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Abstract— One of the alternative energy storage media that is predicted to be the energy of the future as an effort to shift the energy 

production from conventional energy to renewable energy is hydrogen, due to its adequate energy content with high heating value (HHV) of 

141 MJ/kg and several other properties that make it suitable for use as an energy storage medium. 95% of hydrogen gas production is 

currently dominated by fossil-based process. In this research, experiment will be carried out to produce hydrogen gas based on renewable 

energy using wind turbine and solar panels. The goal of combining these two energy sources is to complement each other's intermittent 

nature of each energy source. This experiment uses alkaline water electrolysis process with 30 wt% NaOH solution as the electrolyte and 

316 L stainless steel as the electrode material used in the electrolyzer. The main objective of this study is to determine the overall system 

efficiency, electrolysis efficiency and the availability of wind energy and solar energy in the region. Semarang, Indonesia. 

. 

Index Terms— hydrogen energy, alkaline water electrolysis, renewable energy, solar panel, wind turbine, HHO generator, efficiency. 

——————————      —————————— 

1 INTRODUCTION

The development of clean energy is a vital method in the 
fight against climate change and limiting the detrimental 
effects of climate change itself. Nowadays, the fulfillment of 
energy is still supported by fossil-based sources that have a 
negative impact on the environment. According to the 
international energy agency, the world's electricity demand 
will increase by 70% from 2014 to 2040 Moreover, Final 
Energy Use will jump from 18% to 23% in the same period, 
mainly driven by economic growth in India, China, Africa, 
the Middle East and Southeast Asia [1]. Renewable energy 
sources accounted for 23% of global electricity supply in 
2014, and this percentage is predicted to increase to 58% by 
2040 [2]. 

The problem that is commonly found in the utilization 
of renewable energy such as solar energy and wind energy 
sources is the intermittent availability of energy sources, so 
there will be a mismatch between energy supply and 
demand. Therefore, storage media is a mandatory part of 
overcoming this problem. Hydrogen is promoted as an 
alternative energy storage medium due to its good energy 
content. 95% of the world's hydrogen production still 
depends on fossil-based processes [3]. The most commonly 
used non-fossil-based hydrogen gas production method 
today is electrolysis using solar panels [4]. The performance 
of solar panels is very dependent on climatic conditions [5], 
so it needs to be combined with other energy sources. such 
as wind energy, to be able to supply power in the required 
quality[6].  

From this description, this research was carried out 
involving a combination of energy sources based on wind 
turbines and solar panels by utilizing a water electrolysis 
system to produce hydrogen as a storage medium for the 
resulting electrical energy. The purpose of this study is to 
determine the ability of a combination system based on wind 
and solar energy using water electrolysis cells to produce 
hydrogen as an energy storage medium, as well as the 
potential of solar energy and wind energy in the Semarang 
region, Indonesia. 

2 THEORIES AND METHODOLOGY 

2.1.  Water Electrolysis for Hydrogen Production 

Alkaline water electrolysis (AWE) operates at low 
temperatures (60–80 °C), with a solution of KOH and/or 
NaOH as the electrolyte, the electrolyte concentration is 
approximately 20–30% [7]. In alkaline electrolyzers, nickel 
materials are used as electrodes. The purity of the hydrogen 
produced is approximately 99%. Alkaline water 
electrolyzers have an efficiency of around 50-60%[8]. The 
disadvantage of alkaline electrolysis is its slow response. 
Long start-up preparation makes it difficult to adapt alkaline 
electrolyzers to the variable nature of renewable energy 
sources[9]. The illustration of alkaline water electrolysis 
working principle can be seen in Fig.2.1. 

 

Fig. 2.1. Alkaline water Electrolysis[10] 
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2.2.  Thermodynamic Model of Water Electrolysis 

Using thermodynamics, the basis of the definition of the 
driving forces behind the transport phenomena in 
electrolysis can be determined and can lead to a description 
of the properties of the electrolyte solution. The following is 
a brief description of the thermodynamics of low 
temperature electrochemical reactors used in electrolysis 
processes. 

