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Ni Nickle 

PEL Power Engineering Laboratory 

PEM Proton exchange membrane 

RES Renewable energy sources 

U-I Electrical current-voltage 

UNIZAG FSB University of Zagreb, Faculty of Mechanical Engineering and Naval 

Architecture 

 



Matej Paranos 

XIV 
University of Zagreb Faculty of Mechanical Engineering and Naval Architecture  

Doctoral dissertation 

ABSTRACT 

In this doctoral dissertation, the influence of the magnetic and optical fields on the process of 

alkaline water electrolysis has been analysed. For that purpose, an experimental setup was 

designed and an electrolyzer was constructed. In the scope of the research implementation of 

the nickel (Ni) foam electrodes instead of smooth surface Ni electrodes was analysed. Based on 

the experimental results an adjustment of the mathematical model for the calculation of energy 

efficiency was proposed. The results of the research have been presented in detail, and 

conclusions were drawn out. Positive effects of the influence of the magnetic and optical fields, 

as well as the application of foam electrodes are observed, which means that the original 

hypothesis of the research was confirmed. 

 
Keywords: Hydrogen technologies, Alkaline electrolyzer, Magnetic field, Optical field, Ni 

foam electrodes 
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EXTENDED ABSTRACT 

A development of hydrogen technologies is rapidly increasing worldwide, among which is 

hydrogen production in alkaline electrolyzers. The main topic of this doctoral thesis is the 

research of the influencing factors on the energy efficiency of the alkaline electrolyzer. The 

analysed influencing factors include the application of the magnetic and optical field, and an 

implementation of the Ni foam electrodes, respectively. 

The first chapter of the doctoral dissertation is INTRODUCTION. In this chapter it was given 

a view on the energy transition from a fossil fuel-based economy to the hydrogen-based 

economy, towards a carbon-neutral society. Then follows detailed analysis of the state of the 

art of hydrogen technologies, with a focus on the hydrogen production via alkaline water 

electrolysis. At the end there were given thesis objectives, hypothesis, methods, and plan of 

research. 

Following an introduction, the chapter 2. EXPERIMENTAL RESEARCH details a description 

of the experimental setup. First, the application of the magnetic and optical fields is analysed. 

The development and design adaptation of the electrolyzer and electrodes were presented in 

detail. The process of measurement and data processing is elaborated, including the calculation 

of energy efficiency. 

The next chapter is ADAPTATION OF EXPERIMENTAL RESULTS IN a MODEL where 

the adjusted version of the mathematical model for calculation of energy efficiency was 

presented. Based on the results of the experimental measurements, a model has been adjusted 

by using MATLAB/Simulink software. 

The chapter RESULTS includes the results of the experimental research and comparison with 

adjusted mathematical model. The results have been analysed in detail, and conclusions were 

drawn out. 

The final chapter is CONCLUSION in which the summary of the research was given, with 

elaborated results. Analysis of the confirmation of hypothesis was given and scientific 

contributions were listed. At the end, it was presented planned future research. 
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PROŠIRENI SAŽETAK 

Razvoj vodikovih tehnologija u velikom je porastu diljem svijeta, među kojima je i proizvodnja 

vodika u alkalnim elektrolizatorima. Glavna tema ovoga doktorskoga rada je istraživanje 

utjecajnih čimbenika na energetsku učinkovitost alkalnoga elektrolizera. Analizirani utjecajni 

čimbenici uključuju primjenu magnetskoga i optičkoga polja, te primjenu elektroda od Ni pjene. 

Prvo poglavlje doktorske disertacije je UVOD. U ovom poglavlju prikazan je pogled na 

energetsku tranziciju s gospodarstva temeljenoga na fosilnim gorivima na gospodarstvo 

temeljeno na vodiku, prema ugljično neutralnom društvu. Zatim slijedi detaljna analiza 

trenutnog stanja vodikovih tehnologija, s fokusom na proizvodnju vodika alkalnom 

elektrolizom vode. Na kraju su opisani ciljevi rada, hipoteza, metode, te plan istraživanja. 

Nakon uvoda, u poglavlju EKSPERIMENTALNA ISTRAŽIVANJA detaljno je opisana 

eksperimentalna staza. Najprije je analizira primjena magnetskoga i optičkoga polja, a potom 

je detaljno prikazan razvoj i prilagodba dizajna elektrolizatora i elektroda. Razrađen je postupak 

mjerenja i obrade podataka, uključujući i proračun energetske učinkovitosti. 

Sljedeće poglavlje je MATEMATIČKI MODEL gdje je prikazana prilagođena verzija 

matematičkoga modela za proračun energetske učinkovitosti. Na temelju rezultata 

eksperimentalnih mjerenja model je prilagođen korištenjem softvera MATLAB/Simulink te je 

prikazana uspješnost prilagodbe. 

U poglavlju REZULTATI prikazani su rezultati eksperimentalnoga istraživanja koji su detaljno 

analizirani te su doneseni zaključci. 

Završno poglavlje je ZAKLJUČAK u kojemu je dan sažetak istraživanja s razrađenim 

rezultatima. Opisana je analiza potvrde hipoteze s navedenim znanstvenim doprinosima 

istraživanja. Na samom kraju predstavljena su planirana buduća istraživanja. 
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1. INTRODUCTION 

In a world that is steaming towards a carbon-neutral society, hydrogen technologies are 

recognized as an indispensable part of the global energy transition. Hydrogen can be even 

considered as an essential part since the ultimate goal of zero carbon dioxide (CO2) and 

greenhouse gasses (GHG) emissions. In synergy with renewable energy sources (RES), 

hydrogen can serve as a long-term energy storage solution, enabling a great balance of the 

electro-energy grid [1]. Hydrogen produced by using RES is generally known as 

renewable/clean/green hydrogen, while hydrogen produced from fossil fuels, is know as gray 

or blue hydrogen. In term of green energy transition, gray and blue hydrogen are unacceptable 

because of enormous CO2 emission [2]. Considering how renewable hydrogen is an excellent 

link to the RES, with skyrocketing investment in RES in the last twenty years, more and more 

investments have been made in the research and development of hydrogen technologies. The 

main reason for this is the maturing of awareness of the consequences of human action on the 

atmosphere and the environment [3]. Due to the growing problems with climate change, the 

need for carbon-neutral energy systems has been recognized becoming clear that clean energy 

has no alternative [4]. 

The basic principle of the utilisation of hydrogen technologies is understanding that hydrogen 

is not an energy source, but an energy carrier [5]. The electricity produced by RES, if cannot 

be utilised in the given moment, can be stored in the form of chemical energy in hydrogen by 

powering the process of water electrolysis, where water is split into oxygen and hydrogen [6]. 

The hydrogen then can be stored as a gas in high-pressure tanks, liquified in cryogenic tanks or 

in metal hydride storage units [7]. Then, when need for the electricity arise, hydrogen can be 

used in the fuel cells. In fuel cells, the chemical energy stored in hydrogen is converted back 

into electrical energy [8]. In the process of utilisation of hydrogen, for the storage of electrical 

energy, conversion from one form of energy into another (electrical energy to chemical energy), 

and then back from the second form to the first one (chemical energy to electrical energy), 

causes the losses in the process. The problem of efficiency of those two energy conversions is 

one of the reasons why hydrogen technologies were long time neglected. Thus, efficiency of 

the first energy conversion, and the ways how to increase that efficiency, is the main topic of 

the research of this work. 
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Research carried out in the scope of this doctoral dissertation was conducted in the Power 

Engineering Laboratory (PEL), at the University of Zagreb, Faculty of Mechanical Engineering 

and Naval Architecture (UNIZAG FSB). The main feature of the PEL is its extensive history 

of experimental research in areas of clean energy technologies [9], climate changes, materials 

like nickel, Ni [10], RES [11] and storage with a special focus on hydrogen technologies [12]. 

An autonomous hydrogen production system was developed [13], which resulted in the 

development of the First Croatian hydrogen-powered bicycle and First Croatian Hydrogen 

Refuelling Station (HRS) [14]. That HRS was installed in front of the PEL [15] and it represents 

one of the first pieces of hydrogen infrastructure in Croatia. The goal in the coming decades is 

to develop hydrogen infrastructure in Croatia [16], with PEL as the one of the few key places 

for generating scientific development. By adoption of the Croatian Hydrogen Strategy by 2050 

(Cro: Hrvatska strategija za vodik do 2050. godine) by the Croatian Parliament [17], hydrogen 

is set to have an inclusive role in almost all energy sectors [18] and the research development 

will only increase [19]. By expanding knowledge of hydrogen technologies, PEL aims to stay 

at the forefront of Croatian hydrogen knowledge generation by researching and implementing 

novel technologies, such as electrochemical hydrogen compression [20].  

1.1  Research overview 

With the rise of global awareness of the climate change, the harmful effects of CO2, and GHG 

emissions, the research in the RES and hydrogen has significantly increased all over the globe 

[21]. With the energy transition in full swing [22], developments in hydrogen infrastructure 

[23], transportation and storage [24], utilisation of RES [25], and hydrogen production [26] are 

bringing results as the application of hydrogen technologies is growing [27]. An interesting 

field of research proved to be production of the renewable hydrogen, with the main goal to 

increase the efficiency of the process [28] and reduce the cost of producing the hydrogen [29]. 

Two main types of electrolyzers, are Proton Exchange Membrane (PEM) electrolyzers [30] and 

Alkaline electrolyzers [31]. These technologies are more mature in comparison to other types 

of electrolyzers, like Solid Oxide electrolyzers, which are still mostly in the early research phase 

[32], [33], [34]. The research on the efficiency [35] of the alkaline water electrolysis [36], and 

implementation of beneficial applications [37], is ongoing and it is a main research area of this 

work as well. 
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Research of alkaline water electrolysis is primarily focused on the increase of the efficiency of 

the process [38] and lowering cost of the maintenance by researching the materials of the 

electrodes [39]. To increase energy efficiency, many influencing factors were researched [40]. 

These factors are temperature [41], the gap between electrodes [42], the application of different 

materials [43], impact of the application of ultrasound [44], fluctuating voltage [45], electrical 

current [46] and power supply [47], and pulsating potential [48]. The usage of three-

dimensional (3D) electrodes [49] advances the research in the usage of foam electrodes [50], 

where the influence of pore size [51] and oxygen evolution was conducted [52]. An example of 

the application of the influencing factor is sunlight [53], especially if used in combination with 

foam electrodes [54]. For analysis of alkaline water electrolysis [56], model processes [57] and 

compare results with the experimental research [58], a mathematical models were adjusted [55]. 

Finally, amongst various innovative research, quite promising appeared to be the application of 

the magnetic field in alkaline water electrolysis [59]. The application of a magnetic field 

indicated an increase in current density [60]. Therefore, other research has been conducted to 

determine the level of efficiency gains in basic systems [61]. Promising initial results increased 

the number of studies using magnetic fields, including examining the influence of Lorentz force 

on multi-electrode electrolyzer systems [62] and consequently, hydrogen production [63]. This 

provides positive results of the usage of the magnetic field [64], by using experimental approach 

[65] and model adjustment [66] as the research methods [67]. Analysis of oxygen [68] and 

hydrogen [69] bubble evolutions further improved the knowledge about gas generation on the 

electrodes [70]. The main impact the magnetic field has on the alkaline water electrolyzer is the 

creation of Lorentz force [71]. It enhances the removal of newly generated bubbles from the 

surface of the electrodes [72]. Other research is focused on the strengthening of the magnetic 

field [73], and the application of non-uniform magnetic fields [74], with the same goal of 

analysing the impact on the efficiency [75]. Investigation of different cost-effective electrodes 

under a magnetic field [76] opens the way for combining multiple applications on the same 

research. Analysis of the implementation of the foam electrodes under the application of the 

magnetic field [77] confirmed the improvement of energy efficiency [78]. The different 

combinations of the two fields can be in analysis of the combining effects of the implementation 

of the magnetic and optical fields [79]. The last three papers served as main motivation for this 

research. The goal of this research is to go a step further and analyse the effects of three different 

applications: magnetic field, optical field, and foam electrodes.  
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1.2  Research objectives 

Research objectives are: 

1. To experimentally prove the influence of magnetic and optical fields on increasing the 

efficiency of the alkaline water electrolysis. 

2. To adjust a mathematical model of water electrolysis, which will be used for the calculation 

and development of future alkaline electrolyzers. 

1.3  Hypothesis 

Hypothesis of the scientific research is: 

“The application of an external magnetic and optical field to the process of alkaline water 

electrolysis increases the efficiency of the alkaline electrolyzer with Ni foam electrodes.” 

This hypothesis was tested by conducting experimental research on laboratory-made alkaline 

electrolyzer.  

1.4  Research methods 

Two main research methods used in this scientific research were experimental research and 

mathematical modelling. The focus is placed on experimental research, with the design of the 

alkaline electrolyzer. The secondary research method is the adjustment of existing 

mathematical modelling for the alkaline electrolyzer with the implementation of the effects of 

the magnetic and optical field on the process. 

1.4.1 Experimental research 

The most accurate way to prove or disprove the defined hypothesis is to test it on the 

electrolyzer. Therefore, the experimental research was chosen to be the main method of 

research. All experimental work was conducted in the PEL of the UNZAG FSB. An essential 

part of the experiment was the development of the alkaline electrolyzer. The final design of the 

electrolyzer was created after initial research with less complex equipment. Alongside the 

development of the electrolyzer, the whole experimental setup was developed, including power 
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equipment, connection equipment, measurement equipment, recording and analysing 

equipment to protection equipment.  

1.4.2 Mathematical modelling 

Since experimental research cannot provide results for more than a few chosen points under 

specific parameters, a mathematical model was adjusted to analyse any point of interest between 

those tested in the experiment. It represents a secondary research method in the overall scope 

of this thesis. The model presents an adjustment of the existing mathematical model that 

describes the calculation of the efficiency of the alkaline water electrolysis process. Its main 

purpose is to simplify and intensify the development of future alkaline electrolyzers with the 

application of magnetic and optical fields. 

1.5  Research plan 

The research plan was developed under the mentorship of Assoc. Prof. Ankica Kovač. The plan 

was designed to optimise the complex design of the experimental setup in each time period. It 

is divided according to the following basic points: 

1. Introduction to the physical basis of the field of research of water electrolysis and alkaline 

electrolyzer through experimental work and theoretical research. Since this work is based on 

experimental research, for the preparation of the doctoral thesis it was necessary to get 

acquainted with the work in the laboratory, the basics of experimental setup, and the 

development of experimental work. 

2. Development of an alkaline electrolyzer with smooth surface Ni electrodes, complete 

experimental setup with the appropriate measuring devices, and conduction of the first 

experimental research. Processing and analysing measurement data and results on the basic 

concept is a major step in developing the main experimental setup. 

3. Introduction of an external source of magnetic field using permanent neodymium magnets 

or electromagnets, that create an intense magnetic field in the interelectrode space of the 

electrolyzer. The basic premise of the success of the implementation of the experimental work 

is to enable the overlap of the magnetic field and the interelectrode space between the two 

electrodes, which will enable the creation of the Lorentz force. 
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4. Application of external green light to the process of water electrolysis: It is necessary to 

provide such a design that will allow the action of spectral radiation on the interelectrode space 

where bubbles of hydrogen and oxygen gases are formed. 

5. Application of Ni foam electrodes instead of smooth surface Ni electrodes with which initial 

experiments were to be performed. That will ensure a change in the geometric structure of the 

electrodes by providing a larger contact surface between the electrolyte and the electrode 

surface. 

6. Development of the adequate design of electrolyzer, design of the experimental setup, and 

conduction of experiments, including data collection and processing, and the subsequent 

analysis of the impact of its combined effect on the process. 

7. Adjustment of a mathematical model to perform separate analyses to be compared with the 

results of the experiment. 

