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Abstract: The experimental work is based on the PV solar powered membraneless KOH alkaline 

sono-electrolyzer using indirect continuous sonication under real meteorological conditions. The 

site of the study (36.9° N, 7.77° E) is located at the extreme North-East of Algeria, covering the se-

mester ranging from March to September. A validated semi empirical model for the dynamic as-

sessment of the global incident solar radiation is adopted, in association with a fundamental model 

based on the electrical analogy of the electrolytic cell. The experimental setup and measurements, 

coupled to the preliminary numerical model led to a fraction of electrodes’ coverage of 37% with a 

maximum recovery of 13% and 10% in ohmic and cell voltage respectively. The characterization of 

the sonication system through the calorimetric technique demonstrated an acoustic efficiency of 

13.7%. 
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1. Introduction 

As an energy carrier with the advantages of high efficiency, cleanliness and sustain-

ability, hydrogen has become a research hot topic [1]. Numerous studies have suggested 

that hydrogen produced from renewable energy sources, such as solar and wind, will 

have a major influence on global energy supplies in the near future. More specifically, the 

combination of solar photovoltaic energy with water electrolysis and battery is regarded 

as the most sustainable, suitable and clean pathway to H2 production [2]. On an industrial 

scale, the most utilised and commercialised technologies for water electrolysis are alkaline 

electrolysis and proton exchange membrane which are based on the water splitting 

through the following reaction [3]: 

𝐻2𝑂 → 𝐻2 +
1

2
𝑂2  

Solar electrolysis hydrogen production has been the subject of several studies, yhere 

very early, Bilgen [4] has attempted to developpe a mathematical model for the determi-

nation and optimisation of the thermal and economic of performance of large-scale pho-

tovoltaic electrolyser systems. Sellami et al. [5] also investigated the effect of electrolyte’s 

nature on the amount of produced hydrogen, while Dahbi et al. [6] investigated the 
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possibility of the system’s optimization via an MPPT implementation and the controle of 

water flow injected. Burton et al. [7] reported the means of energy efficiency improvement 

using magnetic fields and high voltage electric fields, light energy and ultrasonic fields. 

In our recent study [8], the effect of ultrasound on a Pv solar water electrolysis for hydro-

gen production was conducted experimentally and by means of modeling for a short pe-

riod of one day under real meteorological conditions. 

In the present study, a modeling study of hydrogen production via membraneless 

sono-electrolysis under indirect continuous sonication and real meteorological conditions 

was conducted. 25% KOH electrolyte and nickel plate electrodes were used. a MatLab 

modeling was used in order to assess the kinetic and the energy efficiency of hydrogen 

production is based on the mathematical model of solar irradiation, PV panel and the al-

kaline electrolyzer. 

2. Materials and Methods 

Two chambers electrolysis cell of 300 mL was used, Table 1 shows the parameters 

that have been applied. 

Table 1. Properties of the adopted system. 

Site and Angles Parameters PV Panel Parameters  Sono-Electrolysis Parameters 

geographical 

coordinates 
36.9° N, 7.77° E Cell type Monocrystalline 

Electrolyte 

concentration 
25% w/w, 4.46 M KOH 

Albedo ⍴ 0.2 
Short circuit 

current (Isc) 
1.8 A sonication Indirect continuous 

solar declina-

tion 
𝛿 = 23.45 sin (

360

365
(284 + 𝑁)  

Open circuit 

voltage (Voc) 
21.52 V 

Frequency 

and power 
40 kHz and 60 We 

Hour angle  𝜔 = 15(𝑇𝑆𝑇 − 12) 
Maximum 

power (Pmax) 
30 W 

Electrode’s 

material 
Nickel plates  

MatLab modeling 

The adopted modeling part is based on the mathematical models of (i) solar irradia-

tion, (ii) PV solar model, (iii) and water electrolysis. 