The total enthalpy change for the electrolysis of water is 
the enthalpy change between the products (H2 and O2) and 
the reactants (H2O). The same is true for the change in 
entropy. The change in Gibbs energy is expressed as 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆                                                                (1) 

Gibbs energy is the amount of energy required for a 
reversible electrolysis process. The standard Gibbs energy 
for the water splitting reaction is ΔG = 237 kJ mol-1 [11]. 
Faraday's law relates the electrical energy required for the 
electrolytic reaction of water to the rate of chemical 
conversion in a molar quantity. The electrical energy for a 
reversible electrochemical process or reversible cell voltage 
is expressed 
 

𝑈𝑟𝑒𝑣 =
∆𝐺

𝑧𝐹
                                                                           (2) 

The total amount of energy required for the electrolysis 
process is equivalent to the change in enthalpy ΔH. From 
equation (1), it can be seen that ΔG involves thermal 
irreversibility TΔS, which in a reversible process is equal to 
the heat requirement. The standard enthalpy for the process 
of separating water through electrolysis is ΔH = 286 kJ mol-1 
[4]. From this, we can determine the thermoneutral voltage 
of the electrolytic cell, which is expressed as follows: 
 

𝑈𝑡𝑛 =
∆𝐻

𝑧𝐹
                                                                            (3) 

Under standard conditions, Urev = 1.229 V and Utn = 
1.482 V [20], however, will change with temperature and 
pressure. In the applicable temperature range, the Urev value 
decreases with increasing temperature, for example, the Urev 
value at 80 oC and 1 bar is 1.184 V, while the Utn value 
remains relatively constant. An increase in pressure will 
increase the value of Urev; for example, at a temperature of 25 
oC and a pressure of 30 bar, the value of Urev becomes 1.295 
V and the value of Utn remains constant. 

Electrode kinetics can be modeled using the current-
voltage relationship (I-U). The basic form of the I-U curve in 
Fig. 2.2. shows the cell voltage to current density curve at 
high and low operating temperatures for this type of alkaline 
water electrolyzer. As can be seen, the difference between 
the two I-U curves is mainly due to the dependence of the 
overvoltage on the operating temperature. 
 

 

Fig. 2.2 AWE Electrolysis I-U Curve [4] 

To find out the amount of gas produced from electrolysis, 
the ideal gas equation can be used as follows: 

𝑃𝑉 = 𝑛𝑅𝑇                                                                              (4) 

 𝑛 =
𝑃𝑉

𝑅𝑇
                                                                                   (5) 

𝑚 =
𝑃𝑉𝑀𝑟

𝑅𝑇
                                                                               (6) 

If the electrolyzer does not use a separator, so that 
the produced gas is a mixture of hydrogen and oxygen gas 
(HHO), then the mass of each hydrogen and oxygen gas can 
be obtained using the principle of Dalton's law in the ideal 
gas equation, where the pressure value is the partial pressure 
of each gas and the value of the constant R is the specific 
constant of each gas by first calculating the mole fractions of 
hydrogen and oxygen gases. As in the following equations: 

𝑓. 𝑂2 =
𝑛𝑂2

𝑛𝑡𝑜𝑡𝑎𝑙
=

1

3
                                                                         (7) 

𝑓. 𝐻2 =
𝑛𝐻2

𝑛𝑡𝑜𝑡𝑎𝑙
=

2

3
                                                                         (8) 

The partial pressure and constant R of each gas can be 
determined as in the following equations: 

𝑃𝑂2 =
1

3
𝑃𝑔𝑎𝑠 𝑡𝑜𝑡𝑎𝑙                                                                             (9) 

𝑅𝑂2 =  
ℛ

𝑀𝑂2
                                                                              (10) 

𝑃𝐻2 =
2

3
𝑃𝑔𝑎𝑠 𝑡𝑜𝑡𝑎𝑙                                                                             (11) 

𝑅𝐻2 =  
ℛ

𝑀𝐻2
                                                                              (12) 

Using the partial pressure and specific gas constant values, 
the ideal gas equation can be written as follows: 
𝑃𝑂2𝑉 = 𝑚02𝑅𝑂2𝑇                                                                              (13) 