8. Writing a doctoral dissertation with detailed description of the experiment and installation of 

the experimental setup ensuring the reproducibility of the experiments. It also includes 

presentation and analysis of experimental results and their comparison with the results of the 

adjusted mathematical model, together with analysis of confirmation/refutation of the 

hypothesis with the analysis of the achieved objectives. 
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2. EXPERIMENTAL RESEARCH 

Experimental research is the main method of research of this doctoral thesis. Therefore, great 

care is placed on the design of the experimental setup and conduction of the experiments. An 

essential part of the experimental setup is an alkaline electrolyzer. As stated in the hypothesis, 

the influence of magnetic and optical fields on the process of water electrolysis was analysed. 

While the application of the optical field is relatively easy to implement in the design of the 

electrolyzer, the implementation of the directed magnetic field is quite problematic from the 

construction side. A request of having magnetic field withing the electrolyzer has great impact 

on the shape and overall geometry of the electrolyzer. For that reason, external fields applied 

in experiments with accompanying equipment are described in detail.  

Additional equipment consists of power and connection elements and measurement equipment. 

Since scientific research is a live process, the experimental setup was changing and growing 

during the research, becoming ever bigger and more complex. In the last part of this chapter, 

the experiment was explained in detail. 

2.1  Magnetic field 

 
Application of the magnetic field in the electrolyzer proved to be a challenging task. First, the 

application of the magnetic field created engineering problems since the usage of ferromagnetic 

materials is limited if not completely avoided in the vicinity of the magnetic field. That 

effectively eliminated option of using commercially available alkaline electrolyzers in the 

research and the focus shifted towards laboratory-made electrolyzer. The second problem was 

sheer inexperience in dealing with magnets and magnetic fields. This meant slowly introduction 

of magnets and the application of neodymium permanent magnets in the first phase of the 

research. Based on initial experiments, it was concluded that permanent magnets cannot create 

sufficient magnetic fields, and only the implementation of electromagnets will enable creation 

of the magnetic fields with better properties, which proved correct. 

Over the course of the research, conflicting aims in the design clashes: 

- the goal to increase the strength of the magnetic field imply a reduction of the space 

between the north and south pole of magnets, while on the other hand 
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- construction of the electrolyzer demand as much space as it can get for better properties 

of the construction. 

Maintaining the constant directed magnetic field also proved to be no easy task, as magnets 

facing opposite poles have the intention to connect, creating strong forces between them. To 

prevent connection, the geometry of the apparatus that is used should enable movement for 

easier operation and handling, and at the same time security for the operator and equipment. 

2.1.1 Permanent magnets 

The first conclusive research was conducted with permanent magnets in the shape of cubes of 

25x25x25 mm. Since experiments demand the ability to apply and remove magnetic fields, the 

magnet’s application must be portable and easily accessible. In that purpose magnet’s 

adjustable holding device was made. It was made of wood, aluminium, and copper, with iron 

plates, intended for keeping magnets separated one from another. The magnets were set into 

positions with opposite poles facing each other. Since the force that is keeping magnets 

connected to the iron plates is stronger than those of their mutual attraction, a stable 

inhomogeneous magnetic field was created between them. Distance between magnets can be 

manually adjusted. With the reduction of the distance between magnets two observations 

emerged: First, the magnetic flux density of the field increased, and second, the field became 

more homogeneous. Measurements of the magnetic field were conducted with laboratory-made 

Hall sensor and were described in the later subchapters. The other way to increase the magnetic 

flux density of the magnetic field by permanent magnets was the addition of a second pair of 

magnets. However, that proved to be insufficient as the increase was limited and the addition 

of the third pair would yield even smaller benefits in terms of the magnetic flux density increase. 

Distance between magnets in the experiment was determined by the thickness of the upper tank 

of the Electrolyzer 3, used in initial experiments. Therefore, magnets were separated at 25 mm. 

The inhomogeneous magnetic field was measured in 3D with the Hall sensor and mapped in 

detail. The magnetic flux density at the surface of the magnets was approximately 630 mT, at 

the centre of the plate where the magnetic flux density is highest. From the centre towards the 

edges of the surface, magnetic flux density slightly dropped, and then plummeted near the edge 

of the magnet’s cube. As the Hall sensor is moved away from the surface, towards the middle 

between two magnets, the magnetic flux density value drops. In the middle of the field, 12.5 

mm forms both edges of the magnets, it reaches the minimum, with approximately 380 mT at 

the centre, projected to the surface of the magnets. As sensor move from the centre of the 
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projected plane of the magnet’s surface to the projected edge of the magnet’s cube, the magnetic 

flux density value slightly drops towards the edges and beyond, but there is no sudden drop in 

values like that one measured near the surface. 

The created magnetic field was directed from the north face of one magnet toward the south 

face of the second magnet with the electrolyzer in between. More precisely, the electrodes of 

the electrolyzer in Electrolyzer 3 were 25 mm high and were placed so the top of the electrodes 

was in the same plane as the top surface of the magnets facing each other. Electrodes were also 

separated 25 mm one from another, therefore, creating the interelectrode space that was 

overlapping with the magnetic field. The combination of the magnetic and electric forces 

creates the Lorentz force, which is perpendicular to both (Figure 1). 

 

Figure 1. Visual presentation of the Lorentz force 

2.1.2 Electromagnets 

After analysis of the results of initial experiments with permanent magnets and Electrolyzer 3, 

it was confirmed that the application of magnets had a visual and a positive impact on 

efficiency. The results also suggested that with the increase of the magnetic flux density of the 

field, the increase in the efficiency of the water electrolysis is higher as well. In other words, 

the stronger the magnetic field the higher the efficiency increase. The main problem with 

permanent magnets is the lack of flexibility in the creation of magnetic fields of different 

strengths and shapes. To increase or decrease the strength of the field, additional pairs of 

magnets would be needed to add or remove. The secondary problem was the fact that the 

magnetic field was inhomogeneous. It de facto meant that with the change in the distance 

between magnets, the shape of the field would change, and the fields would not be compatible 

for comparison. Therefore, the reduction or increase of the distance between magnets was not 



Matej Paranos 

University of Zagreb Faculty of Mechanical Engineering and Naval Architecture  
10 

Doctoral dissertation 

optional. The problem could be eliminated by the implementation of electromagnets, where the 

magnetic flux density of the created magnetic field could be regulated by the electrical current 

in the coils.  

For the research the electromagnet AGEM 5520 of Schwarzbeck Mess-Elektronik was 

acquired. Electromagnets can generate strong magnetic fields above 2 T. It was designed for 

experimental applications. Depending on the required magnetic flux density, the air gap 

between poles can be adjusted continuously. The magnet poles come with a partial conical 

shape that is close to the test volume. This is to improve accessibility and to better optimize the 

achievable magnetic flux density. From the safety aspect, the locking of the coils is achieved 

by the usage of hand levers for each coil [80]. It was purchased with a complementary power 

supply that was described separately later in the chapter. Its two main regulations systems were 

adjustable airgap between magnets and change of electrical current. Basically, by reducing the 

distance between magnets and increasing the electrical current on the power supply, the 

magnetic flux density was increasing in the test volume (Figure 2). 

 

Figure 2. The magnetic flux density of the created magnetic field in the dependence of 

air gap between magnets and electrical current [80] 
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2.2 Light 

The application of the optical field was introduced in the final phase of experimental research 

with Electrolyzer 4. Since the creation of the magnetic field was a more complex problem, the 

design of the electrolyzer was subordinated to it. The optical field was introduced into the 

electrolyzer through the integration of light-emitting diodes (LEDs). The LED light serves as 

an additional energy source that can positively impact the electrolysis process. When LED light 

is employed in the electrolysis process, it serves as more than just an additional energy source. 

It has several beneficial effects that optimize various aspects of the electrochemical reactions. 

While LEDs may not have the same energy levels as some other light sources, they still can 

provide influence. 

One key aspect of the LED's contribution is delivery of photons with specific energy levels. As 

these photons are absorbed by the electrode materials, they induce a photoexcitation process, 

elevating electrons to higher energy states. This heightened electron activity enhances the 

electrochemical reactions involved in water splitting. The interaction between the LED light 

and the electrode materials acts as a catalyst, expediting the conversion of water into hydrogen 

and oxygen. Moreover, LED light tackles overpotential challenges in electrolysis. 

Overpotential is the extra voltage needed to start a specific electrochemical reaction. 

Introducing LED light uses photon energy to decrease this overpotential, making the process 

more energy efficient. This lowers overall energy consumption and boosts hydrogen gas 

production efficiency. The effects of LED light on alkaline water electrolysis extend beyond 

the direct contributions to energy levels. Photons, interacting with electrode materials, induce 

subtle yet impactful changes in surface properties. These alterations enhance the catalytic 

activity of the electrodes, with different light wavelengths selectively influencing these 

modifications. This improves the catalytic efficiency of the electrodes, optimizing reaction 

kinetics and further enhancing overall electrolysis efficiency. It's crucial to note that while the 

potential benefits of LED light are evident, optimal conditions for leveraging these effects are 

still under ongoing research. Factors influencing outcomes include light intensity, wavelength, 

and electrode material choice. Researchers are actively exploring and refining these parameters 

for optimal results [81]. 

In the scope of this research, the energy consumption of the LED was not calculated into the 

overall energy efficiency calculation for several reasons. First, this research is based on the 

research of the energy efficiency of the effects applied on the process, not overall all energy 
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efficiency of the electrolyzers. For example, if the study showed potential, the energy of the 

Sun with the application of wavelengths filters can be applied, excluding any energy 

consumption in the overall energy efficiency calculation. Second, neither the energy for the 

electromagnet is calculated for the overall energy efficiency calculation and the energy 

consumption of the electromagnet is by several powers larger than those of the LED. Finally, 

the energy consumption of the LED in the experiment is not significant for the calculation of 

the energy efficiency since the power consumption of the LED is by several powers lower than 

those of the electrolyzer. For example, the error operator is making while reading the scale of 

the level of the electrolyte in the upper tank, even when that reading is as precise as it can be, 

is by several powers more impactful on the energy efficiency calculation than exclusion of the 

energy consumption of the LED of the calculations. The LED was incorporated in the design 

of the threaded plug on the top of the upper tank in the electrolyzer (Figure 3). 

 

Figure 3. Testing of the LED (left) and the LED incorporated in the threaded plug 

(right) 

The LED related to a separate power supply that was described later in the chapter.  

2.3 Electrolyzer 

Electrolyzer is an essential part of the experimental setup, and it is basically the centrepiece of 

the whole scientific research. Type of the electrolyzer is an alkaline electrolyzer with one pair 

of electrodes. The main demand for the design of the electrolyzer was to enable the application 

of the external magnetic and optic field. More precisely, the external magnetic field had to 

overlap with the interelectrode space, while the light created by the LED had to illuminate the 
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same space. The application of the latter was not as problematic as the application of the 

external magnetic field. Therefore, the development of the design of the electrolyzer was mainly 

focused on the application for the permanent neodymium magnets in the beginning, and later, 

electromagnets. 

2.3.1 Electrodes 

Electrodes used were laboratory-made, for the specific design of the used electrolyzer. There 

were two main types of electrodes, smooth surface Ni electrodes and Ni foam electrodes. In the 

scope of the research, their comparison was analysed.  

2.3.1.1 Smooth Ni electrodes 

In initial experiments with the Electrolyzer 3 only smooth Ni electrodes were used. Therefore, 

there were two types of design, depending on where were placed in the electrolyzer. 

2.3.1.1.1 Smooth Ni electrodes for Electrolyzer 3 

Electrodes used in the Electrolyzer 3 were connected to the electrolyzer upper tank on the 

bottom of the upper tank, and they were positioned vertically. The Ni plate (20x25 mm, 

thickness of 1 mm) was welded on the copper rod (ϕ4 mm). The face of the electrode was 

directed to the face of the opposite electrode with the intention of hydrogen and oxygen bubble 

generation limited only to the face of the electrode. For that purpose, the rest of the body of the 

electrode, including the copper rod, and the back and the sides of the Ni plate, were coated and 

isolated with the base-solution-resistant glue. The main feature is that the level of the 

interelectrode space can be adjusted in height. 

2.3.1.1.2 Smooth Ni electrodes for Electrolyzer 4 

Smooth Ni electrodes for Electrolyzer 4 were made of the same materials. However, there were 

two main differences. First, the Ni plates were smaller than in the previous version (10x20 mm, 

thickness of 1 mm), since the device was thinner in the upper tank (Figure 4). Second, the plate 

was not welded alongside the rod, but the rod was welded perpendicular to the back side of the 

plate, since in Electrolyzer 4 electrodes were in a horizontal position. Its main feature is that 

distance between electrodes can be adjusted. Electrodes were also coated and isolated with the 

base-solution-resistant glue with the exception to the face. 
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Figure 4. Smooth Ni electrode for Electrolyzer 4 on the electrode holder part  

2.3.1.2 Ni foam electrodes 

The Ni foam electrodes were regular smooth surface Ni electrodes with additional Ni foam 

elements (Figure 5). Metal foams in general, are material structures with high porosity where 

water solutions can reach, effectively increasing the contact surface between electrodes and 

electrolyte [82]. In this case, on the face of the smooth electrode is glued a 2 mm thick plate of 

Ni foam (10x20 mm, thickness of the foam 2 mm). For that purpose, the two-component epoxy 

glue was used, and its sides were coated and isolated with the base-solution-resistant glue. The 

duration of connection was tested in strong base solutions. Since the design of the electrodes 

and electrolyzers enables adjustment in the axial direction, the distance between the two 

electrodes can be regulated. Therefore, it was possible to adjust the volume of interelectrode 

space to be identical to the smooth electrodes, enabling research that would compare the 

efficiency of the electrolyzer depending only on the type of electrode used. 

 

Figure 5. Ni foam electrodes 
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2.3.2 Electrolyte 

The function of the electrolyte is the generation of an adequate environment for the transport 

of electrons via ions. In this research, a 25% water solution of potassium hydroxide (KOH) was 

used as the electrolyte. The main reason for the usage of 25% KOH water solution is the fact 

that in the PEL of UNIZAG FSB, 25% KOH water solution is used regularly for all experiments 

in alkaline water electrolysis. A new batch of electrolytes was prepared for every new set of 

experiments, and it was not reused in later experiments. It was always prepared on the same 

weighing scale, with 50 g of electrolyte and 150 g of de-ionised water, strictly following 

establish internal PEL’s procedure. The KOH used in this research was commercially obtained 

and water was prepared at the Water, Fuel and Lubricant Laboratory of the UNIZAG FSB.  

2.3.3 Design of the electrolyzer 

As the introduction to the research, two smaller electrolyzers were designed. In the internal 

classification of PEL, those electrolyzers were listed as Electrolyzer 1 and Electrolyzer 2. After 

preliminary research, it was concluded that a bigger electrolyzer is needed for proper 

experiments considering the measurement of the magnetic field efficiency on the process. The 

third electrolyzer, Electrolyzer 3, was designed and built with the idea that an external magnetic 

field created by permanent magnets can be applied. Scientific research, whose results were 

presented at the conference, was conducted, and the idea of the application of stronger magnetic 

fields arose. For that purpose, the electromagnet that enabled stronger magnetic fields up to 2 

T was included. In order to accommodate the usage of electromagnet the last design was built 

as an Electrolyzer 4. 

2.3.3.1 Design of the early experimental versions of the electrolyzer 

The development of the design of the early experimental versions of the electrolyzer can be 

easily divided into two parts. The first two versions were small-scale, easy-to-build prototypes 

meant to be used few times only, primarily intended for the acquisition of certain knowledge. 