Solar irradiation model 

The global radiation on tilted surface G are calculated according to Equation (1) [10]: 

𝐺 = 𝐷𝛽 + 𝐵𝛽 + 𝑅𝑔 (1) 

where 𝐷𝛽 is the diffuse radiation, 𝐵𝛽 and 𝑅𝑔 are the beam and reflected radiation In the 

adopted model, the diffused radiation 𝐷𝛽   are estimated according to the anisotropic 

model of Hay [10] as Equation (2): 

𝐷𝛽 = 𝐷𝑑(𝑓𝐻𝑎𝑦 (
𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃𝑧

) + (
1 + 𝑐𝑜𝑠𝛽

2
)(1 − 𝑓𝐻𝑎𝑦) (2) 

𝑓𝐻𝑎𝑦 =
𝐷𝑏

𝐸𝑥𝑡

 (3) 

𝑅𝑔 is the reflected radiation which is the fraction of global radiation that is reflected by 

the Earth’s surface and any other obstructing object and is calculated according to Equa-

tion (4): 

𝑅𝑔 = 𝐻⍴(
1 − 𝑐𝑜𝑠𝛽

2
) (4) 

The direct beam irradiance on an tilted surface can be calculated using Equation (5): 

𝐷𝛽 = 𝑟𝛽𝐷𝑏  (5) 
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where 𝑟𝛽 represents is the ratio of the hourly radiation received by an inclined surface to 

that received by a horizontal surface outside the Earth’s atmosphere and is calculated us-

ing the following equation [10]: 

𝑟𝛽 =
𝐸0𝛽

𝐸𝑥𝑡

≈
𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃𝑧

 (6) 

In the previous equations, 𝐸𝑥𝑡 , 𝜃 and 𝜃𝑧 are the extraterrestrial radiation, the inci-

dence angle and the zenith angle that are calculated according to a specific equations [10]. 

PV panel model 

The current delivered from the PV panel is represented as given in Equation (7) [11]: 

𝐼 = 𝐼𝑝𝑣 − 𝐼𝑑 − 𝐼𝑠ℎ (7) 

In the expression of I, 𝐼𝑝𝑣, 𝐼𝑑 and 𝐼𝑠ℎ are the light current, diode current and shunt 

current respectively and can be expressed as follow [12,13] 

𝐼𝑝𝑣 =
(𝐼𝑝𝑣0 + 𝐾𝑇)𝐺

𝐺0
 (8) 

𝐼𝑑 = 𝐼0 (exp (
𝑅𝑠𝐼 + 𝑉

𝑉𝑡𝑎
) − 1) (9) 

𝐼𝑠ℎ =
𝑉 + 𝑅𝑠𝐼

𝑅𝑝
 (10) 

Water electrolysis system 

The electrolyzer’s voltage 𝑈𝑐𝑒𝑙𝑙   is dependent on the current produced from the PV 

panel, the potential involved 𝐸𝑟𝑒𝑣   the reversible voltage, 𝑈𝑎𝑐𝑡   activation voltage, 

𝑈𝑂ℎ𝑚 ohmic voltage and 𝑈𝐶𝑜𝑛𝑐   concentration voltage which are expressed according to 

the equations below [14–16]: 

𝑈𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 + 𝑈𝑎𝑐𝑡 + 𝑈𝑂ℎ𝑚 + 𝑈𝐶𝑜𝑛𝑐 (11) 

𝐸𝑟𝑒𝑣(𝑇, 𝑃) = 𝐸𝑟𝑒𝑣(𝑇) +
𝑅𝑇

𝑍𝐹
ln (

𝑃𝑣
∗(P − 𝑃𝑣)1.5

𝑃𝑣
) (12) 

𝑈𝑎𝑐𝑡 =
2.3026 𝑅𝑇

𝑍𝐹𝑎𝑎
log (

𝐼𝑎

𝐼0𝑎
) +

2.3026 𝑅𝑇

𝑍𝐹𝑎𝑐
log (

𝐼𝑐

𝐼0𝑐
) (13) 

𝑈𝑜ℎ𝑚 = 𝐼(𝑅𝑐𝑒𝑙𝑙 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) (14) 

𝑈𝑐𝑜𝑛𝑐 =
𝑅𝑇

𝑍𝐹
(ln (1 − (

𝐼

𝐼lim
))) (15) 

Calorimetric characterization of sono-electrolysis 

As the propagation of the ultrasound waves within the electrolyte increases the elec-

trolyte’s temperature, an evaluation of the acoustic power transferred to the electrochem-

ical cell was conducted. Where, the power of the ultrasound transmitted to the electrolyte 

is calculated by means of the equation below [17]: 

𝑃𝑠 =
𝑚𝐾𝑂𝐻𝐶𝑝𝑑𝑇

𝑑𝑡
 (16) 

where 𝑚𝐾𝑂𝐻 is the mass of the alkaline electrolyte, 𝐶𝑝 and 𝑑𝑇 are the heat capacity of 

the electrolyte at constant pressure and temperature change within the monitoring time. 