𝑃𝐻2𝑉 = 𝑚𝐻2𝑅𝐻2𝑇                                                                              (14) 

The thermal efficiency of electrolysis can be defined as the 
ratio between the output in the form of energy content in 
hydrogen and the input energy as in the following equation 
[12]: 

𝜂𝑒𝑙𝑒𝑘𝑡𝑟𝑜𝑙𝑖𝑠𝑒𝑟 =  
 𝐸 𝐻2

Δ𝐸
                                                                              (15) 
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By using the electric power equation for ΔE, and the amount 
of energy in hydrogen gas is the High Heating Value (HHV) 
of 141.8 MJ/kg or 283.8 kJ/mol, the equation can be written 
as follows: 

𝜂𝑒𝑙𝑒𝑘𝑡𝑟𝑜𝑙𝑖𝑠𝑒𝑟 =  
𝐻𝐻𝑉𝐻2

𝛥𝐸
=

283,8 (𝑘𝐽/𝑚𝑜𝑙) × 𝑛𝐻2 (𝑚𝑜𝑙)

𝑉𝑖𝑡(𝑘𝐽)
                  (16)                                                     

HHV is used with the assumption that hydrogen will 
later be utilized in a fuel cell where the chemical reaction 
process will produce water in liquid phase as in a Proton 
Exchange Membrane type fuel cell where the optimum 
operating conditions for the fuel cell are at a pressure of 3-4 
bar at a temperature of 60-120 oC [13][14], where in this 
condition the water that is produced is in the liquid phase. 
 

2.3. Wind Energy 

Energy takes many forms, each with its own 
characteristics and qualities. The quality of energy can be 
interpreted by its capacity or ability to change from one form 
to another [15]. Wind energy is categorized as “ordered 
energy”. Because the energy that can be utilized is the kinetic 
energy by using a wind turbine. Analytically, the energy that 
is utilized from the wind is the magnitude of the change in 
the kinetic energy of the wind. If it is assumed that kinetic 
energy can be fully utilized, and the final velocity of the 
wind after passing through the turbine is zero, the amount 
of wind power can be expressed mathematically by the 
following equations [16]: 
 

𝐸𝑘 =  
1

2
𝑚𝑣2                                                                              (17) 

𝑚̇ =  𝜌𝑣𝐴                                                                                (18) 

𝑃𝑤𝑖𝑛𝑑 =  
1

2
𝜌𝐴𝑣3                                                                              (19) 

2.4. Solar Energy 

The greatest source of energy available to humans is the 
sun. The photovoltaic system is one method of harvesting 
solar energy. Photovoltaic system energy conversion is an 
energy conversion in one step, which is to produce electrical 
energy from solar energy. The photovoltaic system uses a 
semiconductor material with the p-n junction principle, 
which can conduct electric current when receiving energy in 
the form of photons. An illustration of the working principle 
of a photovoltaic cell can be seen in Fig. 2.3. 

 

Fig. 2.3 Photovoltaic Working Principle [17] 

The performance of a PV panel can be characterized 
by the I-V characteristic curve, namely the current and 
voltage curve of the PV panel in the case of solar irradiation 
of 1000 W/m2 at a panel operating temperature of 25 oC. An 
example is the I-V curve in Fig. 2.4. The three points on the 
I-V curve that are important in defining the performance of 
a PV panel; Short-circuit current ISC; this parameter shows 
the maximum current generated by the pv panel when the 
load is zero or the voltage value is zero (V = 0); open circuit 
voltage VOC, which shows the maximum voltage that can be 
achieved by the pv panel under conditions where the load is 
infinite or the current is zero (I = 0). The power curve is the 
product of the current and voltage generated by the solar 
panel. 

 

Fig. 2.4. Solar Panel Characteristic Curve [18] 

 

2.5. Experimental Setup 

This study used alkaline water electrolysis type 
with SS316L stainless steel as the material for the electrode, 
referring to a previous study by El Soly [8] where SS316L 
material was used to compare electrolysis in dry cells and 
wet cells. In addition, SS316 material was also used by 
Olivares [19] in his research, namely to see the hydrogen 
evolution reaction in the electrolysis process. The shape of 
the electrode is a flat plate. The dimensions of the 
electrolyzer can be seen in Table 2.1, and the schematic of the 
electrolyzer circuit is shown in Fig. 2.5.  