The third version of the electrolyzer, however, was a much more complex device capable of 

repeated experiments on which comprehensive research can be conducted. Therefore, they are 

divided into pre-research and research designs. 
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2.3.3.1.1 Pre-research designs 

To visualise the process of water electrolysis, and more importantly, the effect the application 

of the magnetic field has on it, the basic device was designed. The idea was to quickly design 

a device that will be able to visually show any differences between two processes, with and 

without magnets. For that purpose, Electrolyzer 1 was built. It consisted of a simple plexiglass 

tube with two thin electrodes connected to an electrical circuit. The wooden frame was 

supportive construction that was supposed to hold small magnet plates of neodymium magnets 

that were easy to handle. The used magnets were very small and weak, that were easy to handle 

and operate, but the connection force created between them at a small distance make them 

nearly impossible to place in the same spot. Therefore, the second design was built. Electrolyzer 

2 had flat sides that were optimal for the application of the magnetic plates. It also had edges 

so that magnetic plates were confined in the walls, therefore reducing the chance of slipping 

and unsupervised connection that could result in damage and injury.  

The second design proved to be adequate for the purpose it should serve. The early experiments 

conducted on the Electrolyzer 2 showed that there is a visible difference in the process when 

magnets were applied and when they were not applied. Moreover, the experimental results 

showed that an open design with the opening above the device will not be adequate. With higher 

voltage values the reaction of hydrogen and oxygen production was too intense and the drops 

of electrolyte were slipping out of the device. 

2.3.3.1.2 Research design 

With knowledge accumulated in the early experiments, the design for Electrolyzer 3 (Figure 6) 

was approved and the device was built. Considering only size, Electrolyzer 3 was a bigger 

device. Its construction consisted of two parts, the upper and the lower tank, where the upper 

tank was closed toward the upper surface and the lower was open to the atmosphere. They were 

interconnected with the small tube, ensuring that electrolytes can move from one tank to 

another. The upper tank was closed due to the reason that electrolyte in the upper tank does not 

have contact with the open atmosphere. Earlier experiments showed that bubbles of hydrogen 

and oxygen upon reaching the surface of the electrolyte pull micro-drops of the electrolyte into 

the atmosphere, therefore preventing the accurate measurement of the produced hydrogen. 
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Figure 6. Electrolyzer 3 

Electrolyzer housing was made of polymethyl methacrylate, commonly known as plexiglass. 

Sides were connected by epoxy adhesive resistant to alkaline solutions since the electrolyte 

used in the experiments was 25% KOH solution. On the top of the upper tank, a threaded plug 

with the incorporated thermocouple was inserted. The plug seat was sealed with a gasket and 

the thermocouple was connected to the data acquisition system (DAQ). Electrodes were 

inserted into the upper tank through the bottom side of the tank that also holds the tube. The 

bottom side was attached to the upper part of the construction with 14 stainless steel 
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nonmagnetic screws. All slits were sealed with gaskets, preventing the possible leaking of the 

electrolyte through construction connections. The lower part of the electrodes, therefore, 

entered the area of the lower tank via electrical connectors linked with binding posts. Binding 

posts were installed to enable easier connections of the electrolyzer to the electrical circuit. 

2.3.3.2 Design of the final version of the electrolyzer 

Experience in the work with alkaline electrolyzers and magnets the was gained, and the need 

for a new design of electrolyzer arose. Also, some disadvantages in the operation of the 

Electrolyzer 3 were noticed and set to be eliminated or reduced. Therefore, due to geometric 

restrictions with the implementation of new equipment, flawed design in previous versions, and 

new knowledge and experience gained, the final version of the electrolyzer was created. As 

explained before, in the Laboratory’s intern classification it was listed as Electrolyzer 4 (Figure 

7). 

 

Figure 7. Electrolyzer 4 

2.3.3.2.1 Geometric restrictions 

For the creation of a stronger magnetic field, an electromagnet had to be used. The strength of 

the magnetic field depends on mainly two parameters: the electric current and the distance 

between two poles of electromagnets. To maximise the strength of the magnetic field that can 
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be created, the distance between poles was minimised, up to the safety limit of 15 mm. The 

limit was also conditioned by the size of the materials used for the construction of the 

electrolyzer. Since the electromagnet has a bulge in the shape of a partial cone (Figure 8) with 

a height of 7.5 mm on each coil, the available space for overall thickness was 30 mm for the 

rest of the construction. 

 

Figure 8. Model of electromagnet and placement of the electrolyzer inside of 

electromagnet 

2.3.3.2.2 Challenges with Electrolyzer 3 

There were several challenges with the design of the Electrolyzer 3 that needed to be fixed, 

most notably the challenge of electrodes. Electrodes in Electrolyzer 3 were positioned in the 

bottom of the upper tank, and they were adjustable in height. Since part of the research was a 

comparison of the efficiency between smooth and foam electrodes, the thickness of the foam 

connected to the nickel plate presented a challenge because it reduced the distance between two 

electrodes. In that case, the space between two foam electrodes would always yield higher 

efficiency due to space difference and not the other factors.  

The second challenge was with the corrosion of the copper-made electrodes in the space under 

the upper tank. This was caused because some amount of the electrolyte was needed in the 

lower tank, and the lower part of electrodes were in the volume of the lower tank. Therefore, 

the copper rod of electrodes was exposed to the mildly corrosive atmosphere. It presented 

challenge since the connection with the rest of the electric circuit was realised in that space. 

Such design demanded a high maintenance factor and preparation for the experiment. 
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Therefore, the positioning of the electrodes in Electrolyzer 4 was from the sides of the upper 

tank, and not the bottom as in Electrolyzer 3. That enabled the movement in the axial direction 

and regulation of space between electrodes. It also presented easier maintenance and connection 

of the device with the rest of the electrical circuit. 

2.3.3.2.3 Upper tank 

An upper tank of the Electrolyzer 4 was the main part of the whole device. It houses electrodes 

and the production of hydrogen was generated there. Most of the measurements were focused 

on the upper tank and it was the most delicate to operate. Dimensions of the block-shaped 

volume inside were 180x80x11 mm, except for the small pockets of volume on the top and the 

bottom. Since the latter was not significant for measurements, the focus was on two pockets of 

volume on the top of the tank. They were created by threaded plugs for measurement purposes. 

First was created by the thermocouple for temperature measurement. The second pocket was 

an extra pocket created by the gap in the plug that enables the green light from the LED 

incorporated in the plug to reach the electrolyte.  

The sides that lean onto electromagnets were made of 2 mm plexiglass and were retracted in 

the frame of the upper tank. In that way, an electrolyzer could be fitted in the electromagnet 

when the distance between two poles was 15 mm and between two coils 30 mm. The space 

between the two sides was 11 mm, and that determined the width of the electrodes. Electrodes 

used in the Electrolyzer 3 were 20 mm wide since the space between the two magnets was 

restricted to 25 mm. 

2.3.3.2.4 Lower tank 

The lower tank is part of the electrolyzer that holds the upper part, enabling the connection of 

the fluid with the atmosphere for pressure measurement. It also functions construction holder 

that makes it harder for the device to fall over during operation, therefore reducing the chance 

of damage. 

2.3.3.2.5 Electrode holders 

Two electrode holders are separate pieces of the Upper tank (Figure 9). Their function was to 

adjust electrodes in the desired position. They were intended as removable parts for easier 

maintenance and management of electrodes. They were connected with 6 non-magnetic 

stainless-steel screws with rubber gaskets to prevent leakage. 
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Figure 9. Main parts of Electrolyzer 4 

2.3.4 Principle of operation of the alkaline electrolyzer 

Considering the mode of operation, Electrolyzer 3 and Electrolyzer 4 operated on similar 

principles. Before the activation of the system, the upper tank was filled with the electrolyte 

and the lower tank was filled to the level above the end of the tube connecting both tanks. The 

upper tank was filled in a way that it was turned upside down and placed on a specially made 

holder. Then the electrolyte was poured into the upper tank up until the end of the tube. Some 

amount of electrolyte was poured into the lower tank, and then, by manoeuvring the upper tank 

in regular position, and holding the exit of the tube covered so no electrolyte spills out the 

electrolyzer, was completed and set in working position. When the electrolyzer was filled with 

electrolyte the device was set in the prepared spot. For example, if working with the 

electromagnet, then the electrolyzer was placed between the north and south pole of the 

electromagnet with interelectrode space overlapping with the directed magnetic field. When the 

device was positioned, electrodes were connected in the electrical circuit, according to the 

experimental scheme for a specific experiment. 

Other supporting equipment and measurement equipment were turned and a final check before 

start was conducted. If analysing the electrical current-voltage (U-I) characteristic of the 
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electrolyzer, the measurement of the produced hydrogen was not a priority, and measurement 

equipment was recording needed data. For the experiment considering the efficiency of the 

water electrolysis process, hydrogen production measurement was critical. Therefore, the 

amount of hydrogen was measured by reading of the level of the electrolyte in the upper tank. 

Detailed calculation of energy efficiency in a single experiment was detailly described in later 

chapters. When the process of water electrolysis started, the production of oxygen and hydrogen 

was accrued on the electrodes in the upper tank. The bubbles evolved on the electrodes and 

when they reached the proper size they detached into electrolyte and moved towards the upper 

part of the upper tank. There the hydrogen and oxygen were collected and formed a block-

shaped volume that was pushing the electrolyte down. A smaller volume of the electrolyte in 

the upper tank was used for the generation of hydrogen and oxygen, and a bigger amount was 

pushed into the lower tank via a tube. When was time to stop the hydrogen production, the 

experiment was stopped and the level of the electrolyte in the upper tank was measured.  

2.4 Power and connection equipment 

There were two main power sources used. For the electromagnet, a direct current (DC) power 

supply of 5 kW and for water electrolysis and LED multichannel laboratory power supply of 

smaller power. 

2.4.1 Electromagnet DC power supply 

For the electromagnet, Heinzinger PTN 250-20, a 5 kW DC power supply was acquired. The 

maximum values it can reach are 250 V and 20 A. It uses three-phase current and such electrical 

wiring needed to be secured. Since the whole experimental set up was located around the hand-

made table, the power source had to be delivered near it. For that purpose, a laboratory power 

box with a three-phase current jack was constructed enabling power sources for both three-

phase and one-phase equipment. 

2.4.2 Three-channel DC power supply 

Although it is possible to use separate power supplies for every individual purpose, during the 

experiment it was quite easier and more suited to have all regulatory equipment in the same 

place. Not only it was easier to operate the experiment and manage the changes, but it also 

required less space. Therefore, multichannel laboratory DC power supply Owon ODP3033 with 
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two channels of 30 V and 3 A and one channel for 6 V and 3 A was selected for the experiment. 

On one channel the power for the LED was secured via cables and connected with the crocodile 

connectors to the wires of the LED. The voltage was checked via voltmeter and was not 

recorded by DAQ. The second channel was used for the water electrolysis. It was connected to 

the power box, and from it connected to the electrolyzer. There was one laboratory ammeter 

checking the electrical current and two voltmeters checking the voltage on the electrolyzer and 

on the power supply. The DAQ recorded the voltage on the electrolyzer and on the power 

supply as well as on the resistance shunt, for electrical current measurement, which was also 

checked by an additional voltmeter.  

2.5 Measurement equipment 

Measurement is an essential part of any experimental research and without proper equipment 

for collecting and recording data, experimental research could not be described for scientific 

purposes. The data analysed in this research can be divided into two groups, depending on 

whether it was collected by DAQ or not. Most of the data collected by DAQ was better suited 

for the calculation of efficiency, while data collected by other means have another purpose. 

2.5.1 Data acquisition system (DAQ) 

The data acquisition system of National instruments was used for collecting and recording a 

large amount of data. It allows easier and continuous management of the experiment as there is 

no need to separately measure data. In the scope of this research, DAQ was used for collecting 

data about operating voltage, operating electrical current, and temperature with time recording, 

enabling to compare separate data as they happened in the same time. All the data was collected 

by registering voltage output and for values of temperatures and electrical current transformed 

in corresponding units. 

2.5.1.1 Voltage 

Measurement of the operating voltage was used in two places in the experimental setup. The 

main measurement of voltage was directly on the electrodes. The second connector was 

collecting voltage data on the power supply output. The difference between the measured units 

represents the electrical losses in the circuit that are not related to the electrolyzers, but other 

connections. 
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2.5.1.2 Electrical current 

In the experimental setup, the third voltage measurement unit was connected to the resistance 

shunt of known resistance. The shunt was incorporated in the multipurpose electrical box for 

visual management of the processes during the experiment. Its purpose was to record values of 

electrical current. 

2.5.1.3 Temperature 

A temperature was measured in three positions. For that purpose, K-type thermocouples were 

used since this type is exclusively used in Laboratory. The most important measurement of the 

temperature was of produced electrolytic gas in the electrolyzer. That thermocouple was 

designed as a part of the threaded plug (Figure 10). The second thermocouple was measuring 

the temperature of the air inside the volume of the lower tank, above the free surface of the 

electrolyte while the third thermocouple was measuring the ambient temperature outside the 

electrolyzer. 

 

Figure 10. The K-type thermocouple incorporated in the threaded plug 

2.5.2 Measurement without DAQ 

Although most data used in calculations of the efficiency of the water electrolysis was collected 

by DAQ, for some measurements standard measurement equipment, procedures and devices 

were used. Reasons for the application of such devices vary. Some measurements, like visual 

scale reading, do not have realistic alternatives while others are easier to carry out without the 

usage of DAQ, like mapping of the magnetic field. However, most of the measurement 
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equipment during experiments was used since it was easier for the operator to rely on the data 

from such equipment, like handy multimeters, and act accordingly if needed.  

2.5.2.1 Digital multimeters 

Some multimeters were fixed parts of the experimental setups, such as the Hewlett-Packard 

3478A multimeter. It was used as an ammeter for the visual control of electrical current during 

the experiment conduction.  

Other, smaller units, like handy multimeters were used for different purposes since they were 

easier to change from one place in the experimental setup to the other. There were also a lot of 

situations where measurements were needed during testing. A wide variety of handy 

multimeters was used. All of them were calibrated and constantly checked during research. 

2.5.2.2 Magnetic flux density measurement 

For the measurement of the magnetic flux density, a laboratory-made Hall sensor was built. It 

was consisting of a sensor on the tip of brass made stick that has a socket for the power 

connection, an aluminum made box with a battery and regulation electronic, connecting cables. 

It was used in combination with a multimeter, which is a voltmeter (Figure 11) [83]. 

The low voltage output of the Hall sensor was depending on the magnetic flux density registered 

on the sensor. It follows the linear function (1): 

 𝐵!"	[𝑚𝑇] = 5.14368	𝑈!"	[𝑚𝑉] − 51.0997 

(1) 

where, the measured magnetic flux density with the Hall sensor 𝑩𝑯𝑺 is given in mT, and the 

output voltage of the Hall sensor 𝑼𝑯𝑺 is in mV. 



Matej Paranos 

University of Zagreb Faculty of Mechanical Engineering and Naval Architecture  
26 

Doctoral dissertation 

 

Figure 11. Setup for measurement of the magnetic flux density of the magnetic field 

The sensor was not only capable of measuring the magnetic flux density, but it also measured 

the direction of the magnetic field. If the sensor was rotated at one point the voltage output 

would change depending on the side, it came across the field lines of the magnetic field. When 

the sensor was facing the north side of the magnetic field, and it was perpendicular to the field 

lines the voltage output would be maximum. When the sensor was rotated in the same spot, the 

voltage output would start to drop since the angle between field lines and the normal vector on 

the face of the sensor increased. As the sensor was rotated for 180° the output value would be 

minimal as the sensor was facing the south pole of the magnetic field. The referent voltage 

output, which indicated that there was no magnetic field in the area, was 10 mV. Therefore, if 

measured values were above that value, the sensor was facing the north side or any angle 

between the normal vector of the sensor and the fields lines that were in between 0° and 90°, 

while if the measured values are under 10 mV sensor is facing south side or angle between 90° 

and 180°. For that reason, when mapping a magnetic field, it was important to prevent the sensor 

from rotating and secure it so that it was always facing the north side of the field. To ensure 

that condition, the 3D linear translator was built (Figure 12). 
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Figure 12. 3D mapping of the magnetic field with the 3D linear translator 

2.5.2.3 Measurement of the barometric pressure 

The barometric pressure in the experimental research was measured by hand testo 511 

barometer. The measuring range of the instrument was between 300 hPa and 1200 hPa. 

