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Our research shows that the amount of power consumed in the production of electrolytic hydrogen can 

be reduced considerably by targeting the resonant frequency of the water electrolysis cell. We tested 

this by measuring the cell voltage for the same levels of current in both DC and frequency controlled 

pulsed voltage applications. In order to reach any given level of electrical current, a noticeable 

reduction of cell voltage was observed when the applied voltage was in the pulsed form at a certain 

frequency. Therefore, less power was applied to the cell in order to maintain its current level at a 

desirable value. Higher production efficiency was observed since the volume of produced hydrogen is 

a function of cell current. The amount of power consumption was up to 15% less in the frequency 

controlled pulsed voltage application mode. Aluminum plates with surface areas of 1.5 cm
2
 and 10 cm

2
 

and potassium hydroxide aqueous solutions with molarities between 0.1 M and 2 M were used as 

electrode plates and electrolyte materials respectively. The electrode plates were placed in different 

distances ranging between 5 mm and 50 mm, and the power sources were sat to reach current densities 

between 50 mA and 400 mA. Random combinations of the mentioned variables were tested several 

times in order to study the electrical behavior, frequency response and impedance characteristics of the 

experimental cell setups. 
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1. INTRODUCTION 

Hydrogen-based energy systems are known as promising replacements for conventional 

technologies [1-3]. Water electrolysis is meanwhile known to be one of the important assets for 

hydrogen production [4-9].  

http://www.electrochemsci.org/
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Enhancing the efficiency of water electrolysis is thus of considerable practical interest, as 

electricity expenses make up a large part of hydrogen production costs [3, 10, 11]. The required 

voltage value of an electrolysis cell is higher than the decomposition voltage of a water molecule. The 

excess voltage is known the overpotential of the cell [12-14]. 

Many efforts have been made to reduce the overpotential [4, 15-18] value for the water 

electrolysis process.  

Research results show that temperature, pressure, electrode material, electrolyte formulation 

and concentration, physical setup of the cell and power supply output waveform have an influence on 

the value of the overpotential. Referring to Faraday’s first law of electrolysis [19, 20], we know that 

“The local gas mass flow rate is proportional to the local current density”. In other words: “The mass 

of a substance produced at an electrode during electrolysis is proportional to the number of moles of 

electrons (the quantity of electricity) transferred at that electrode”. Hence, the goal of an energy 

efficient water electrolysis process is to reach higher levels of current while applying the minimum 

possible voltage to the cell. In most available literature, discussions on this subject are based on the 

physical and chemical configuration of an electrolytic bath rather than its electrical properties. 

It is common to regulate the power or current of today’s water electrolysis cells by controlling 

the output voltage level of a DC power supply [21-24] or by tuning the duty cycle of a pulse width 

modulator power driver [25-27]. These driving methods take no account of the impedance behavior of 

the electrolysis cell and are suitable for pure ohmic [28, 29] loads. At the same time, a few very similar 

electrical models have been introduced for electrolysis cells [14, 22, 30, 31]. By considering these 

models, it is possible to simplify the circuitry to a three component resistive-inductive-capacitive 

(RLC) circuit [32].  

As well as any RLC circuitry, the minimum value of terminal to terminal impedance can be 

achieved by applying non-DC voltage to the cell at its natural frequency [33]. This consideration 

strongly suggests that there is scope for power saving in water electrolysis cells. 

 

 

 

2. EXPERIMENTAL 

The experimental water electrolysis cell is schematically illustrated in Figure 1. The cell 

consisted of a Pyrex container with a capacity of 1800 cm
3
. Aluminum plate pairs with a thickness of 

0.5 mm and surface areas of 1.5, 3, 6 and 10 cm
2
 were placed at different distances of 0.5, 1 and 5 cm 

inside the cell.  

Potassium hydroxide aqueous solutions with molarities of 0.1, 0.5, and 1 M played the role of 

electrolyte for the experiments. Cell temperature was maintained at 25 2 °C during the tests by 

placing the experimental cell container in a water bath. 