Table 2.1. Electrolyzer Specification 

Specification Value 

Cell volume 1,4 L 

Electrode dimension 70 x 70 x 1,5 mm 

Amount of electrode 10 

Electrode material SS316 

Electrolyte NaOH 

Electrolyte concentration 25%wt 
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Fig. 2.5. Electrolyzer schematic 

The detailed specifications of the turbine and solar panels 
used are shown in Fig. 2.6., Table 2.2, Table 2.3, and Fig. 2.7. 
The experimental setup can be seen in Fig.2.8. 
 

      

Fig. 2.6. Wind Turbine 
 

Table 2.2 Wind Turbine Specification 

Specification Value 

Blade 6 

Starting wind speed 1 m/s 

Rated wind speed 12 m/s 

Output Voltage 12V 

Maximum Power 300W 

 

 

Fig. 2.7 Solar Panel 

Table. 2.3. Solar Panel Specification 

Specification Value 

Dimension 350 × 530 × 25 mm 

Maximum Power point 30 W 

Voltage at Pmax (Vmp) 18.4 V 

Current at Pmax (Imp) 2.72 A 

Open-Circuit Voltage (Voc) 22.6 V 

Short-Circuit Current 2.94 A 

 

 

 

Fig. 2.8. Experimental setup 
 
The amount of gas is measured using a measuring cylinder, 
as shown in Fig. 2.9. and the gas pressure is calculated by 
equation 20. 
 
𝑃𝑔𝑎𝑠 = 𝑃𝑎𝑡𝑚 −  𝜌𝑔ℎ𝑎𝑖𝑟                                                                          (20) 

 

Fig. 2.9. Gas Measurement Setup 

The amount of energy contained in the gas can be calculated 
using the following equation: 
 
𝐸𝐻2

(𝑘𝐽) = 𝑀𝑎𝑠𝑠 𝐻2(𝑘𝑔) × 𝐻𝐻𝑉 𝐻2 (𝑘𝑗/𝑘𝑔)                         (21)                                         

System efficiency is obtained from the ratio between the 
energy contained in the hydrogen and the input energy, 
which is wind energy obtained from equation 19, and the 
theoretical maximum energy that can be produced by solar 
panels with irradiation as measured using a solar power 
meter. System efficiency is written in equation 22 
 

𝜂𝑡ℎ =  
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
=

𝐸𝐻2

𝐸𝑤𝑖𝑛𝑑+𝐸𝑠𝑜𝑙𝑎𝑟
× 100%                                         (22)                                  

3 RESULT AND DISCUSSION 

3.1. Solar Panel Measurement Result 

Electrolysis experiment using wind turbine and solar 
panel, was carried out for four days from 09:00 to 16:00. The 
results of measurements of solar irradiation are shown in 
Fig.3.1, and the average value of irradiation and the amount 
of energy produced by the solar panels are shown in Table 
3.1. 

+ - 
1 

2 

3 

4

 

4

 

4

 

5

 

1. Solar power meter 

2. Anemometer 

3. RPM sensor 

4. DC current voltage sensor 

5. Temperature sensor 
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         (a)               (b) 

    
                            (c)          (d) 

Fig 3.1 Solar Irradiation, (a) day-1, (b) day-2, (c) day-3, (d) day-4. 

 

Table 3.1 Average Irradiation, Total Theoritical Maximum Solar Energy, Actual Electrical Energy 

Day Average Irradiation 

(w/m2) 

Total Theoritical Maximum 

Solar Energy (J) 

Actual Electrical Energy (J) 

1 1007,906 574361.424 72576.93531 

2 845,332 647308.3344 84369.7805 

3 843,337 645780.408 87556.225 

4 926.611 708781.372 97657.88 

From table 3.1 the average value of solar irradiation on the 
experiment date ranged from 843.332 W/m2 to the highest 
on the first day of 1007.906 W/m2. Table 3.1 also shows a 
comparison between the theoretical maximum energy that 
can be generated and the actual electrical energy generated 
by solar panels. Solar panels only convert about 13% of the 
theoretical maximum energy that can be generated. Cloud 
activity caused massive fluctuations, as shown in Fig. 3.1.  