2.5.2.4 Hydrogen production measurement 

Measurement of the produced hydrogen was done by measurement of the level of the electrolyte 

in the upper tank. There were two major assumptions that calculation of the hydrogen 

production was based on: 

1. The produced electrolytic gas was the combination of hydrogen and oxygen in the mole 

ratio of 2:1 for the hydrogen with the additional share of water vapour in the produced 

gas in the electrolyzer 

2. The produced electrolytic gas was on pressure and temperature near ambient conditions, 

and therefore the ideal gas law can be applied for calculation. 

Since the geometry of the electrolyzer was known, by visual scale reading of the level of the 

electrolyte, the volume of the produced electrolyte gas, 𝑽𝒆	, was calculated (2): 
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 𝑉& 	[𝑚𝑚'] = 𝐴( 	[𝑚𝑚)] ∙ ℎ*+	[𝑚𝑚] + 𝑉,-	[𝑚𝑚'] 

(2) 

where 𝑨𝑬 is the area of the cut section of the upper tank, 𝒉𝒖𝒕 the distance between the level of 

the electrolyte in the upper tank and the top of the volume of the upper tank, and 𝑽𝒂𝒗 the extra 

volume in the volume of the threaded plug for the delivery of optical field in the electrolyzer 

subtracted by the volume of the thermocouple incorporated in the second threaded plug. 

The amount of the extra volume was 𝑽𝒂𝒗 = 1321	𝑚𝑚'. 

The temperature of the produced electrolytic gas 𝑻𝒆 was measured by a thermocouple in the 

threaded plug, and the pressure of the electrolytic gas 𝒑𝒆 was measured by measurement of the 

barometric pressure in the surface of the and subtraction of the millimetre of the electrolyte (3): 

 𝑝& 	[𝑃𝑎] = 𝑝,	[𝑃𝑎] − 𝜌& 	[𝑘𝑔𝑚3'] ∙ 𝑔	[𝑚𝑠3)] ∙ ℎ& 	[𝑚] 

(3) 

where 𝒑𝒂 is measured barometric pressure, 𝝆𝒆 the density of the electrolyte used, 𝒈 

gravitational acceleration, and 𝒉𝒆 the distance between the level of the electrolyte in the upper 

tank and the level of the electrolyte in the lower tank. 

Density of the electrolyte was used for the 25% KOH water solution at the temperature of 20 

°C and its amounted to 𝝆𝒆 = 1240	𝑘𝑔𝑚3' [84], Gravitational acceleration for the Zagreb area 

is 𝒈 = 9.80665	𝑚𝑠3). Distance between levels of the electrolyte in the upper tank and lower 

tank 𝒉𝒆 (Figure 13) was calculated by visual scale reading of levels by the operator and 

calculated (4): 

	ℎ& 	[𝑚𝑚] = ℎ,& 	[𝑚𝑚] − (ℎ4+	[𝑚𝑚] + ℎ*+	[𝑚𝑚]) 

(4) 

where 𝒉𝒂𝒆 is the distance between the bottom end of the volume in the lower tank and the top 

of the volume in the upper tank, 𝒉𝒍𝒕 distance between the level of the electrolyte in the lower 

tank and the bottom of the volume of lower tank, and 𝒉𝒖𝒕 the distance between the level of the 

electrolyte in the upper tank and the top of the volume of the upper tank. 

The value of the distance between the bottom end of the volume in the lower tank and the top 

of the volume in the upper tank was constant and amounted to 𝒉𝒂𝒆 = 287.7	𝑚𝑚. 
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Figure 13. Schematic display of Electrolyzer 4 

Since the calculation was based on the first assumption, the individual gas constant for the 

electrolytic gas 𝑹𝒆 was calculated (5): 

𝑅& 	[𝐽𝑘𝑔36𝐾36] = 𝑅*7	[𝐽𝑚𝑜𝑙36𝐾36] ∙ 𝑀& 	[𝑘𝑔𝑚𝑜𝑙36]	 

(5) 

where 𝑹𝒖𝒏 is universal gas constant and 𝑴𝒆 the molar mass of the electrolytic gas. 

Universal gas constant amounts to 𝑹𝒖𝒏 = 8.314	𝐽𝑚𝑜𝑙36𝐾36 [85]. The molar mass of the 

electrolytic gas 𝑴𝒆 is also constant since the ratio of molecules of hydrogen and oxygen in the 

mixtures is constant 2:1, therefore it can be calculated (6): 

𝑀& 	[𝑘𝑔𝑚𝑜𝑙36] = 𝑦!!U𝑀!! 	[𝑘𝑔𝑚𝑜𝑙
36] − 𝑀9! 	[𝑘𝑔𝑚𝑜𝑙

36]V + 𝑀9! 	[𝑘𝑔𝑚𝑜𝑙
36]	 

(6) 

where 𝒚𝑯𝟐 is molar share of hydrogen in the electrolytic gas, 𝑴𝑯𝟐 molar mass of the hydrogen, 

and 𝑴𝑶𝟐 molar mass of the oxygen. All values are constant. Molar share of hydrogen in 

electrolytic gas is consequence of 2:1 hydrogen and oxygen ratio and amounts to 𝒚𝑯𝟐 = 2/3, 
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the molar mass of hydrogen amounts to 𝑴𝑯𝟐 = 2.0156	𝑔𝑚𝑜𝑙36 and the molar mass of oxygen 

amount to 𝑴𝑶𝟐 = 32.00	𝑔𝑚𝑜𝑙36 [86]. 

With the data for temperature, pressure, volume, and properties of produced gas in the 

electrolyzer, the mass of the produced gas in the electrolyzer 𝒎𝒆′ can be calculated by using 

the ideal gas law (7): 

𝑚&′	[𝑘𝑔] =
(𝑝& 	[𝑃𝑎] ∙ 𝑉& 	[𝑚'])

(𝑇& 	[𝐾] ∙ 𝑅& 	[𝐽𝑘𝑔36𝐾36])	 

(7) 

where 𝒑𝒆 is the pressure of the produced electrolytic gas, 𝑽𝒆 volume of the produced electrolytic 

gas, 𝑻𝒆 temperature of the produced electrolytic gas, and 𝑹𝒆 individual gas constant of the 

produced electrolytic gas. 

However, the produced gas in the electrolyzer is not exclusively electrolytic gas since the first 

major assumption indicates the existence of the water vapour in the gas. To calculate the amount 

of produced hydrogen, first is needed to eliminate the amount of vapour form the calculated 

gas. For that purpose, the mass of the vapourised water in the electrolytic gas 𝒎-	was calculated 

(9): 

𝑚-	[𝑘𝑔] = 𝑚&′	[𝑘𝑔]	Z
𝑀!!9	[𝑘𝑔𝑚𝑜𝑙

36]
𝑀& 	[𝑘𝑔𝑚𝑜𝑙36]

[ \
𝑝;	[𝑃𝑎]

𝑝& 	[𝑃𝑎]−𝑝;	[𝑃𝑎]
] 

(8) 

where 𝒎𝒆′	is the mass of the produced gas in the electrolyzer, 𝑴𝑯𝟐𝑶 molar mass of the 

vaporized water, 𝑴𝒆 the molar mass of the electrolytic gas, 𝒑; the saturation pressure of water, 

and 𝒑𝒆 pressure of the electrolytic gas. 

The saturation pressure of water 𝒑; is not constant value and it depends on the temperature of 

the electrolytic gas 𝑻𝒆. In the calculation, the saturation pressure was calculated for every 

measurement of temperature for specific calculation. Therefore, the values of the pressure 

saturation varied between 1950 kPa and 3150 kPa between individual measurements, 

depending on the measured temperature for those specific measurements. Consequently, the 

share of the mass of vapour 𝒎-	 in the overall mass of the produced gas in the electrolyzer 𝒎𝒆′ 

varied between 3% and 5%. For lower temperatures, the share was closer to 3%, and for higher 

it was closer to 5% [87]. 
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After elimination of the vapour from the produced gas of the electrolyzer, the mass of the 

electrolytic gas 𝒎𝒆 can be calculated (9): 

𝑚& 	[𝑘𝑔] = 𝑚&′	[𝑘𝑔] − 𝑚-	[𝑘𝑔]	 

(9) 

where 𝒎𝒆′	is the mass of the produced gas in the electrolyzer and 𝒎- mass of the vapourised 

water in the electrolytic gas. 

Since the production of hydrogen and oxygen was used in the form of water in the electrolyte, 

the law of the conversation of mass between water and produced electrolytic gas must be 

fulfilled, therefore the following applies (10): 

𝑚& 	[𝑘𝑔] = 𝑚< 	[𝑘𝑔] 

(10) 

where 𝒎𝒆 is the mass of the produced electrolyte and 𝒎𝒘 mass of used water. To calculate how 

much hydrogen was produced the following relation for the calculation of the mass of the 

produced hydrogen 𝒎𝑯𝟐 applies (11): 

𝑚!! 	[𝑘𝑔] = 𝑚< 	[𝑘𝑔]
𝑀!! 	[𝑘𝑔𝑚𝑜𝑙

36]
𝑀!!9	[𝑘𝑔𝑚𝑜𝑙36]

 

(11) 

where 𝒎𝒘 is mass of used water which is the same amount as the mass of the produced 

electrolytic gas,	𝑴𝑯𝟐 	molar mass of the hydrogen, and 𝑴𝑯𝟐𝑶 molar mass of the water. 

Molar masses are constant values. The molar mass of the hydrogen amount to 𝑴𝑯𝟐 =

2.0156	𝑔𝑚𝑜𝑙36 and molar mass of water amount to 𝑴𝑯𝟐𝑶 = 18.0153	𝑔𝑚𝑜𝑙36 [86]. 

The measurement of the produced hydrogen was the most problematic in the whole 

experimental research since it completely relies on the skill of the operator that manages the 

process. The scale was engraved in the plexiglass on both tanks. It had lines for 1 mm and the 

objective resolution was 0.5 mm. Therefore, even the most skilled and experienced operator 

can make errors up to 0.25 mm in the reading. Measurement of the electrolyte levels created 

the biggest uncertainty in all measurements in the experiments which were analysed and 

described in a later subchapter in detail. 
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2.5.3 Measurement uncertainty 

The source of measurement uncertainty can vary from the instruments used, object of 

measurement, conditions of measurement, method of measurement, the skill of the operator, 

and others. Since in the experimental research, there are numerous measurement positions, 

every measurement unit set for calculation was measured once. Type B of measurement 

uncertainty with squared distribution was used for the calculation of the measurement 

uncertainty (12): 

𝑢) =
1
3	𝑎

) 

(12) 

where	 𝒖 is measurement uncertainty and 𝒂 the difference between the threshold values 

determined by specific factors for every type of measurement. 

2.5.3.1 Measurement uncertainty of the voltage measurement 

Before the measurement of the voltage via DAQ, the test was conducted in the Laboratory with 

the measurement of the same voltage via three additional voltmeters. The values of the 

measurement showed that all instruments were measuring the same value, only different 

resolutions of the instruments. Therefore, it was concluded that measurement via DAQ is 

reliable enough for the conduction of the experiments. For the calculation of measurement 

uncertainty for the voltage measurement 𝒖𝑼, the value of the difference between the threshold 

values 𝒂𝑼 was determent to be the 0.01 V, since it was the value of the resolution of the 

instrument with the lowest resolution done in testing. Therefore, the measurement uncertainty 

for the voltage measurement 𝒖𝑼 was calculated (13): 

𝑢?) =
1
3	𝑎?

)  

(13) 

where 𝒖𝑼 is the measurement uncertainty of the voltage measurement and 𝒂𝑼 the difference 

between the threshold values for voltage measurement. 

Since 𝒂𝑼 was determent to amount to 0.01 V, the measurement uncertainty of the voltage 

measurement 𝒖𝑼 was calculated to 0.0057735 V. 
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2.5.3.2 Measurement uncertainty of the electrical current measurement 

Before the measurement of the electrical current via DAQ, the test was conducted in the 

Laboratory with the measurement of the same electrical current via two additional ammeters. 

The values of the measurement showed that all instruments were measuring the same value, 

only different resolutions of the instruments. Therefore, it was concluded that measurement via 

DAQ is reliable enough for the conduction of the experiments. For the calculation of 

measurement uncertainty for the electrical current measurement 𝒖𝑰, the value of the difference 

between the threshold values 𝒂𝑰 was determent to be the 0.001 A, since it was the value of the 

resolution of the instrument with the lowest resolution done in testing. Therefore, the 

measurement uncertainty for the electrical current measurement 𝒖𝑰 was calculated (14): 

𝑢A) =
1
3	𝑎A

) 

(14) 

where 𝒖𝑰 is measurement uncertainty of the electrical current measurement and 𝒂𝑰 the 

difference between the threshold values for electrical current measurement. 

Since 𝒂𝑰 was determent to amount to 0.001 A, the measurement uncertainty of the electrical 

current measurement 𝒖𝑰 was calculated to be 0.0005774 A. 

2.5.3.3 Measurement uncertainty of the temperature measurement 

Before the measurement of the temperature via DAQ, it was conducted calibration in the 

Process Measurement Laboratory of UNIZAG FSB. The maximum correction of the referent 

value was 0.07 °C. Therefore, it was concluded that measurement via DAQ is reliable enough 

for the conduction of the experimental research. For the calculation of measurement uncertainty 

for the temperature measurement 𝒖𝑻, the value of the difference between the threshold values 

𝒂𝑻 was determent to be the 0.07 °C. Therefore, the measurement uncertainty for the temperature 

measurement 𝒖𝑻 was calculated (15): 

𝑢C) =
1
3	𝑎C

)  

(15) 

where 𝒖𝑻 is measurement uncertainty of the temperature measurement and 𝒂𝑻 the difference 

between the threshold values for temperature measurement. 



Matej Paranos 

University of Zagreb Faculty of Mechanical Engineering and Naval Architecture  
34 

Doctoral dissertation 

Since 𝒂𝑻 was determent to amount to 0.07 °C, the measurement uncertainty of the temperature 

measurement 𝒖𝑻 was calculated to be 0.0404 °C. 

2.5.3.4 Measurement uncertainty of the barometric pressure measurement 

The manufacturer of the barometric pressure measurement instrument used in the experimental 

research stated that the permissible tolerance of the instrument is 300 Pa. However, in the 

process of the calibration with the mercury barometer, the results were not crossing the 60 Pa 

difference, with the resolution of the device being 100 Pa. For the calculation of measurement 

uncertainty for the barometric pressure measurement 𝒖𝒑, the value of the difference between 

the threshold values 𝒂𝒑 was determent to be 100 Pa. Therefore, the measurement uncertainty 

for the barometric pressure measurement 𝒖𝒑 was calculated (16): 

𝑢E) =
1
3	𝑎E

) 

(16) 

where 𝒖𝒑 is measurement uncertainty of the barometric pressure measurement and 𝒂𝒑 the 

difference between the threshold values for barometric pressure measurement. 

Since 𝒂𝒑 was determent to amount to 100 Pa, the measurement uncertainty of the electrical 

current measurement 𝒖𝒑 was calculated to be 57.7 Pa. 