Two units of 0 to 30 V, 0 to 3 A laboratory DC power supplies were utilized in order to 

regulate the required voltage for the anode electrode. The power supplies had the ability to 

interconnect in parallel or series, or to function as separate stand-alone units. Different power supply 

configurations made it possible to reach a maximum voltage of 60 V or current level of 6000 mA. 
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Figure 1. Experimental electrolysis cell 

 

An ultra-low resistance metal oxide semiconductor field effect transistor (MOSFET) [34] was 

placed in the path of the cathode electrode and the electrical ground of the system. This device 

functioned as a switch which was able to conduct and cut off the current passing through the cell in the 

frequency range between 0Hz and 2 MHz. A high switching speed, low “ON state” voltage drop and 

ultra-low “OFF state” current leakage made it possible to assume the power MOSFET to be very close 

to an ideal switch [25]. The voltage drop and current leakage of the switching device were negligible 

due to its nominal ratings. 

 A laboratory electrical function generator was used to drive the power MOSFET. The latter 

was sat up to generate a square wave form with a duty cycle (ratio of on state to the total pulse period) 

of 50% - this is referred to as a pulse in this paper. The output frequency range of this device could be 

tuned between 0.1 Hz and 10 MHz. The amplitude of the generated signal was set at -0.5 V for 

shutdown and +18 V for turn-on commands in order to guarantee the best operational conditions for 

the semiconductor switch. 

Laboratory voltage and current meters were used to read the DC voltage between the anode and 

cathode electrodes and the current passing through the cell. As the metering devices were unable to 

read accurate average values for non-DC signals with frequencies below 20 HZ due to their technical 

structure, those values were calculated mathematically [35] wherever they were required, although 

they are not vital to this research. 

In order to study the frequency response of the cell, the first step of each experiment was to 

reach a level of current in DC voltage application mode. Random combinations of different electrode 

size, distance between electrodes and electrolyte molarities were set up for each test case.  After 

applying a +18 V DC “ON” signal to the MOSFET, the output of the DC power supply was tuned to 

gain a desirable cell current. 

Following the first step, the MOSFET driver signal was switched to square wave form. Cell 

voltage and current were read and stored as the frequency was changed on a logarithmic basis from 20 
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Hz to 2 MHz. The latter was done without changing the voltage of the power supply from the value of 

DC mode in each setup case. We repeated each experimental case 10 times in order to test the 

repeatability and reliability of the concept.  The recorded data is used for further analysis in this paper. 

In the next set of experiments, after finding the resonance frequency of each setup, the duty 

cycle of the electrical function generator was tuned to reach the same level of current as in the DC 

mode.  

The power required to reach the same current density in both methods is analyzed in the 

sections that follow below. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Frequency response of the cell 

The available models of electrochemical cells suggest that water electrolysis baths have a non-

linear impedance nature, although such systems are usually driven like ohmic loads. According to 

figures 2-5, the current versus frequency response of the experimental setups support the existence of a 

second order [32] equivalent circuit for modeling a cell. It should be mentioned that for an ohmic load, 

in the case of applying a pulsed signal with a duty cycle of 50% (which was used for all the 

experiments in this section), the average current is supposed to be half of the value of the time of DC 

voltage driving.  

For instance, when a current level of 400mA is recorded in DC mode, a switching current value 

of 200mA is expected for pure resistive loads when the driving pulse duty cycle is 50%.  

Figures 2 to 5 clearly show cell behavior as the switching frequency changes. The illustrated 

figures are a few samples to clarify the pattern of frequency responses of the experimental cells. The 

first graph of each figure represents the results of an individual test, whereas the second graph shows 

the maximum and minimum recorded values based on 10 tests for the experimental case.  
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Figure 2. Current versus Frequency Graphs.  (a) Sample cell current versus frequency for 1.5 cm
2
 

aluminum electrodes placed in 0.1M KOH solution at a 5 cm distance from each other. (b) 

Minimum and maximum recorded values based on 10 sets of recorded experimental results in 

the same conditions. 