Even though fluctuations occur, the voltage from the 
solar panels remains above the Utn value so that the solar 
panels can continue to supply electricity for the 
electrolysis process. The measurements results of voltage, 
current, and electric power of solar panels are shown in 
Fig. 3.2., 3.3. and 3.4. below. 
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(a) 

  
(b) 

   
(c) 

    
             (d) 

Fig 3.2 Solar Panel Voltage, (a) day-1, (b) day-2, (c) 

day-3, (d) day-4. 

 
 

    
(a) 

 
(b) 

   
(c) 

    
(d) 

Fig 3.3 Solar Panel Current, (a) day-1, (b) day-2, (c) 

day-3, (d) day-4. 
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From the experimental results, the power output of the solar 
panel looks quite far from the specifications, where the solar 
panel can supply 30 watts of power under standard test 
conditions. The resulting voltage is also quite far from the 
Vmp value, which is 18V. This is caused by loading that is 
not at the optimum point. The output power of the solar 
panel is greatly influenced by the load resistance RL, in this 
case, the electrolyzer. The effect of load resistance on power 
output has also been tested by Ouedagardo [20] who tested 
solar panels with variable loads. And it can be seen that the 
power generated will be maximum at a certain load 
resistance, as shown in Fig.3.4. 

 
Fig. 3.4. output of solar panel electric power at various 

resistance loads [46] 

This loss of power is caused by two parasitic parameters, 
namely shunt resistance (Rsh) and series resistance (Rs). 
Shunt resistance is defined as the leakage current [21]. The 
effect of the shunt resistance will also be strengthened in 
weak irradiation conditions. Shunt resistance can be 
calculated using equation 23 [22][23]. 

𝑅𝑠ℎ =
𝑉

𝐼𝑠𝑐−𝐼
                                                                            (23) 

Where V is the circuit voltage, and I is the current flowing 
in the circuit. The second parasitic parameter is series 
resistance. Series resistance is the resistance that occurs in 
the contact between solar panel materials. series 
resistance can decrease the fill factor, and at large values, 
it will decrease Isc. Series resistance can be calculated by 
equation 23 [24] and the equivalent circuit of Rs and Rsh 
is shown in Fig. 3.5. 

𝑅𝑠 =
𝑉𝑜𝑐−𝑉

𝐼
                                                                            (23) 

 
Fig. 3.5. Equivalent Circuit of Solar Panel [48] 

Ideally, Rsh should be equal to ∞ and Rs should be equal to 
0. The effect of load resistance on these two parameters is 
shown in Fig. 3.6. 

 

Fig 3.6 Rsh and Rs at various load resistance  

Comparing Fig. 3.4. with Fig. 3.6., it can be seen that the 
maximum power output is shown to occur when the Rsh 
value is high and the Rs value is low. As for the values of 
Rsh and Rs in this experiment, the results are shown in 
Table 3.2., where the value of Rs is very large and the 
value of Rsh is very small, which of course will result in 
non-optimal solar panel performance. 
 

Table 3.2. Rsh and Rs value from experiment 
Day Shunt Resistance 

Rsh (Ω) 
Series resistance 
Rs (Ω) 

1 1,880 14,572 

2 1,722 20,665 

3 1,762 19,227 

4 1,994 23,831 

3.2.  Wind Turbine Measurment Result 

Data on wind speed and turbine rotation are shown in Fig. 
3.7. and 3.8. as follows, and data on wind energy, such as 
average wind speed, maximum speed, total wind energy, 
and electrical energy from wind turbine, can be seen in Table 
3.3. 
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(a) 

 
(b) 

   
(c) 

    
(d) 

Fig. 3.7. Wind Speed, (a) day-1, (b) day-2, (c) day-3, 

(d) day-4. 