2.5.3.5 Measurement uncertainty of the level of the electrolyte measurement 

The scale used for the measurement of the level of the electrolyte in both tanks had a resolution 

of 1 mm. However, it was possible to read the values in the resolution of 0.5 mm. Therefore, 

the maximum error that can be taken in the reading of the value was 0.25 mm. For the 

calculation of measurement uncertainty for the level of the electrolyte measurement 𝒖𝒉, the 

value of the difference between the threshold values 𝒂𝒉 was determent to be the 0.25 mm. 

Therefore, the measurement uncertainty for the level of the electrolyte measurement 𝒖𝒉 was 

calculated (17): 

𝑢G) =
1
3	𝑎G

) 

(17) 
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where 𝒖𝒉 is measurement uncertainty of the level of the electrolyte measurement and 𝒂𝒉 the 

difference between the threshold values for the level of the electrolyte measurement. 

Since 𝒂𝒉 was determent to amount to 0.25 mm, the measurement uncertainty of the level of the 

electrolyte measurement 𝒖𝒉 was calculated to be 0.144 mm. 

2.5.3.6 Influence of the measurement uncertainty on the error of the calculated energy 
efficiency 

To determine how significant an error in the calculation of energy efficiency is, the 

implementation of the maximum uncertainty was analysed on the example for the one 

individual experiment. For example, the experiment on smooth electrodes without the 

application of the magnetic or optical field was analysed. For the analysis, the worst-case 

scenario was applied with the goal to increase efficiency. The measured data of the experiment 

is given in Table 1, alongside information about the amount of measurement uncertainty and 

corresponding values when applied. 

Table 1.  Data of the individual experiment and measurement uncertainty with goal to 

increase the energy efficiency 

 Property Values Measurement 
uncertainty 

Values after 
applying 

uncertainty  
 Electrodes Smooth -  

Magnetic field not applied -  

LED not applied -  

Values 

measured 

before the 

experiment 

Level of electrolyte in upper tank 59.00 mm ±0.144 mm 58.856 mm 

Level of electrolyte in lower tank  43.50 mm ±0.144 mm 43.356 mm 

Temperature 22.42 °C ±0.0404 °C 22.4604 °C 

Barometric pressure 994.4 hPa ±0.577 hPa 993.823 hPa 

Values 

measured 

after the 

experiment 

Level of electrolyte in upper tank 70.50 mm ±0.144 mm 70.644 mm 

Level of electrolyte in lower tank  47.00 mm ±0.144 mm 47.144 mm 

Temperature 23.81 °C ±0.0404 °C 23.7696 °C 

Barometric pressure 993.60 hPa ±0.577 hPa 994.177 hPa 

 Average voltage 2.4769 V ±0.0057735 V 2.471127 V 

 Average electrical current 0.2128 A ±0.0005774 A 0.212223 A 

 Energy efficiency 47.73% - - 
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The results of the analysis are presented in Table 2. From the analysed data it can be concluded 

that by far the biggest impact on the calculation of the energy efficiency has the error in the 

reading of the level of the electrolyte in the upper tank. In the specific experiment used for the 

analysis, the impact on the overall calculation can be more than 1.2%. The values can be lower 

or higher depending on which individual experiment is analysed, depending on the overall value 

of the level of the electrolyte in the upper tank. If the tank is almost full of electrolyte, the 

impact would be higher since the measurement uncertainty is affecting a higher part of the 

overall measurement, and when the tank is full of electrolytic gas, the impact is lower. 

 

Table 2.  Results of the values of energy efficiency changed after analysing the effect of 

the measurement efficiency with the goal to increase the efficiency 

 

Of other measurements, measurement uncertainty of the barometric pressure measurement 

could have a significant impact as well, while other measurement uncertainties have a lower 

impact, with the reading of the level of the electrolyte in the lower tank basically having no 

impact at all. However, the measurement of barometric pressure, although having the potential 

to have a significant impact on calculation, in practice does not fulfil that potential. The reason 

for that is, that in general, most of the experiments have minimal changes in the barometric 

pressure before the process of the water electrolysis and after the process since the whole 

process is lasting 5 minutes. Therefore, if the error is in maximum values of measurement 

uncertainty, it would rarely be in the way the worst-case scenario is analysed. 

Application of measurement 
uncertainty 

Value of energy 
efficiency 

Difference 

Original energy efficiency 47.73% 0 

Level of electrolyte in upper tank 48.97% +1.23% 

Level of electrolyte in lower tank 47.73%   0.00% 

Temperature 47.81% +0.07% 

Barometric pressure  48.05% +0.31% 

Voltage 47.85% +0.11% 

Electric current 47.86% +0.13% 

All uncertainties combined 49.37% +1.64% 
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Analog to the analysis of the worst-case scenario with the goal to increase efficiency, the 

opposite analysis was made with the goal to decrease efficiency. The measured data of the 

experiment is given in Table 3, alongside information about the amount of measurement 

uncertainty and corresponding values when applied. 

Table 3.  Data of the individual experiment and measurement uncertainty with goal to 

decrease the energy efficiency 

 

The results of the analysis are presented in Table 4. From the analysed data it can be concluded 

that similar effects were caused by the same measurements. The measurement uncertainty of 

the measurement of the level of electrolyte in an upper tank had the biggest potential impact for 

the error in the calculation of energy efficiency. Therefore, after the analysis, the main 

conclusion was that the measurement of the level of the electrolyte in the upper tank is 

recognised as a critical measurement and specific instructions were followed by operator, with 

notice to give extra caution while reading the measurements of the level of the electrolyte in 

the upper tank. The same analogy of reading the measurement was implemented in every 

 Property Values Measurement 
uncertainty 

Values after 
applying 

uncertainty  

 Electrodes Smooth -  

Magnetic field not applied -  

LED not applied -  

Values 

measured 

before the 

experiment 

Level of electrolyte in upper tank 59.00 mm ±0.144 mm 59.144 mm 

Level of electrolyte in lower tank  43.50 mm ±0.144 mm 43.744 mm 

Temperature 22.42 °C ±0.0404 °C 22.3796 °C 

Barometric pressure 994.4 hPa ±0.577 hPa 994.977 hPa 

Values 

measured 

after the 

experiment 

Level of electrolyte in upper tank 70.50 mm ±0.144 mm 70.356 mm 

Level of electrolyte in lower tank  47.00 mm ±0.144 mm 46.856 mm 

Temperature 23.81 °C ±0.0404 °C 23.8504 °C 

Barometric pressure 993.60 hPa ±0.577 hPa 993.023 hPa 

 Average voltage 2.4769 V ±0.0057735 V 2.482676 V 

 Average electrical current 0.2128 A ±0.0005774 A 0.213377 A 

 Energy efficiency 47.73% - - 
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measurement and more than one independent measurement was taken for every reading to 

minimise the potential for the error of the operator. 

 

Table 4.  Results of the energy efficiency’s values changed after analysing the effect of 

the measurement efficiency with the goal to increase the efficiency 

 

2.6 Experimental setup 

For the successful realization of the experimental research, the experimental setup was designed 

(Figure 14). It is a simple electrical circuit with a DC power supply as an electrical source of 

energy and an electrolyzer as an electrical load. For better operating and monitoring conditions, 

a voltmeter and ammeter were installed. Its role is to help the operator keep a check on the 

current situation while conducting the experiment and ensure the reliability of the measured 

data since experiments are recorded. The DAQ simultaneously collects and records electrical 

current, voltage, and temperature data. The voltage of the process was measured at the binding 

posts of the electrolyzer, while an electrical current was measured by the measurement shunt 

that was implemented in the electrical circuit. Most elements of the experimental setup were 

positioned on or under the specially handmade heavy wooden table for the research with the 

electromagnet (Figure 15).  

Application of measurement 
uncertainty 

Value of energy 
efficiency 

Difference 

Original energy efficiency 47.73% 0 

Level of electrolyte in upper tank 46.50% -1.23% 

Level of electrolyte in lower tank 47.73%  0.00% 

Temperature 47.66% -0.07% 

Barometric pressure  48.05% -0.31% 

Voltage 47.62% -0.11% 

Electric current 47.42% -0.31% 

All uncertainties combined 45.88% -1.85% 
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Figure 14. Schematic display of an experimental setup 

The DAQ also registered temperature data, by measurement of voltage on a K-type 

thermocouple. There were three thermocouples installed, first measuring ambient temperature 

in the lower tank, second measuring temperature of produced gas in the upper tank via threaded 

plug thermocouple, and third recording ambient temperature around the device. The later 

thermocouple was incorporated into the threaded plug of the electrolyzer. The temperature of 

the gas was essential thermodynamic property needed for the calculation of the quantity of 

produced hydrogen. 
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Figure 15. Experimental setup during the experimental research 

Other measured thermodynamic properties used for calculation were not recorded by DAQ. 

The volume of the produced gas was observed from the scale. Since the cross-section of the 

upper tank was of known dimensions, by reading the level of the electrolyte in the upper tank, 

the volume was calculated. The same information was needed for the calculation of the pressure 

of the produced gas. In the experimental setup, there was no pressure gauge for direct 

measurement of the gas pressure. However, since produced gas was in direct contact with the 

electrolyte fluid, and electrolyte fluid was by the construction of the electrolyzer opened 

towards the atmosphere in the lower tank, by knowing the atmospheric pressure, the pressure 

of the produced gas was calculated. Therefore, the barometer was used for air pressure 

measurement. The main assumption in the experiment was that produced gas was the ideal 

mixture of hydrogen and oxygen in the 2:1 mole ratio. With the known chemical composition 

of the gas, the ideal gas law was implemented for the calculation of the mass of the produced 

gas, and later, the mass of hydrogen. 
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2.7 Experiment management 

The main goal of the experimental research was to compare the efficiencies of the water 

electrolysis process depending on the influential factors. The effects of the influential factors 

observed in this research were: 

• Implementation of Ni foam electrodes instead of smooth Ni electrodes. 

• Application of the magnetic field in the interelectrode area. 

• Application of the optical field in the interelectrode area. 

Therefore, there were eight basic modes for electrolyzers. Other conditions should be aspired 

to be the same during the whole research, so their influence did not affect the results. The eight 

modes of the electrolyzer were: 

• Smooth electrodes. 

• Smooth electrodes with the magnetic field. 

• Smooth electrodes with optical filed. 

• Smooth electrodes with both magnetic field and optical field. 

• Ni foam electrodes. 

• Ni foam electrodes with the magnetic field. 

• Ni foam electrodes with optical filed 

• Ni foam electrodes with both magnetic field and optical field 

The results of the experiments were primarily compared among each influential factor 

separately, but a combined analysis was also given. When considering electrodes, there were 

only two options to choose from, smooth Ni electrodes and Ni foam electrodes. When applying 

an optical field, and especially a magnetic field, there was a continuous range to set for the 

experiments. For example, in a separate analysis, under the same conditions experiments with 

different magnetic flux of the magnetic fields were conducted and analysed. But since that 

would create a big pool of separate conditions, in the primary analysis with eight basic modes 

only one magnetic field was used. The same analogy was applied to LED. 
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2.7.1 Aspired conditions for the conduction of the experiments 

Since many known and unknown factors can affect the process of the water electrolyser, 

especially in experimental research on laboratory-made alkaline electrolyzers, a problem arose 

on how to prevent other external factors from interrupting research on energy efficiency. 

External factors like ambient temperature, ambient pressure, state of the electrodes, operating 

voltage, operating electrical current, and others have been researched to affect the energy 

efficiency. To prevent unwanted factors from interrupting the data, i.e., enabling only observed 

influential factors to impact the process, a series of preventive practices were implemented. 

• To reduce the possibility of some imperfections in the electrolyzers and external 

conditions influencing the results, a bigger number of separate experiments were 

conducted. Therefore, if in one individual experiment, some unwanted factor affected 

the overall result, its impact was reduced or eliminated. 

• To reduce the influence of environmental parameters, like the barometric pressure or 

ambient temperature, experiments were done in sets in a single day. Experiments 

included at least one individual experiment of each type so their comparison among 

them can be relevant. That way, the difference in external conditions was minimized, 

and results could be compared. Although the difference between conditions could exist 

among experiments of a different set, those were reduced to the minimum. 

• The highest possibility of an error comes from the reading of electrolyte level due to the 

capillary effect of the wall of tank. Therefore, to reduce the impact of the error on the 

results among different experiments, all reading was done under the same principle. 

Therefore, if a mistake was made on one sample, it was an analogue to every other 

mistake in the research, therefore reducing the effect on the overall comparison. 

2.7.2 Description of the individual experiment for calculation of energy efficiency 

Preparations for each experiment were made the same way. Electrolyzer was cleaned and new 

electrodes were connected. Electrolyzer was filled up with a fresh batch of electrolytes and 

connected to the electrical circuit. The main switch was open, i.e., the electrical circuit was 

broken at that place. If used, electromagnets were turned on the pre-set value, as well as LED. 

Voltage for the LED was 3.4 V and it was constant for the duration of the experiment, and the 

voltage for the water electrolysis was adjusted to 2.5 V on the power source. Since the resistance 
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in the electrolyzer was variable over the duration of the experiment, the voltage slightly variated 

as well. The level of the electrolyte in the lower and upper tanks was measured. When 

everything was set, the check was conducted, DAQ turn on and settings adjusted, and the switch 

was lowered, and the electrical circuit connected. At that moment process of the water 

electrolysis started, and the generation of the bubbles of hydrogen and oxygen accordingly. The 

electrolyte in the upper tank soon stopped being transparent as it was filled with the small gas 

bubbles circulating in it before reaching the area of gas in the upper part of the upper tank. 

Every experiment was timed for a specific amount of time and when the time run off the switch 

was lifted, and the electrical circuit was broken. Electromagnet was turned off so electrolyzer 

could be approached. After all bubbles in the electrolyte reached the gas area at the top, the 

level of electrolyte in the lower and upper tanks was measured. 

2.7.3 Calculation of an alkaline electrolyzer energy efficiency 

In the scope of this research, a comparison of the efficiencies of the same electrolyzer was used 

when different conditions were applied. There were eight basic modes which can be compared, 

considering the usage of smooth or foam electrodes and application of magnetic and optical 

field, both, and none. Also, efficiencies can be compared based on the regulation of just one 

parameter. Since the efficiency of the regular electrolyzers solely depends on the voltage that 

is used for the experiment, all experiments were conducted under the same constant voltage or 

at least aspired to be. Therefore, the only possible option for the comparative analysis was a 

comparison of the energy efficiency. 

2.7.3.1 Calculation of the input energy 

In the calculation of energy efficiency, energy input represents electrical energy used to produce 

hydrogen. It was calculated by voltage and electrical current data collected via DAQ. The 

product of the voltage and energy current is power, but since data is collected in the time frame 

of every 1 second, it can be set to calculate the energy output for every second. The model was 

made to calculate average voltage values and average electrical current values between two 

recorded adjacent samples. Since the time frame was one second, the calculated power was 

power in the time frame of one second, i.e., energy. When all those samples were added up, the 

sum of small energy in every second represented the overall energy, used for hydrogen 

production, energy input, 𝑬𝑰, was calculated. The procedure was basically the integration of the 

power input (18): 
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𝐸A 	[𝐽] =c𝑃A 	[𝑊 ∙ 𝑠] = e𝑈(𝐼(𝑑𝑡 	[𝑉 ∙ 𝐴 ∙ 𝑠] 

(18) 

where 𝑷𝑰 is power output, 𝑼𝑬 operating voltage, and 𝑰𝑬 operating electrical current. 