 

 

 

 

 

Figure 3. Current versus Frequency Graphs.  (a) Sample cell current versus frequency for 10 cm
2
 

aluminum electrodes placed in 0.1M KOH solution at 5 cm distance from each other. (b) 

Minimum and maximum recorded values based on 10 sets of recorded experimental results in 

the same conditions. 
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Figure 4. Current versus Frequency Graphs.  (a) Sample cell current versus frequency for 1.5 cm
2
 

aluminum electrodes placed in 0.1M KOH solution at a 0.5 cm distance from each other. (b) 

Minimum and maximum recorded values based on 10 sets of recorded experimental results in 

the same conditions. 
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Figure 5. Current versus Frequency Graphs.  (a) Sample cell current versus frequency for 1.5 cm
2
 

aluminum electrodes placed in 1M KOH solution at a 0.05 cm distance from each other. (b) 

Minimum and maximum recorded values based on 10 sets of recorded experimental results in 

the same conditions. 

 

Table 1. summarizes the results of all tests. This table is based on the average value of each 

gathered data set. 

 

Table 1. Natural frequency and peak currents for random setup cases 

 
Electrode size 

(cm
2
) 

Distance 

between 

electrodes(cm) 

Electrolyte 

molarity (M) 

DC current 

(mA) 

Natural 

frequency 

(kHz) 

Peak current 

(mA) 

1.5 0.5 0.1 400 600 236 

1.5 0.5 1 400 20 232 

1.5 1 0.1 400 600 243 

1.5 1 1 400 40 240 

1.5 1 1 200 50 138 

1.5 5 0.1 400 200 230 

1.5 5 0.5 200 4 141 

3 0.5 0.1 50 300 29 

3 0.5 0.1 100 600 67 

3 0.5 0.1 200 700 136 

3 5 0.1 200 200 127 

3 5 1 100 20 61 

3 5 1 50 5 29 

6 0.5 0.1 400 200 241 

6 0.5 1 200 20 135 

6 1 0.5 400 50 239 

6 1 0.1 200 10 131 

6 5 0.1 400 500 232 

6 5 0.1 200 30 119 

10 0.5 0.1 400 20 228 

10 0.5 0.5 200 2 117 

10 5 1 1100 2 582 

10 5 0.1 1100 0.4 565 
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3.2. Simplified equivalent circuit and impedance of the cell 

The above mentioned results clearly follow the frequency response pattern of an RLC band 

pass circuit. Meanwhile, the simplified equivalent circuit of a capacitor is illustrated in Figure 6 [36].  

 

Figure 6. Equivalent circuit of a capacitor 

 

Moreover a water electrolysis cell has structural similarities to an electrical capacitor as it is 

shown in Figure 7 schematically.  

 

Figure 7. Structure of an electrical capacitor 

 

As is clear from this schematic, a typical water electrolysis cell is composed of two parallel 

electrode plates, placed a certain distance from each other with the gap between them filled with an 

electrolyte. The existence of a level of insulation between the electrode plates is inevitable [37], 

although an electrolyte is generally meant to offer the minimum possible electrical resistance in order 

to conduct an efficient electrolysis process [12, 38]. Equation 1 shows the relation between the 

conductance G and resistance R of any given current path. 

 

G=  (1) 
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Adding ionic compounds to water is common in order to increase the conductivity of the 

electrolyte. This action causes the dielectric constant of the solution to be much less than with pure 

water [39-42]. However, even small values of dielectric constant can still exhibit a capacitive behavior 

in the cell. Capacitance is approximately calculable by equation 2[43]. 

 

0  (2) 

 

Where C is the capacitance, 0 is the electric constant ( 8.854  10
-12

 Fm
-1 

), r is the relative 

static permittivity (dielectric constant) of the material between the conductors, S is the overlap area of 

the conductor plates, and d is the distance between them. 