Kinetics of hydrogen production 
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According to Faraday’s law [28], the rate of hydrogen gas produced by water elec-

trolysis is equal to the electrical charge consumed by the cell which is expressed according 

to Equation (17) 

�̇�𝐻2
=

𝑁𝐼𝑀𝐻2

𝑍𝐹
𝜂𝐹 (17) 

where �̇�𝐻2
 is the mass flow of hydrogen production by the electrolyzer in g/s, 𝑀𝐻2

 and 

N is the cells number of electrolyzer and molar mass respectively and 𝜂𝐹 represents the 

Faraday efficiency. 

3. Results and Discussion 

3.1. Kinetics of Hydrogen Production 

Figure 1a shows the simulated hourly solar irradiance and delivered current f for 

each month. It is clear that the solar irradiation and the delivered current are at their high-

est values during the summer period. The highest values of solar irradiation 992 W/m² are 

reached in the summer period during the month of May around solar noon, while the 

maximum delivered current of 1.6 A was recorded during the month of June. 

  
(a) (b) 

Figure 1. Simulated results of monthly (a) hourly solar irradiation and delivered current; (b) kinetics 

of hydrogen production and delivered current. 

The kinetic of hydrogen production according to the hourly delivered current is 

shown in Figure 1b. The kinetic of hydrogen production increases with increasing current 

according to Faraday’s law and reached its maximum of 8 µmol/s in June around solar 

noon. 

3.2. Sono-Electrolysis Results 

According to the obtained results and based on the calorimetric study [17], the char-

acterization of the sonication system demonstrated an acoustic efficiency of 13.7% when 

considering the delivered power of 60 W. This means that the remainder of the power 

consumed is dissipated as heat to the electrolyte and the surrounding environment. 

Figure 2a,b shows the average cell resistance and cell voltage as a function of the 

coverage of the electrode with air bubbles. The electrode bubble coverage in the presence 

and absence of ultrasound is 37% and 82%, respectively, based on the previous experi-

mental results [8]. Thus, it can be seen that in the quiescent system, the ohmic voltage and 

cell voltage range from 2.6 to 3.5 V and from 4.1 to 4.8 V, respectively, depending on the 

month, whereas under sonication they decrease to 2.25 to 2.8 V for the ohmic voltage and 

to 3.7 to 4.3 V for the cell voltage. 
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(a) (b) 

Figure 2. Simulated results of monthly average (a) ohmic voltage; (b) cell voltage in function of 

electrode’s bubble coverage. 

As it is assumed in the literature, the bubble presence in the electrolyte and on the 

electrode’s surface increases the ohmic resistance and voltage and thus the power con-

sumption. It was observed that the higher the current supplied by the solar panel, the 

higher the hydrogen production kinetic and the higher the bubble and ohmic resistance. 

The integration of the sonication reduces the ohmic voltage by about 13.5–20% and the 

cell voltage by 9.7–10.4%, depending on the month. This means that for the same feed 

current, the hydrogen kinetics described by the mass flow rate is more important due to 

the effective desorption effect of the sonication. 

4. Conclusions 

In the present study, hydrogen production via sono-electrolysis powered by a PV 

solar system was performed using a detailed modeling pathway. The study covered the 

period of time from March to September under real meteorological conditions during the 

whole representative days. It was revealed that only 13.7% of the consumed power of son-

icator was transferred to the electrochemical cell. In addition, the highest hydrogen pro-

duction was recorded during the summer where the irradiation reached its maximum. In 

addition, under sonication conditions, a maximum recovery of 13% and 10% in ohmic and 

cell voltage respectively was recorded. 

Author Contributions:. 