2.7.3.2 Calculation of the output energy 

In the calculation of the energy efficiency, energy output, 𝑬𝑶, represents chemical energy stored 

in the hydrogen. It was calculated using higher heating value of hydrogen (19):  

𝐸9	[𝐽] = 𝑚!!	[𝑚𝑔]
𝐻𝐻𝑉!![𝑀𝐽 ∙ 𝑘𝑚𝑜𝑙

36]
𝑀!![𝑘𝑔 ∙ 𝑘𝑚𝑜𝑙36]

 

(19) 

where 𝒎𝑯𝟐	is mass of produced hydrogen, 𝑴𝑯𝟐 molar mass of hydrogen and 𝑯𝑯𝑽𝑯𝟐 higher 

heating value of hydrogen [88]. For the calculation of the energy efficiency lower heating value 

of hydrogen 𝑳𝑯𝑽𝑯𝟐 can be used as well. The efficiency of the process would be lower by ratio 

between 𝑯𝑯𝑽𝑯𝟐 and 𝑳𝑯𝑽𝑯𝟐. But, since the point of the research was a comparison of the 

energy efficiency between cases when were used magnetic field, optical field, Ni foam 

electrodes, or a combination of those parameters, it does not matter which heating value was 

used, since the difference will be the same. For the hydrogen higher heating values amounts to 

𝑯𝑯𝑽𝑯𝟐 = 286.18	𝑀𝐽𝑘𝑚𝑜𝑙36, while lower heating value amounts to 𝑳𝑯𝑽𝑯𝟐 =

241.1	𝑀𝐽𝑘𝑚𝑜𝑙36 [86]. 

2.7.3.3 Calculation of the energy efficiency 

After calculation of how much electrical energy was used in the process for hydrogen 

production and calculating how much hydrogen was produced, i.e., how much energy was 

stored in it, the energy efficiency 𝜼𝒆 can be calculated (20):  

𝜂& 	[%] = 100
𝐸9	[𝐽]
𝐸A[𝐽]

 

(20) 

where 𝑬𝑶 is energy output, representing potential chemical energy of hydrogen and 𝑬𝑰 energy 

input, representing electrical energy used for the hydrogen production. 
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3. ADAPTATION OF EXPERIMENTAL RESULTS IN A 
MODEL 

In the scope of the research, a mathematical model was built using MATLAB/Simulink 

software [89]. The model represents the adjustment of the existing mathematical model that 

describes the process of alkaline water electrolysis whose purpose is to simplify and intensify 

the development of future alkaline electrolyzers with application of the magnetic and optical 

field. It was based on the calculation of energy efficiency described by equations (2)-(11) and 

(18)-(20). That set of equations represents the base for the model, upon which the part with the 

influence of external magnetic and optical fields was upgraded. Basically, the model is based 

on the fitting of the experimental data with second order polynomial. Considering that 

implementation of smooth or foam electrodes affects the results, those two cases have been 

considered. Moreover, the case for the implementation of the magnetic field was modelled 

separately from the case of the implementation of the LED. In that way, for Electrolyzer 4, four 

separate models were designed. The case of the electrolyzer model with smooth Ni electrodes 

and the application of the magnetic field was analysed in detail, while the other three cases 

follow the same analogy. 

3.1  MATLAB/Simulink model for calculation of the effect of the magnetic and 

optical field on the energy efficiency of the Electrolyzer 4 

A mathematical modelling was based on the calculation of energy efficiency described by 

equations (2)-(9) and (16)-(18). The main part of the model was developed around the 

calculation of energy efficiency 𝜼 (in Simulink: eta) while the adjustment part, which calculate 

the effects of the magnetic and optical fields on the energy efficiency, was described by the 

function (Figure 16). The function was unique for each of the four cases and represents the 

variable part of the model. It is the second-degree polynomial function since it best describes 

the results of the experiment, calculated for the range of the magnetic flux density between 0 T 

and 2 T. For the model of the application of the LED, the range for it was between 2.8 V and 

3.4 V.  
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Figure 16. Mathematical model in MATLAB/Simulink for the Electrolyzer 4 

3.1.1 Base of the model 

In the base of the model, for calculation of the energy efficiency without application of any 

external field, the main division was in the subsystems for the calculation of the input energy, 

𝑬𝑰, and output energy, 𝑬𝑶. In subsystem for energy input (Figure 17), the main equation is (18). 

The main difference in the model is a simplification of the way voltage and electrical current 

were obtained. In calculation, the power output was integrated for every second, while in the 

model, the average values of the voltage and the electrical current were used. The model can be 

expanded and additionally more developed in the future, for it, if necessary. Besides the input 

of voltage and electrical current in this subsystem, the third input was the duration of the 

experiment, more precisely, the duration of the process of the alkaline water electrolysis. 
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Figure 17. Subsystem of Simulink model for energy input 

 
Figure 18. Subsystem of Simulink model for energy output 
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In subsystem of energy output (Figure 18) the main equation is (19). The system is the same as 

it was in the calculation. It has eight inputs: barometric pressure (in Simulink: pA), temperature 

(in Simulink: T) and levels of electrolyte in the upper tank (in Simulink: hu) and lower tank (in 

Simulink: hl). The values that were measured before have index 1, and values 2. The model can 

be expanded additionally if measurements of the levels of the electrolyte were to be collected 

during the duration of the process. 

3.1.2 Variable part of the model 

The variable part of the model is crucial causes it directly influences the energy efficiency of 

the electrolyzer. Upon a few measured points from the experimental measurements, a 

mathematical function was determined that best approximates results (Figure 19). It is a second-

degree polynomial function. The input in the model was the whole range of the analysed value. 

For the magnetic field analysis, it was the magnetic flux density and for the LED it was a 

voltage. The range of the magnetic flux density was from 0 T to 2 T. For the LED, a voltage 

range was between 2.8 V and 3.4 V. In the case that voltage was decreased lower than 2.8 V 

the light would be very weak, barely visible, and soon non existing, while under the higher 

values of 3.4 V, the LED was not tested due to danger of damage on the LED. Considering the 

complication that the change of the LED on the equipment and the delays it would cause, 

potentially even completely shutting down the research, the values were limited at 3.4 V. 

 

Figure 19. Variable subsystem of Simulink model with magnetic field application and 

smooth electrodes 
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3.2  Variations of the mathematical model  

Since the usage of the smooth or the foam electrodes are treated as two different electrolyzers 

and since each applied external field is analysed separately, four different cases for the variable 

part of the mathematical model were made. 

3.2.1 Mathematical model for case of the application of the magnetic field with smooth 

electrodes 

For the model of the magnetic field with foam electrodes, the function in the variable subsystem 

of the model is (21): 

𝜼𝒎𝒔 = −𝟎, 𝟎𝟏𝟑𝟖	𝑩𝟐[𝑻] + 𝟎, 𝟎𝟔𝟖𝟔	𝑩[𝑻] + 𝜼𝟎 

(21) 

where the 𝜼𝒎𝒔 is the resulting energy efficiency, 𝑩 the magnetic field density and 𝜼𝟎 the 

efficiency of the electrolyzer without application of the external field, calculated by the non-

variable part of the model. 

With the data from the experiment registered in the model, the final part was creating the linear 

regression signal of the magnetic flux density as an input. For the research of the application of 

the magnetic field, the range between 0 and 2 T was analysed. Therefore, the signal was a linear 

line from 0 to 2. Comparative analysis with the experimental results was discussed in the later 

chapter. 

3.2.2 Mathematical model for other cases 

All other cases were modelled analogically to the first case from the previous subchapter. 

3.2.2.1 Mathematical model for case of the application of the magnetic field with foam 

electrodes 

For the model of the magnetic field with the foam electrodes, the function in the variable 

subsystem of the model is (22): 

𝜼𝒎𝒇 = −𝟎. 𝟎𝟖𝟎𝟑	𝑩𝟐[𝑻] + 𝟎. 𝟏𝟗𝟑𝟏	𝑩[𝑻] + 𝜼𝟎 

(22) 
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where the 𝜼𝒎𝒇 is resulting energy efficiency, 𝑩 the magnetic field density and 𝜼𝟎 the efficiency 

of the electrolyzer without application of the external field, calculated by the non-variable part 

of the model. 

3.2.2.2 Mathematical model for case of the application of the LED with smooth electrodes 

For the model of the LED with smooth electrodes, the function in the variable subsystem of the 

model is (23): 

𝜼𝑳𝒔 = 𝟎. 𝟎𝟎𝟖𝟖	𝑼𝑳𝟐[𝑽] − 𝟎. 𝟎𝟐𝟑𝟐	𝑼𝑳[𝑽] + 𝜼𝟎 

(23) 

where the 𝜼𝑳𝒔 is resulting energy efficiency, 𝑼O the voltage applied on the LED and 𝜼𝟎 the 

efficiency of the electrolyzer without application of the external field, calculated by the non-

variable part of the model. 

3.2.2.3 Mathematical model for case of the application of the LED with foam electrodes 

For the model of the LED with foam electrodes, the function in the variable subsystem of the 

model is (24): 

𝜼𝑳𝒇 = 𝟎. 𝟎𝟐𝟓𝟕	𝑼𝑳𝟐[𝑽] − 𝟎. 𝟎𝟔𝟒𝟗	𝑼𝑳[𝑽] + 𝜼𝟎 

(24) 

where the 𝜼𝑳𝒇 is resulting energy efficiency, 𝑼O the voltage applied on the LED and 𝜼𝟎 the 

efficiency of the electrolyzer without application of the external field, calculated by the non-

variable part of the model. 

3.3  Adaptation of the experimental results 

Experimental research was limited by the number of available individual experiments that could 

have been conducted. Problems with the degradation of electrode surface or the achieving 

consistent ambient conditions in the Laboratory limited the scope of the research. On the other 

hand, the application of the magnetic field implied the usage of the electromagnet, and the main 

problem with experimental research with higher values of magnetic flux density was the heating 

of the electromagnet’s coils. Therefore, the full potential of the range of achievable values of 

magnetic flux densities above 2 T was not fulfilled. It was sacrificed for the avoidance of 
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temperature fluctuations among individual experiments. To better understand the influence of 

the magnetic or optical fields, the mathematical model was adjusted to fill the gaps between 

points analyses in the experimental research.  

3.3.1 Results of the adaptation for the application of the magnetic field 

Adaptation success of the experimental results in the case of the application of the magnetic 

field and smooth electrodes was presented in Figure 20. 

 

Figure 20. Adaptation success of the experimental results on the smooth electrodes with 

the application of the magnetic field 

The analysis was conducted for the range from 0 to 2 T.  

Adaptation success of the experimental results in the case of the application of the magnetic 

field and foam electrodes was presented in Figure 21. 
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Figure 21. Adaptation success of the experimental results on the foam electrodes with 

the application of the magnetic field 

The difference in the shapes of the graph indicates that the effects of the magnetic field on the 

process of the water electrolyzer vary significantly, depending on the usage of foam or smooth 

Ni electrodes. When the possible effect of the measurement uncertainty is considered graph’s 

curve can change significantly. Therefore, those results, should not be taken as law and should 

be used with conditions and limitations which was analysed in mind. The comparison indicates 

an undeniable positive effect of the magnetic field on the process of water electrolysis.  

In both cases, it was visible that the conclusion from the results of the experimental research 

conducted on the Electrolyzer 3, was true up to some value of the magnetic field, and then 

efficiency stat to decrease with further increase. Therefore, it can be concluded that there is 

optimal strength of the magnetic field, which varies among different electrolyzers, in which the 

maximum efficiency can be reached. 

3.3.2 Results of the adaptation for the application of the LED 

In the case of the mathematical model adjustment for the application of the LED, the main 

restriction was the range of the voltage used. Therefore, the results of the fitting were restricted 

to the voltage range of 2.8 and 3.4 V applied on the LED. For the values under the 2.8 V, the 

results of the fitting would not provide beneficial information since under those values of the 
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voltage LED does not generate any light. For those cases, the energy efficiency would be the 

same as if no external fields were applied. For the values above 3.4 V, it could be analysed, but 

in the scope of this research, it cannot be claimed that the fitting results of would follow the 

experimental results obtained by measurement. Adaptation success of the experimental results 

in the case of the application of the LED and smooth electrodes was presented in Figure 22. 

 

Figure 22. Adaptation success of the experimental results on the smooth electrodes with 

the application of the LED 

Adaptation success of the experimental results in the case of the application of the LED and 

foam electrodes was presented in Figure 23. 
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Figure 23. Adaptation success of the experimental results on the foam electrodes with 

the application of the LED 

A notable difference between the application of the magnetic and the optical field is the trend 

of continuous increase of the energy efficiency with the further increase of the strength of the 

optical field applied in the water electrolysis process. 
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4. RESULTS 

In this chapter, the results of the experimental research and the comparison of those results with 

the mathematical model were analysed. First, results of initial experimental research with 

Electrolyzer 3 were described and presented, then the main experimental results with 

Electrolyzer 4 and finally, the comparison of the mathematical model with those results were 

given. 

4.1  Analysis of the results of experimental research of Electrolyzer 3 

The first phase of the research focuses on the development of the design of the electrolyzer and 

the experimental setup. Therefore, initial research did not focus as much on the research of 

energy efficiency as on understanding the nature of the magnetic field, mapping of the magnetic 

field, and developing the best method of application on the main device.  

4.1.1 Application of the inhomogeneous magnetic field 

The investigation of the effect of the magnetic field was conducted in the early phase of the 

research. 

4.1.1.1 Magnetic field with one pair of the permanent neodymium magnets 

The first application of the magnetic field was via one pair of the permanent neodymium 

magnets detailed described in an earlier chapter. After the construction of the Electrolyzer 3, 

the first set of experiments was directed at visual confirmation of the effect of the application 

of the magnetic field. The direction of the magnetic field affects the direction of the created 

Lorentz force. Since both the directed magnetic field and the electrical current were in a 

horizontal plane perpendicular one to another, the resulting Lorentz force was vertical and 

perpendicular to the mentioned horizontal plane, but its direction could be adjusted to be 

directed up or down (Figure 24). 
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Figure 24. Differences in direction of the Lorentz force depend on the direction of the 

magnetic field in the relation to the direction of the electrical current [90] 

 

The effect of the resulting Lorentz force did have a clear visual effect on the production of 

hydrogen and oxygen in the electrolyzer. In the comparison between the time frames of the start 

of the water electrolysis presented in Figure 25 and Figure 26. there was a clear difference in 

the way bubbles move in the volume of the upper tank. In the first case, when an electrical 

circuit was closed, bubble generation starts intensely and immediately since the voltage on the 

power supply was adjusted to 2 V. The bubbles soon started to separate from the electrodes and 

flow upward under the effect of buoyancy. After some time, vortices in the closed fluid, started 

to appear at the top of the volume of the upper tank and soon the whole volume decreases 

transparency due to several small bubbles of hydrogen and oxygen trapped in the electrolyte. 

On the other hand, when the magnetic field was applied, the fluid dynamics of the bubbles in 

the volume of the upper tank completely changed. Because of the Lorentz force, the bubbles 

immediately started creating vortices in the upper tank, circling around the electrodes, creating 

chaotic flow inside the upper tank. There was no clear upright flow up to the top of the upper 

tank. Only after enough time did the volume of the electrolyte fill up with bubbles and the 

transparency decreased as was the case without the application of the magnetic field. There was 

also a noticeable difference between the way Lorentz's force was directed. In both cases chaotic 

vortices were immediately created, preventing the bubbles from upright movement, but the 

direction of the vortices was opposite. 
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Figure 25. Frames of the first 2 seconds of the start of the water electrolysis at the 

voltage of 2 V without the application of the magnetic field 

 

Figure 26. Frames of the first 2 seconds of the start of the water electrolysis at the 

voltage of 2 V with the application of the magnetic field 
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4.1.1.2 Magnetic field with two pairs of permanent neodymium magnets 

Here the strength of the field was increased by the addition of the second pair of permanent 

neodymium magnets of the same size. However, the results of the addition of the second pair 

were not as expected. The maximum measured values of the magnetic flux density for one pair 

of the magnets at the distance of 25 mm were measured at the centre of the surface of the north 

pole of the magnet. The value of the magnetic flux density was a bit above 600 mT. After the 

addition of the second pair, the maximum measured value was in the centre of the surface of 

the north pole magnet, for the same distance of 25 mm, which amounted to 630 mT. A similar 

increase was recorded in the middle of the field, at the point of 12.5 mm from both surfaces of 

both magnets, where for one pair of magnets values amounted to 350 mT, and for two pairs of 

magnets amounted to 380 mT. While the increase was not expected to be doubled, the increase 

between 5% and 10% was disappointing, nevertheless. 