Referring to Figure 6, the capacitance and resistance of the equivalent circuit are influenced by 

the internal setup of the cell, where the inductive element is mainly formed pursuant to the system 

wiring [44]. As in any RLC circuit, total circuit impedance is a function of frequency. In DC voltage 

application (f=0) the capacitor acts as an open circuit and the inductor as a short circuit. Equations 3 

and 4 express the relative impedance of these elements: 

 

ZC =   (3) 

 

ZL=   (4) 

 

Where ZC and ZL are the impedances of the capacitor and inductor relatively, f is the frequency 

of the applied voltage, C is the capacitance of the capacitor and L is the inductance of the inductor.

  

Hence, the ohmic resistance of the electrolyte is the only influencing factor in the impedance of 

the cell, as it is not affected by frequency. As the frequency rises, the capacitor starts to conduct 

electrical current. It follows that the impedance of a model network can be calculated by Equation 5: 

 

Z= ZL+   (5) 

 

Where R is the resistance of the resistor. At higher frequencies, the network of parallel 

connected R and C values show lower equivalent impedance, although the impedance value of the 

inductor keeps rising slightly. Therefore, a rising current value is observed until the frequency reaches 

the natural value of the circuit. As the frequency tends to infinity (in analogy with the resonance 

frequency of the circuit), the equivalent impedance of the RC compartment tends to zero. Meanwhile 

the inductor starts to act as an open circuit and block the current path. As a result, the level of the 

current starts to fall as the frequency passes the resonance value. This slope does not change until the 

inductor cuts off the passing current completely. 

Just like any RLC circuit, there is a natural frequency for the equivalent circuit, where the total 

impedance of the network reaches its minimum value. This frequency is obtained from Equation 6: 
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ω0=   (6) 

 

3.3. Energy saving 

Where the electrical impedance of the cell can be minimized in this way, a lower cell voltage 

should be required in order to maintain the cell current at the desired value. This expectation is based 

simply on Ohm’s Law [45], which can be expressed as Equation 7 where V is the voltage, Z is the 

electrical impedance, and I is the current passing through the cell: 

 

V=ZI   (7) 

 

Our next step was to test the effect of adjusting the frequency of the applied voltage in order to 

enhance the efficiency of hydrogen production. In this test, the pulse width and the frequency of the 

applied signal were tuned simultaneously. At a certain pulse width, the frequency was manually varied 

to a higher or lower level. The value of the current of the cell was used as a guide to find out whether 

we were getting close to the natural frequency or not. Meanwhile, pulse width adjustments helped to 

maintain the target cell current density during the test. Cell voltage, current and current density were 

recorded at the resonance frequency for each cell configuration. By comparing the mentioned values as 

well as the cell power with those recorded in DC voltage mode, we were able to observe a reduction in 

the level of voltage and, as a result, of the level of power needed in order to achieve a certain level of 

current. The reduction of power required in order to maintain a given current level was considerable in 

the cases of high current density and larger electrode surface area size. This series of tests was also 

carried out on random cell configurations and repeated 10 times for each case. Table 2 shows the 

average values of each test, where A is the electrode surface area, d is the distance between electrodes, 

J is the current density, V is the voltage and I is current. The tests were conducted in potassium 

hydroxide with different molarities. 

As it can be seen in table 2, the reported results are limited to the test cases in which the voltage 

readings did not exceed 20 V. We know that in order to maintain the current density level of the cell 

for larger electrode plates, its current has to be increase accordingly by tuning the level of applied 

voltage to the cell in this case. The mentioned limitation is because voltage tuning was the method of 

current regulation in the experimental work and since the utilized precision voltage-meter was unable 

to read the voltages over 20 V with the same resolution (10 mV) as those with the values below that 

barrier due to its internal and built limitations. 