 
 

    
(a) 

 
(b) 

 
(c)  

      
(d) 

Fig. 3.8. Turbine Rotational Speed, (a) day-1, (b) 

day-2, (c) day-3, (d) day-4. 
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The poor continuity of the wind speed causes an unstable 
supply of electrical energy. Unlike the solar panel, the 
voltage from wind turbine cannot remain above the the Utn 
voltage. Measurements of voltage, current, and wind turbine 
power are shown in Fig. 3.9., 3.10. and 3.11. 
The largest amount of electrical energy is generated on the 

third day, which is 4216,485 J. Looking at the wind speed 
data, it can be seen that the wind speed on the third day has 
better continuity compared to other days, and also on the 
third day the average wind speed reaches the highest value 
compared to other days, so that the turbine can supply more 
electricity.

  
Table 3.3. average wind speed, maximum wind speed, total value of wind energy and turbine electricity 

Day Average Wind Speed 

(m/s) 

Max. wind speed 

(m/s) 

Wind Enegy Total (J) Electrical Energy 

Total (J) 

1 1.785 6.08 25487,319 1402.771 

2 1.544 5.85 22290.002 1211.622 

3 1.806 6.07 74334.762 4216.485 

4 1.268 6.01 25282.697 1087.629 

 

    
(a)             (b) 

      
                   (c)       (d) 

Fig. 3.9. Wind Turbine Voltage, (a) day-1, (b) day-2, (c) day-3, (d) day-4. 
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(a) 

  
(b) 

 
(d) 

   
(d)    

Fig. 3.10. Wind Turbnine Electric Current, (a) day-1, (b) 
day-2, (c) day-3, (d) day-4. 

 

   
(a) 

  
(b) 

   
(c) 

    
     (d) 

Fig. 3.11. Wind Turbine Electrical Power, (a) day-1, (b) day-
2, (c) day-3, (d) day-4. 
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3.3. Combination system Result 

The measurement results show that more than 95% of the 
electricity is supplied by the solar panel, and the wind 
turbine only contributes a small percentage of total electrical 

energy, as shown in table 3.4. Even so, the use of these two 
sources can still increase the output power compared to 
using only one of them. The test results of electrical output 
can be seen in Fig. 3.11., 3.12, and 3.13. as follows:

 

    
(a) 

 
(b) 

 
(c) 

   
(d)    

Fig. 3.12. Electrolyzer Voltage, (a) day-1, (b) day-2, (c) day-
3, (d) day-4. 

    
(a) 

 
(b) 

 
(c) 

      
             (d) 

Fig 3.13. Electrolyzer Current, (a) day-1, (b) day-2, (c) day-3, 
(d) day-4.
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(a)              (b) 

      
                 (c)       (d) 

Fig 3.14. Electrolyzer Electrical Power, (a) day-1, (b) day-2, (c) day-3, (d) day-4. 

 

Tabel 3.4. Combination System Result 

Day Electrolyzer 

electrical 

energy (J) 

Solar panel 

electrical 

energy (J) 

Wind turbine 

electrical 

energy (J) 

Total 

electrical 

energy (J) 

% Turbine 

electrical 

energy supply 

% Solar panel 

electrical energy 

supply 

% Losses in 

circuit 

1 71512.006 72576.935 1402.77 73979.71 1.896 98.104 3.336 

2 83064.902 84369.781 1211.622 85581.403 1.416 98.584 2.9405 

3 89829.670 87556.225 4216.485 91772.709 4.595 95.406 2.117 

4 96589.033 97657.880 1087.629 98745.509 1.101 98.89 

 

2.184 

. 

3.4. Electrolyzer Measurement Result 

In this experiment, the product produced by the electrolyzer is 

in the form of HHO gas. The HHO gas product produced by the 

electrolyzer was measured every 15 minutes during the test. The 

amount of HHO gas produced every 15 minutes are presented 

in Figures 3.15., The trend of HHO gas production is 
strongly influenced by the performance of solar panels. 
From the measured gas volume, its mass can then be 
calculated, and then the energy content in hydrogen gas 
can be obtained by using equations 21.
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   (a)                            (b) 

      
           (c)                  (d) 

Fig. 3.15. HHO Gas Produced, (a) day-1, (b) day-2, (c) day-3, (d) day-4. 

