can be made, although any difference,

positive or negative, between the mean and RMS values is an indication of

current ripple. To get a reliable estimate of the DC power quality of the

water electrolyzers, the measurement of current and voltage waveforms as

a function of time is, of course, preferred, but a comparison of the current

mean and RMS values gives a good indication of the power quality. This is

essential in industrial-scale electrolyzers, in which currents are in the kiloam-

pere range, and therefore, difficult to measure in practice. If only the voltage

is measured, it is necessary to define the voltage point-by-point to carry out

an estimation based on the known current–voltage characteristics or the cell

equivalent model. The future work should not concentrate only on the effect

of power quality on the specific energy consumption of water electrolyzers,

but the effect of power quality on the cell degradation should be thoroughly

considered as well.
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of Converter Topology on the Specific Energy Consumption of Alkaline

Water Electrolyzers, IEEE Trans. Power Electron. 34 (7) (2019) 6171–

6182.

[8] L. Bertuccioli, A. Chan, D. Hart, F. Lehner, B. Madden, E. Standen,

Study on development of water electrolysis in the EU, Final report in

fuel cells and hydrogen joint undertaking, 2014.

[9] C. Rakousky, U. Reimer, K. Wippermann, S. Kuhri, M. Carmo,

W. Lueke, D. Stolten, Polymer electrolyte membrane water electroly-

sis: Restraining degradation in the presence of fluctuating power, J.

Power Sources 342 (2017) 38–47.
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