The mentioned voltage level fluctuations can be traced for different experimental cases 

reported in table 2. By reviewing table 2 it can be seen that the test conditions of each two consequent 

cases differ in only one variable. By comparing the results of the cases where the difference is the 

electrodes surface area, higher current level and as a result higher cell voltage is recorded. Meanwhile, 

increasing and decreasing the distance between electrodes caused higher and lower cell voltage levels 

respectively. Moreover, the use of more concentrated electrolyte solution resulted in lower electric 

resistance through the current path as its “specific electrical resistance” is lowered. The latter caused a 
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sudden reduction of inter-electrode voltage. These variations and their causes are explained more 

detailed as in equations 10 and 11 and figure 8. 

 

Table 2. Cell voltage and current in DC and resonance mode 

 

Cell Setup 

Conditions 

Target J 

(mA cm
-2

) 

I cell DC 

(mA) 

V cell DC 

(V) 

Vcell 

resonant 

(V) 

I cell resonance 

(mA) 

A=1.5 cm
2
 

d= 10mm 

0.1M 

KOH 

50 75 6.05 5.75 75 

100 150 9.81 9.42 150 

200 300 15.49 15.25 300 

A= 6 cm
2
 

d= 10mm 

0.1M 

KOH 

50 300 11.27 10.97 300 

100 600 17.73 17.19 600 

A= 6 cm
2
 

d= 5mm 

0.1M 

KOH 

50 300 9.04 8.58 300 

100 600 12.47 12.08 600 

A= 10 cm
2
 

d= 5mm 

0.1M 

KOH 

50 500 11.56 11.07 500 

100 1000 16.00 14.6 1000 

A= 10 cm
2
 

d= 5mm 

0.2M 

KOH 

50 500 3.98 3.95 500 

100 1000 4.57 4.50 1000 

200 2000 6.74 6.09 2000 

300 3000 7.56 7.51 3000 

A= 10 cm
2
 

d= 10mm 

0.2M 

KOH 

50 500 5.34 4.27 500 

100 1000 6.32 6.29 1000 

200 2000 7.90 7.80 2000 

300 3000 10.91 10.63 3000 

 

As can be seen from Table 2, in all cases the desirable current density was reached with a lower 

cell average voltage; in other words, by consuming less power in resonance frequency than in DC 

mode. Cell power can be calculated by Equation 8 below: 

 

P=V I  (8) 

 

Where P is cell power, V is cell average voltage and I is the average current level of the cell.  

Based on the observed reduced power application to the cell, a variable frequency pulse width 

modulated power driver could be used as a voltage, current or power regulator to drive an electrolytic 

hydrogen production unit. 
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According to the Faraday’s laws of electrolysis, the mass of altered material at the surface of 

each electrode depends on the number of electrons passing through the cell. The volume of electrolytic 

gas production can be stated as in equation 9: 

 

V =   (9) 

 

Where V is the volume of generated gas in liters, R is the ideal gas constant (=0.0820577 L atm 

mol
-1

 K
-1

), I is the current in Amperes, T is the temperature in Kelvins, t is the time in seconds, F is the 

Faraday’s constant (=96485.31 C mol
-1

), p is the ambient pressure in atmospheres, and z is the number 

of excess electrons (=2 for H2). As it can be seen, cell voltage does not have any effect on the amount 

of the produced gas.  

As the cell temperature and pressure were the same for each and every test, cell current was the 

only changing value of the experiments. 

As it is illustrated in table 2, application of the frequency controlled pulsed voltage causes less 

power consumption in order to maintain the cell current level at a certain level. Therefore, we observed 

higher hydrogen generation efficiency. 

 

3.4. Equivalent circuit variables 

As mentioned earlier, the assumed equivalent electrical circuit consists of resistive, capacitive 

and inductive elements. The values of, and influencing factors on, these are discussed separately 

below: 

1- Resistive element: Is a result of the electrical resistance between electrode plates. The 

leakage resistor in the equivalent circuit of an actual capacitor causes the flow of unwanted currents 

through the dielectric medium between the plates. The electrical resistance of an electrolyte material 

can be calculated as in Equation 10: 

 

R=   (10) 

 

Where R is the electrical resistance, is the resistivity (specific electrical resistance) of the 

material, is the length and is the cross section area of the conductor. The value of leakage resistance 

between practical capacitor plates is usually very large because of the high levels of insulation 

generally found in common dielectric materials.  