 

Figure 27. Progression of the magnetic flux density in inhomogeneous magnetic field as 

the observed plane moves away from the surface of the north magnetic pole 

To better understand and visualise the shape of the magnetic field, extensive research on 3D 

mapping of the magnetic field was undertaken. The measurement was carried out by millimetric 

measurement of the planes parallel to the surface of the magnets facing each other. At the planes 

close to the surface of the north magnet, magnetic flux density was strongest, and equally 

distributed over the surface. With every other plane further away from the north side, the 

strength of the magnetic flux density dropped, and the shape of the field for that plane lose 
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coherence (Figure 27). The lowest measured values of the magnetic flux density were measured 

in the middle of the field and the shape of the field lost all resemblance to the square. The 

collected data was used for the 3D model visualisation of the field in the ParaView (Figure 28). 

 

Figure 28. 3D model of the half of the magnetic field created by two pairs of permanent 

magnets used in the research at the distance of 25 mm 

4.1.2 Energy efficiency of the research with the Electrolyzer 3 

The results of all induvial experiments were analysed. In Table 5, results for the experiments 

without the application of a magnetic field are listed. Alongside data for the efficiency of every 

experiment, data about the average voltage and electrical current was given as well. The 

efficiencies for all individual experiments were averaged and the overall efficiency for the 

experiments without the application of magnetic field was 53.81%. 

Table 5.  Results of the individual experiments without the application of the magnetic 

field for the Electrolyzer 3 
No. of 
exp. 

Average 
voltage [V] 

Average 
current [A] 

Magnets Efficiency of the 
process [%] 

1 2.46610 0.16854 no magnets 53.32 

2 2.46696 0.16642 no magnets 55.80 

3 2.50783 0.20196 no magnets 54.75 

4 2.51444 0.18242 no magnets 53.54 

5 2.54315 0.20179 no magnets 53.22 

6 2.53207 0.22289 no magnets 52.21 

Avg. 2.50509 0.19067 no magnets 53.81 
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In Table 6, the results of the research with the application of one pair of magnets for the creation 

of a magnetic field are presented. Analog to the data for experiments with no magnets, data for 

average values of voltage and electrical current were also presented. The number of the 

experiment was higher than in the case with no magnets and with two pairs. The efficiencies 

for all individual experiments were averaged and the overall efficiency for the experiments with 

the application of magnetic field created by one pair of magnets was 54.90 %. 

Table 6.  Results of the individual experiments with the application of the magnetic field 

created with one pair of magnets for the Electrolyzer 3 
No. of 
exp. 

Average 
voltage [V] 

Average 
current [A] 

Magnets Efficiency of the 
process [%] 

7 2.54239 0.18553 1 pair 54.05 

8 2.54638 0.19095 1 pair 53.45 

9 2.56485 0.16352 1 pair 53.01 

10 2.50256 0.15436 1 pair 55.31 

11 2.50300 0.15265 1 pair 55.95 

12 2.50462 0.15204 1 pair 54.80 

13 2.49966 0.13600 1 pair 55.31 

14 2.50230 0.13476 1 pair 55.87 

15 2.50309 0.13360 1 pair 56.62 

16 2.50899 0.25077 1 pair 56.58 

Avg. 2.51778 0.16542 1 pair 54.90 

 

Table 7.  Results of the individual experiments with the application of the magnetic field 

created with two pairs of magnets for the Electrolyzer 3 
No. of 
exp. 

Average 
voltage [V] 

Average 
current [A] 

Magnets Efficiency of the 
process [%] 

17 2.48456 0.14953 2 pairs 53.20 

18 2.46608 0.16835 2 pairs 56.67 

19 2.51578 0.19258 2 pairs 56.50 

20 2.51456 0.22210 2 pairs 55.21 

21 2.50944 0.21028 2 pairs 56.01 

22 2.50990 0.37388 2 pairs 55.78 

Avg. 2.50005 0.21945 2 pairs 55.56 
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In Table 7, the results of the research with the application of two pairs of magnets for the 

creation of the magnetic field were presented. The efficiencies for all individual experiments 

were also averaged and the overall efficiency for the experiments with the application of a 

magnetic field created by one or two magnets was 55.56 %. 

When analysed, data indicated that the application of the external magnetic field had a positive 

impact on the process of the alkaline water electrolysis. The application of the magnetic field 

created by one pair of the magnets increased the average efficiency in comparison to the case 

without the application of the magnetic field of the process from 53.81% to 54.90%. That 

represents an increase of 2.02%. The application of the magnetic field created by two pairs of 

magnets had an average value of efficiency of 55.56% which represents an increase of 3.26% 

in energy efficiency. Therefore, initial experimental research not only indicated that the 

application of the magnetic field increased the efficiency of the process, but also indicated the 

existence of a correlation that the stronger the magnetic field is, the higher increase in efficiency 

will be achieved. 

4.2  Results of the experimental research 

With the application of the electromagnet and Electrolyzer 4, a new phase of the research 

started. The principle of the experimentation and the procedures were analogue to the research 

with Electrolyzer 3, and therefore, qualitative conclusions of those results can be compared. 

Experimental research was mainly focused on the research of energy efficiency of water 

electrolysis as well as research on the U-I characteristic of the electrolyzer during its operation 

in different modes. 

4.2.1 Analysis of the experimental results of the energy efficiency 

Results of all individual experiments conducted with the Electrolyzer 4 were presented and 

analysed. All experiments were conducted following the same procedure that was established 

after initial trials of the experimental setup. 

4.2.1.1 Example of the individual experiment 

Before every experiment, the basic preparation described in previous chapters was done. When 

the electrolyzer was properly prepared and placed in the experimental setup, all the supporting 

equipment was turned on and the switch in the electrical circuit was lifted, effectively 
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preventing anything from happening. Before the actual experiment started, the test run was 

conducted, starting the electrolysis with the completely full upper tank. After a few minutes, 

the electrolytic gas would fill the top of the upper tank, and the level of the electrolyte in both 

tanks would be measured. The amount of the electrolytic gas before the experiment did not 

affect the measurement since mass would be subtracted from the measured produced amount 

in the experiment. The overall time of the experiment was 10 minutes, but the time the water 

electrolysis was occurring was 5 minutes. That was done for the purpose of easier and clearer 

data processing after the experiment was over.  

 

Figure 29. Measurement of the voltages in the selected experiment 

Every experiment started with the start of the recording on the DAQ. The DAQ started 

recording data about voltage in the circuit (Figure 29) and on the resistance shunt that was later 

used for the calculation of the electrical current in the experiment, the temperature of the 

electrolytic gas and ambient temperature in lower tank and around the experimental setup 

(Figure 30). In the meantime, the magnetic field was activated if it was required in the scope of 

that experiment. At 1:00 minute of the experiment, the switch was closed, and the electrical 

circuit connected, i.e., the process of water electrolysis started. In the first moments of the 

reaction, the volume of the electrolyte was transparent and started to be filled with bubbles of 

hydrogen and oxygen, as the bubbles started franticly moving through the electrolyte. That 

effect was also visible in the measurement of the electrical current (Figure 31) and electrical 

resistance (Figure 32). As time progresses, the electrical resistance increases, since the 

interelectrode space was filled with the bubbles of hydrogen and oxygen. Since the voltage was 
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more or less constant in the duration of the experiment, the increase in the resistance decreased 

the electrical current in the process. 

 

Figure 30. Measurement of the temperatures in the selected experiment 

 

Figure 31. Measurement of the electrical current in the selected experiment 
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Figure 32. Measurement of the electrical resistance in the selected experiment 

As the experiment progresses, the increase in the resistance was slower, and in some cases 

stabilises at some point. As more and more produced electrolytic gas was accumulated at the 

top of the upper tank, the problem of that gas reaching the tips of electrodes arised. To prevent 

that from happening, the experiment was limited by time and the 6:00 minute of the experiment 

switch was lifted again, and the process of water electrolysis was stopped. In case the 

electromagnet was part of the experiment, it was turned off first, while the other equipment kept 

recording. A couple of minutes was needed for all the bubbles of hydrogen and oxygen to reach 

and release in the upper part of the upper tank. In the 10:00 minute of the experiment recording 

in the DAQ was stopped, and consequently, the experiment. Although there was still some time 

spent on turning off additional equipment, from the point of data analysing, the only thing 

important was the measurement of the levels of the electrolyte in the lower and the upper tank 

and the measurement of the barometric pressure. The data for the calculation of the input energy 

was processed soon after. The output power in every second was integrated into the overall 

energy input (Figure 33), while the calculation of the produced hydrogen was calculated into 

overall energy output and energy efficiency was calculated. 
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Figure 33. Output power versus experiment time duration 

4.2.1.2 Analysis of the experimental results by individual effects 

In the scope of the research of energy efficiency, six sets of experiments were conducted, to 

determine the influence of every researched influence. First, there was a difference between the 

usage of smooth Ni electrodes and the usage of Ni foam electrodes. The second researched 

influence was of the magnetic field and the third of application of the LED. The list of the set 

was as follows: 

• With application of the magnetic field with different values of magnetic flux density on 

smooth Ni electrodes. 

• With application of the magnetic field with different values of magnetic flux density on 

Ni foam electrodes. 

• With application of the LED with different voltage on smooth Ni electrodes. 

• With application of the LED with different voltage on Ni foam electrodes. 

• Comparative analysis of the influence of both the magnetic field and LED on smooth 

Ni electrodes. 

• Comparative analysis of the influence of both the magnetic field and LED on Ni foam 

electrodes. 
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The experiments with application of the magnetic field with different values of magnetic flux 

density was conducted on the same pair of electrodes with magnetic field densities of 0 T, 0.663 

T, 1.191 T, 1.491 T, 1.705 T, and 1.864 T. It means that in every set of experiments, five 

individual experiments were conducted with the application of the magnetic field, and one 

without the application of the magnetic field. 

For the experiments with the application of LED with different values of voltage, the same 

analogy was applied. Experiments were conducted at the voltages of 0 V, 2.8 V, 3.0 V, 3.2 V 

and 3.4 V, meaning that four experiments were conducted with the application of LED, and one 

without LED application. The stronger voltages were not tested due to safety reasons, while 

lower voltages would barely yield any green light. 

For the experiment of the comparative analysis of the influence of both the magnetic field and 

LED, the procedure was to make four experiments on the same pair of electrodes, and then 

change electrodes from smooth Ni electrodes to Ni foam electrodes. The one set included the 

following individual experiments: 

• Without application of the magnetic field or the LED. 

• With application of the magnetic field with the magnetic flux density of 1.864 T 

• With application of the LED at the voltage of 3.4 V 

• With application of both the magnetic field with the magnetic flux density of 1.864 T 

and the LED at the voltage of 3.4 V 

All experiments of the single set were done in a short time span with similar environment 

conditions, to minimise the effect of other various factors such as ambient temperature, or 

barometric pressure changes. In that way, the effects of only researched applications aspired to 

be obtained, and the effects of undesirable outer effects were mitigated.  

4.2.1.2.1 Analysis of the effect of the application of the magnetic field 

Out of six experiments conducted, two sets of experiments were conducted with the application 

of the magnetic field under the conditions described in the previous subchapter. The results of 

those experiments are presented in Table 8. 
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Table 8.  Energy efficiency of the individual experiments conducted with the application 

of the magnetic field 

Magnetic flux density 

[T] 
Energy efficiency [%] 

Ni foam electrodes smooth Ni electrodes 
0 52.19 50.46 

0.663 56.35 51.11 

1.191 58.07 52.90 

1.491 59.16 54.09 

1.705 58.15 56.27 

1.864 57.63 56.08 

 

The results of the experiments clearly and undoubtedly confirmed the positive influence of the 

magnetic field on the increase of the energy efficacy of alkaline water electrolysis. With the 

application of the electromagnet, stronger magnetic fields were possible to achieve.  

For the experiments conducted with Ni foam electrodes, there was a clear difference in the 

results of energy efficiency calculation, depending on the application of the magnetic field. The 

results of individual experiments are presented in (Figure 34). 

 

Figure 34. Electrolyzer energy efficiency of the as the function of the magnetic flux 

density for Ni foam electrodes 
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For the experiments conducted with smooth Ni electrodes, there was also a clear difference in 

the results of energy efficiency calculation, depending on the application of the magnetic field. 

The results of individual experiments are presented in Figure 35. Similarly with the Ni foam 

electrodes, here can be noted that the increase in the magnetic field does not result in the 

increase in the energy efficiency indefinitely. Although overall energy efficiency is lower for 

smooth electrodes, the influence of the magnetic field had an expected effect.  

 

Figure 35.. Electrolyzer energy efficiency as the function of the magnetic flux density for 

smooth Ni electrodes 

4.2.1.2.2 Analysis of the effect of the application of the LED 

Out of six experiments conducted, two sets of experiments were conducted with the application 

of the LED under the conditions described in the previous subchapter. The results of those 

experiments are presented in Table 9. 

Table 9.  Electrolyzer energy efficiency with the application of the LED 

Voltage 

[V] 
Energy efficiency [%] 

Ni foam electrodes smooth Ni electrodes 
0 51.63 50.59 

2.8 52.74 52.01 

3.0 54.55 52.87 

3.2 54.15 52.43 

3.4 55.33 52.77 
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The experimental results indicate positive impact of the LED application. The positive effect 

of the LED is not as notable as it was the case with the application of a magnetic field, but it is 

still apparent. The experimental results for the Ni foam electrodes are presented in Figure 36. 

 

Figure 36. Electrolyzer energy efficiency versus LED voltage for Ni foam electrodes 

For the experiments conducted with smooth Ni electrodes, the results point out to the same 

conclusion. The results of individual experiments are presented in Figure 37. In the case of 

smooth electrodes, the difference is not as significant. 

 

Figure 37. Electrolyzer energy efficiency versus LED voltage for smooth Ni electrodes 
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4.2.1.2.3 Analysis of the effect of the application of the magnetic field and LED 

Out of all six sets of experiments conducted, two sets were conducted with the goal to determine 

the difference among the eight modes of electrolyzer defined in the previous chapter. Although 

some results from experimental sets analysed in two previous subchapters could serve as 

potential references for this analysis as well, the results of those experiments could have been 

affected by some other effects like temperature or barometric pressure. Also, for every set, 

electrodes were prepared separately to minimise the effects of degradation of the surface of the 

electrodes due to extended exposure to the alkaline electrolyte. Therefore, separate 

experimental sets were conducted. In the experimental research of one set, four types of 

conditions were applied, for both foam and smooth electrodes: 

• Without application of the magnetic field or the LED. 

• With application of the magnetic field with the magnetic flux density of 1.864 T. 

• With application of both the magnetic field with the magnetic flux density of 1.864 T 

and the LED at the voltage of 3.4 V 

• With application of the LED at the voltage of 3.4 V 

The results of those two experiment sets are presented in Table 10. 