Funding:  

Institutional Review Board Statement:  

Informed Consent Statement:  

Data Availability Statement:  

Conflicts of Interest:  

References 

1. Zhang, J.; Ling, B.; He, Y.; Zhu, Y.; Wang, Z. Life cycle assessment of three types of hydrogen production methods using solar 

energy. Int. J. Hydrog. Energy 2022, 47, 14158–14168. 

2. Gutiérrez-Martín, F.; Amodio, L.; Pagano, M. Hydrogen production by water electrolysis and off-grid solar PV. Int. J. Hydrogen 

Energy 2021, 46, 29038–29048. 

3. Nou, H.M.; Kaouther Kerboua, O.H. Converting PV solar energy to green hydrogen. In Reference Module in Earth Systems and 

Environmental Sciences; Elsevier: Amsterdam, The Netherlands, 2023; pp. 1–10. 

4. Bilgen, E. Solar hydrogen from photovoltaic-electrolyzer systems. Energy Convers. Manag. 2001, 42, 1047–1057. 

5. Sellami, M.H.; Loudiyi, K. Electrolytes behavior during hydrogen production by solar energy. Renew Sustain. Energy Rev. 2017, 

70, 1331–1335. 

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

0 20 40 60 80 100

O
h

m
ic

 v
o

lt
ag

e
 (

V
)

Electrode's bubble coverage coefficient %

March April May June July August September

3.5

4

4.5

5

5.5

6

0 20 40 60 80 100

C
e

ll 
vo

lt
ag

e
 (

V
)

Electrode's bubble coverage coefficient %

March April May June July August September



Eng. Proc. 2023, 52, x FOR PEER REVIEW 6 of 6 
 

 

6. Dahbi, S.; Aboutni, R.; Aziz, A.; Benazzi, N.; Elhafyani, M.; Kassmi, K. Optimised hydrogen production by a photovoltaic-elec-

trolysis system DC/DC converter and water flow controller. Int. J. Hydrogen Energy 2016, 41, 20858–20866. 

7. Burton, N.A.; Padilla, R.V.; Rose, A.; Habibullah, H. Increasing the efficiency of hydrogen production from solar powered water 

electrolysis. Renew. Sustain. Energy Rev. 2021, 135, 110255. 

8. Hane, N.; Merabet, K.K. Green hydrogen from sono-electrolysis : A coupled numerical and experimental study of the ultra-

sound assisted membraneless electrolysis of water supplied by PV. Fuel 2024, 356, 129625. 

9. Maleki, S.A.M.; Hizam, H.; Gomes, C. Estimation of hourly, daily and monthly global solar radiation on inclined surfaces: 

Models re-visited. Energies 2017, 10, 134. https://doi.org/10.3390/en10010134. 

10. Ghribi, D.; Khelifa, A.; Diaf, S.; Belhamel, M. Study of hydrogen production system by using PV solar energy and PEM electro-

lyser in Algeria. Hydrog. Energy 2013, 38, 8480–8490. 

11. Villalva, M.G.; Gazoli, J.R.; Filho, E.R. Comprehensive Approach to Modeling and Simulation of Photovoltaic Arrays. IEEE 

Trans. Power Electron. 2009, 24, 1198–1208. 

12. Rahim, A.H.A.; Salami, A.; Fadhlullah, M.; Hanapi, S.; Sainan, K. Optimization of direct coupling solar PV panel and advanced 

alkaline electrolyzer system. Energy Procedia 2015, 79, 204–211. 

13. LeRoy, R.L.; Bowen, C.T.; LeRoy, D.J. The Thermodynamics of Aqueous Water Electrolysis. J. Electrochem. Soc. 1980, 127, 1954–

1962. 

14. Azad, A.K.; Khan, M.M.K. Bioenergy Resources and Technologies; Academic Press: Cambridge, MA, USA, 2021. 

15. Allen, J.B.; Larry, R.; Faulkner, H.S.W. Elechtrochemical Methods, Fundamentals and Applications; Wiley: Hoboken, NJ, USA, 2022. 

16. Kerboua K, Merabet NH. Sono-electrolysis performance based on indirect continuous sonication and membraneless alkaline 

electrolysis: Experiment, modelling and analysis. Ultrason. Sonochem. 2023, 96, 106429. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