The resistance of the electrolyte (Rleakage) can be calculated by Equation 10 before the voltage is 

applied. The flow of electrical current forms gas bubbles in the electrolyte, which leads to the creation 

of a void fraction [46] between electrodes and a consequent reduction of the effective cross section 

area of the electric current path in that area. As is illustrated in Figure 8, the distance between 

electrodes “l” has been broken into n smaller segments “li”. Hence, by using Equation 10, the 

resistance of each partial length of li section can be calculated.  
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Figure 8. Void fraction formation in an electrolyte 

 

As the efficient cross section area for each li is reduced by the presence of gas bubbles, the total 

amount of R increases. Hence, Equation 10 can be re-written as below: 

 

R= ( i )              (11) 

 

In addition, void fractions and bubble sizes are known to be affected by temperature and 

pressure respectively [47]. The rate at which bubbles form, their size and their departure speed in a 

water electrolysis cell is dependent on a number of factors, namely: the electric current density, the 

electrodes and separator materials, their size, shape and proximity, pressure, electrolyte molarity and 

any contaminations [12, 47-50]. After applying the voltage, any changes in the above-mentioned 

variables affect the void fraction value of the cell. 

The value of the equivalent series resistance (RESR) is determined by the external electrical 

resistance values of the cell, such as the resistance of wiring and connections. This variable is affected 

by ambient circumstances such as temperature and wiring length. 

2- Capacitive element: In addition to the capacitive nature of a water electrolysis cell discussed 

in prior sections, it should be mentioned that, although the dielectric constants of electrolytes are not as 

high as those of capacitors, a practical hydrogen production bath contains electrodes much larger than 

actual capacitor plates. Hence, its total capacitance is not negligible. 

Moreover, the void fraction affects the dielectric constant of the mixture between electrode 

plates, as oxygen and hydrogen bubbles have dielectric constant values of their own. Hence, the 

capacitance of a water electrolysis cell is also a time variant function of the same influencing variables 

as leakage resistance. 

3- Inductive element: Is the summation of the inductances of wiring, connections and intrinsic 

electrochemical inductances [44]. Therefore, the diameter, length, shape and temperature of wiring 

http://en.wikipedia.org/wiki/Equivalent_series_resistance
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have effects on the LESL – as do the applied voltage, frequency, electric current, connections method 

and electrolyte characteristics. 

 

 

 

4. FURTHER WORKS 

The value of each individual part of the introduced equivalent circuit is time variant. On the 

other hand, some can be represented as functions of the same physical variables. This makes 

introducing an exact mathematical model for the equivalent circuit a sophisticated task. This modeling 

could nevertheless help designers to make reasonably accurate assumptions when choosing or 

designing power regulation equipment for electrolysis systems.  We therefore believe that 

mathematical modeling of the actual transfer function might be an interesting subject for further 

research. 

In addition, further work to build and analyze experimental results based on numerous test 

cases is in our view recommended in order to point out relating patterns between the physical setup 

and frequency response of cells. 

 

 

 

5. CONCLUSION 

Driving a water electrolysis cell based on its natural frequency enhances the efficiency of 

hydrogen production. According to current vs. frequency graphs, an electrolysis cell shows minimal 

electrical impedance in its resonant frequency. This feature was used by us to reduce the cell voltage 

needed to reach a certain level of current. We were able to achieve a reduction in cell voltage of up to 

15% in the cases of high current density and larger electrode surface area. 

The concept of this research can be applied mutatis mutandis to any electrolysis cell, as the 

electrical equivalent circuits of these cells all follow similar patterns. However, the actual circuitry 

involved will not always be the same, as any physical setup change in the cell can lead to different 

element values in the equivalent circuits. This variation could in turn cause drifts in the natural 

frequency of the cell – although we would not expect these to have any significant impact on the level 

of voltage reduction or its value. 
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