Table 10. Energy efficiency of the individual experiments conducted with the application 

of the LED 

Electrode Electromagnets LED Efficiency 
Foam Yes (1.864 T) Yes (3.4 V) 59.13 % 

Foam Yes (1.864 T) No 59.60 % 

Foam No Yes (3.4 V) 52.59 % 

Foam No No 50.34 % 

Smooth Yes (1.864 T) Yes (3.4 V) 57.25 % 

Smooth Yes (1.864 T) No 55.88 % 

Smooth No Yes (3.4 V) 52.48 % 

Smooth No No 50.19 % 

From the experimental results, it can be concluded that influence of the application of the 

magnetic field has a high positive influence on the electrolyzer energy efficiency. In comparison 

to the results when no fields applied, the effect of the magnetic field showed an increase of 
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energy efficiency 18.36% for foam electrodes and of 11.34% for smooth electrodes. The 

influence of LED was also notable but not as significant as with magnetic field. The effect of 

the optical field showed an increase of energy efficiency of 4.47% for foam electrodes and 

4.56% for smooth electrodes, in comparison with no fields applied. When both applications 

were combined, the results showed no significant additive effects, and energy efficiency was in 

the range of those when only a magnetic field was applied. The combined effect of both applied 

fields shows an increase of energy efficiency of 17.46% for foam electrodes and an increase of 

energy efficiency of 14.07% for smooth electrodes, in comparison with no fields applied. 

The experimental results followed the trend of the results from previous experiments with 

different magnetic flux densities and different voltages applied. There were some deviations in 

how much significant the increase was with the application of both fields. The best example 

can be found in this experimental set where the energy efficiency of combined effects was 

higher than only the magnetic field for foam electrodes, while it was lower for smooth 

electrodes. 

4.2.1.2.4 Analysis of the effect of the application of the Ni foam electrodes 

In this research, three experimental sets were conducted with Ni foam electrodes and three sets 

with smooth Ni electrodes. Those experiments were conducted to determine the effects of the 

magnetic and optical field on the process of alkaline water electrolysis. However, those 

experiments were conducted with a secondary objective as well, to compare the effect of the 

usage of Ni foam electrodes instead of smooth Ni electrodes. That is why all experiments were 

essentially the repetition of the experimental set but with different pair of electrodes. To analyse 

the effect of different types of electrodes, the results of complementary sets of experiments 

were analysed. In Figure 38, data from Table 8 are presented for experiments with the usage of 

magnetic fields. It is visible that for every case of the applied magnetic field, calculated energy 

efficiency was higher for the foam electrodes than for the smooth ones. In this analysis, it can 

be determined that the replacement of smooth electrodes by foam will increase energy efficacy 

by 6.99%. 
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Figure 38. Electrolyzer energy efficiency with both types of electrodes under the 

application of the magnetic field 

Data analysed for the application of LED from Table 9 is presented in Figure 39. The effect of 

the foam electrodes is not as visible. In some cases, calculated energy efficiency for the smooth 

electrodes under the LED of the same voltage was higher than for the foam electrodes. In this 

analysis, it can be determined that the replacement of smooth electrodes by foam will increase 

energy efficiency by 3.18%. 

 

Figure 39. Electrolyzer energy efficiency with both types of electrodes under the 

application of the LED 
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Data analysed from the experiments that include both the magnetic field and the LED also had 

varying results. As it was presented in Table 10 for the cases with application of both fields 

and only magnetic field, the energy efficiency was higher for the foam electrodes. For the case 

when only the LED was applied the energy efficiency was higher with application of smooth 

electrodes. In this case, without the application of any field, the results were showing similar 

effect, with the energy efficiency higher when foam electrodes were applied. The average 

electrolyzer energy efficiency with foam electrodes was 51.34%, while for the smooth 

electrodes it was 50.46%. That determines the increase of 1.73% if smooth electrodes were 

replaced by foam electrodes.  

Finally, if all data points measured in all experiments for the Electrolyzer 4 were averaged, the 

average electrolyzer energy efficiency with foam electrodes was 55.54% while with smooth 

electrodes it was 53.16%. In other words, the replacement of smooth electrodes by foam 

electrodes will result in an increase of the energy efficiency for a 4.29%. 

4.2.1.3 Analysis of the effect of other factors 

Values of average voltage, electrical current, electrical resistance, average temperature of the 

electrolyte and average ambient temperature were analysed as well. The average value for each 

factor was calculated from experimentally collected data. Data was collected in one sample per 

second rate. As it was presented, it cannot be determined that the influence of other measured 

factors was influencing the results of the energy efficiency. 

The values of the average voltage in the experiments are presented in Figure 40. As it is shown 

earlier, during the experiment, the voltage did not change much. It cannot be concluded that the 

voltage average value in the process affected the results because there is no clear indication that 

higher values of voltage increase or decrease the energy efficiency. 
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Figure 40. Average voltage in each experiment in corelation with the energy efficiency  

The values of the average electrical current in the experiments are presented in Figure 41. 

Different to the values of the voltage in the duration of the experiment, the electrical current 

did change its values drastically. From maximum values at the start of the experiment, values 

would drop, first rapidly, then slightly until the balanced state was reached. From the analysed 

data there cannot be concluded that the average value of the electrical current in the process 

affected the results of the research since there is no clear indication that higher values of 

electrical current increase or decrease the energy efficiency. 

 

Figure 41. Average electrical current in each experiment in corelation with the energy 

efficiency 

The values of the average electrical resistance in the experiments are presented in . Since the 

voltage was constant for the duration of the experiment, it was logical that the values of the 
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resistance changed in the opposite direction than the electrical current. Its values would at the 

beginning rise rapidly from their minimum values until the balanced state was reached. From 

the analysed data there cannot be concluded that the average value of the electrical resistance 

in the process affected the results of the research since there is no clear indication that higher 

values of electrical resistance increase or decrease the energy efficiency.  

 

Figure 42. Average electrical resistance in each experiment in corelation with the energy 

efficiency 

The values of the average temperature of the produced electrolytic gas in the upper tank in the 

experiments were presented in Figure 43. The values of temperature were measured using K-

type thermocouple and were mostly constant with experiments without the application of the 

magnetic field. The temperature rose in the duration of the experiments with the application of 

the magnetic field due to heating of the coils. From the analysed data there cannot be concluded 

that the average value of the temperature of the produced electrolytic gas in the process affected 

the results of the research since there is no clear indication that higher temperatures increase or 

decrease the energy efficiency. 
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Figure 43. Average temperature of electrolytic gas in each experiment in corelation with 

the energy efficiency 

The values of the average ambient temperature in the experiments are presented in Figure 44. 

The values of temperature were measured using K-type thermocouple and were mostly constant 

during all experiments. From the analysed data there cannot be concluded that the average value 

of the ambient temperature affected the results of the research since there is no clear indication 

that higher temperatures increase or decrease the energy efficiency. 

 

Figure 44. Average ambient temperature in each experiment in correlation with the 

energy efficiency 
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4.2.2 Analysis of the U-I characteristic of the Electrolyzer 4 

Analysis of the U-I characteristics was done for the mode of the experiments with the smooth 

electrodes and the application of the LED. The voltage of the LED was set at 3.4 V and constant 

during the recording of the U-I characteristics. The magnetic field was not applied in this set pf 

experiments. 

4.2.2.1 Example of one U-I characteristic 

The recording of the U-I characteristic was conducted in a way that voltage was slowly 

increased in constant intervals for the same step, until the maximum voltage was reached, then 

in the same intervals it was decreased, by the same step (Figure 45). The time of the interval 

and the size of the step differs. In the longer version, which lasted 20:00 minutes, the intervals 

lasted 10 seconds, and the step was 0.05 V, while in the shorter version, the intervals lasted 5 

seconds and the step was 0.1 V. As the voltage was increased, the electrical current increased 

as well (Figure 46). During the research, the stationary state of the electrolysis was not achieved 

during the recording of U-I characteristics. After combining the recorded data, the U-I 

characteristic of a single experiment was generated (Figure 47). 

 

Figure 45. Change of the voltage during recording of the U-I characteristic 
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Figure 46. Change of the electrical current during recording of the U-I characteristic 

 

Figure 47. U-I characteristic of the experiment example 

4.2.2.2 Comparative analysis of the U-I characteristics for the same mode of operation 

As initial research conducted on the Electrolyzer 3 showed, the recording of the U-I 

characteristics of the electrolyzer proved problematic since the results that are supposed to 

repeat themselves, did not. Therefore, experimental research was conducted, analysing the 

influence of outside factors that shape the U-I characteristic of the electrolyzer. In each 

recording, LED was applied at the voltage of 3.4 V, while the magnetic field was excluded. As 

results show, for the recording that was conducted on the same day, the U-I characteristics does 

follow the same path (Figure 48). However, when recordings of the U-I characteristics were 
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conducted over a period of a few days, the data does not overlap as expected and the deviations 

are significant (Figure 49). Therefore, it can be concluded that the influence of the ambient 

conditions had significant effect on the shape of the U-I characteristic. 

 

 

Figure 48.. Four U-I characteristics recorded in the same day 
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Figure 49. Three U-I characteristics recorded in different days 
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5. CONCLUSION 

The research objectives set in the planning phase of this doctoral dissertation were achieved, 

and the research plan was respected. The experimental research was well planned and 

organised, the experimental setup was designed accordingly, and experiments were conducted. 

In the duration of the research, many subsystems of the experiment were constantly upgraded, 

better techniques were adopted, improving the quality of the research. 

The main goal was to investigate the effects of the application of the magnetic and optical field, 

and the implementation of the Ni foam electrodes in the process of alkaline water electrolysis. 

The result of the experimental research undoubtedly confirms the positive impacts of all three 

implementations in the alkaline electrolyzer.  

The most significant impact has the implementation of the magnetic field. The application of 

the electromagnet enabled the creation of a wide range of strength of the magnetic field, with 

the magnetic flux density up to 2 T. And while results vary significantly, with the highest 

increase of energy efficiency calculated to be 13.36% for the 1.49 T with the foam electrodes 

and the lowest increase in the to be 1.29% for the 0.66 T for the smooth electrodes, compared 

to the case without the usage of the magnetic field, it undoubtedly confirms significant positive 

impact on the process. Furthermore, when comparing different strengths of the magnetic fields, 

differences in the results are not so drastic. But in general, it can be concluded that the increase 

of the magnetic flux density of the applied magnetic field increases the efficiency of the water 

electrolysis process. The circulation of the bubbles in the electrolyte becomes ever more chaotic 

with the strengthening of the magnetic field. Thus, it can be assumed that at some point further 

increase of the magnetic flux density starts to have a slight negative impact on the energy 

efficiency. 

Regarding optical field in the form of the LED, the results seem to point to a lesser but still 

positive impact on the energy efficiency of the water electrolysis process. As in a case with the 

magnetic field, the results vary significantly, with the highest increase of energy efficiency 

calculated to be 7.17% and the lowest increase to be 2.15% compared to the case without the 

usage of LED. Furthermore, when comparing different strengths of the optical fields, 

differences in the results show that the increase of the strength of the applied light increases the 

energy efficiency of the process, although the differences are not so distinctive and are in the 
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limit of measurement uncertainty. It can be concluded that the maximum efficiency was not 

reached due to the limitation of the equipment used and that with further increase of the strength 

of the optical field, further increase in the efficiency is to be expected. 

The application of the foam electrodes proved to have a positive impact as well. Analysis of the 

results shows that the average energy efficiency for the foam electrodes in all experiments was 

55.54%, while for the smooth electrodes, it was 53.16%. That determines the increase of 4.29% 

when smooth electrodes are replaced with foam electrodes. The increase in energy efficiency 

might be the least significant of all three analysed applications, but on another hand, are most 

trustworthy, due to the large number of comparable results analysed. 

The results of the combined effects of more than one application were analysed. From a design 

point of view, the easiest combinations could be achieved by combining the foam with either 

of two external fields. However, the combination of magnetic field and LED with and without 

the foam electrodes was analysed as well. Based on the results, it was concluded that the 

dominant effect in the increase of energy efficiency has the application of the magnetic field. 

When applied with the LED, the effects of the LED are mitigated, due to the chaotic flow of 

bubbles in the electrolyte caused by the magnetic field. Bubbles lower the visibility of the 

electrolyte, effectively blocking the reach of the optical field to the inter-electrode space. When 

compared with the similar research main difference in this research is the way data is obtained. 

The data is obtained by physical measurement of produced hydrogen, while similar research 

conducted did not measure the amount of hydrogen produces in the process, but the units such 

as voltage to determine the voltage efficiency or Faraday efficiency. Other research focused on 

the rate of hydrogen production concluding that the implementation of the magnetic and the 

optical field resulted in the nine times higher hydrogen yields in comparison to conventional 

water electrolysis [79]. 

Results of the mathematical model adjustment are based on the results of the experimental 

research and provide further possibilities to better organise the future experimental research. 

Undoubtedly, the mathematical model will have a decisive economic impact, improving the 

financial viability of future research, by directing spending in the efficient direction.  

Finally, it can be concluded, that the main hypothesis of the scientific research: 

“The application of an external magnetic and optical field to the process of alkaline water 

electrolysis increases the efficiency of the alkaline electrolyzer with Ni foam electrodes.” 
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was proven since the results indicate that application of an external magnetic and optical field 

in an alkaline electrolyzer with Ni foam electrodes increases the efficiency of the water 

electrolysis process. 

5.1  Scientific contributions 

Scientific contributions produced in this doctoral thesis are as follows: 

• Research conducted in the scope of this research confirmed the hypothesises that the 

application of an external magnetic and optical field to the process of water electrolysis 

in an alkaline electrolyzer with Ni foam electrodes increases the efficiency of the water 

electrolysis process 

• Extensive experimental research was conducted with the laboratory-made alkaline 

electrolyzer with restricted resources and limited available equipment, proving that 

complex and ambitious research can be conducted under those conditions 

• Valuable knowledge and experience in the organisation, design and conduct of the 

experimental research, as in the following scientific procedures was gained in the 

duration of the research, which enabled the doctoral candidate for future work on the 

highest quality level 

5.2  Future research 

Future research will focus on further development of the usage of the effects of magnetic and 

optical fields. First, the main effort will be directed into exploiting its benefits in the design and 

manufacturing of prototype or the stronger electrolyzer with higher hydrogen production 

capacity. In purpose of that, the development and construction of a completely different 

geometry and size of the device will be needed, combining this research with the previous 

research conducted in the PEL. Since the positive impact on the energy efficiency has been 

established, restriction of the influence of the other effects, like temperature and pressure cease 

to exist, enabling the creative freedom in the upgrade of the design. The second part of the 

development will be based on the current design with the continuation of the research. The main 

goals will be to optimise the utilisation of the magnetic field and the LED, to achieve a positive 

impact with consideration of the economical perspective and overall energy efficiency. For the 
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application of LED, results showed that there is a potential in the usage of a stronger optical 

field, while the potential for the magnetic field was reached. 

In the scope of this study, overall energy efficiency, that for example calculates the power 

supply for the electromagnet and LED was not analysed. Since the electromagnet alone is an 

energy device with the consumption power of a few kilowatts, the sheer amount of the energy 

consumption of the electromagnet would neglect any positive impacts of the study by a margin 

of a few magnitudes. If the power for the electromagnets would be utilised by the RES, for 

example PV power station, then the ecological aspect would be satisfied, However, produced 

electricity could have more beneficial usage, and should not be wasted lightly. Therefore, 

optimisation of the process must be conducted to achieve the best cost-efficient and energy-

efficiency solutions available. 

Finally, the work on the current equipment and experiments will continue. The results may vary 

a lot and measurement uncertainty may affect some measurements, by a significant margin. To 

mitigate those effects, the most cost-effective solution is the repetition of the experiments, 

expander of points that were analysed which will serve to the further development of the 

mathematical model, and the application of more precise measurement techniques, like the 

measurement of the level of the electrolyte in the upper tank. With a more reliable system of 

measurement, the effects of the measurement uncertainty on the results can be drastically 

reduced. That and the increased number of the experiment would improve the effects of the 

statistical errors making the results more reliable. 
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