Table 3.5. Electrolyzer calculation result. 

Day HHO gas 

Production rate 

(ml/hr) 

HHO gas 

Total (ml) 

Hydrogen 

Energy (j) 

Electrolyzer 

electricity input 

(j) 

Electrolyzer 

efficiency (%) 

1 1190 5950 44946.803 71512.006 62.414 

2 1046,833 6281 47426.461 83064.902 61.409 

3 1077,583 6465.5 48829.855 89829.670 58.184 

4 1210,417 7262.5 54790.346 96589.033 60.622 

 

 

From table 3.5 the electrolyzer made can produce 

HHO gas with an average rate during the test of 1131,208 

ml/hour and has an average efficiency of 60.657%. The 

resulting efficiency value has shown a fairly good number. 

The resulting efficiency is also in accordance with the results 

obtained by El Soly [8], in his research on the electrolysis of 

dry cells and wet cells using stainless steel electrodes. The 

study found that the efficiency values varied between 45% 

to 75%. The resulting overall system efficiency can be seen in 

Table 3.6. 

 

The efficiency of the system is calculated by equation 27, 
where the total energy is the sum of the solar energy and the 
theoretical maximum energy of the solar panels. The average 
efficiency of an alkaline water electrolysis system with a 
combination system of solar panels and wind turbine is 
6.843%. The low resulting efficiency is due to inadequately 
performing solar panels, as explained in previous section. 
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Table 3.6 System Efficiency 

Day Total Energy 
Input (J) 

Hydrogen 
Energy (J) 

System 
Efficiency (%) 

1 743439.1 44946.803 6.046 

2 669598.337 47426.461 7.083 

3 720115.17 48829.855 6.781 

4 734064.069 54790.346 7.464 

4 CONCLUSION 

The solar irradiation measurement shows the average 
irradiations for each day were 1007,906 W/ m2, 845,332 W/ 
m2, 843,337 W/ m2, and 926,611 W/m2. The average wind 
Speeds were 1.785 m/s, 1.544 m/s, 1.806 m/s, and 1.268 m/s. 
During the test, the amounts of HHO gas produced were 
5950 ml, 6281 ml, 6465.5 ml, and 7262.5 ml, with an average 
flow rate of 1131,208 ml/hour. The efficiency values of the 
electrolyzer for each day were obtained at 62.414%, 61.409%, 
58.184%, and 60.622%, with an average efficiency of 60.657%. 
The system efficiencies for each day are 6.046%, 7.083%, 
6.781%, and 7.464%, with an average of 6.843%. The low 
system efficiency is caused by a mismatch between the load 
resistance (electrolyzer) and the main source (solar panels), 
which results in shunt resistance and series resistance values 
that are not ideal. This causes a decrease in the electrical 
power output of the solar panels. More than 95% of the 
electricity for the electrolyzer is supplied by solar panels, so 
optimizing the working conditions of the solar panels will 
determine the results of electrolysis. The low involvement of 
wind turbines in supplying power is caused by the 
inadequate availability of wind energy sources—low speed 
and poor continuity. The energy source that gives optimistic 
results for an alternative energy source in the Semarang area, 
especially Tembalang, is solar energy. On the other hand, 
wind energy has not given as good results as solar energy. 

5 RECOMMENDATION 

According to the results of the analysis and conclusions 
stated in the previous section, this research is still very 
feasible to be developed by optimizing the components, 
namely solar panels, wind turbines, and electrolyzers. Solar 
panels can be optimized by adding the MPPT (Maximum 
Power Point Tracking) algorithm to keep them working at 
their maximum power points. Then it is necessary to adjust 
the load resistance connected to the solar panel to minimize 
losses due to shunt resistance and series resistance on the 
solar panel. In addition, solar panels can also be modified 
with a series connection to increase the current strength so 
as to accelerate electron exchange and increase the current 
density, which will affect gas production. Then, for wind 
turbines, low wind speed turbine specifications such as the 

Savonius turbine can be used so that the wind energy 
conversion process can be maximized. It can also be 
improved from the electrolyzer side by changing the 
electrode material, the type and concentration of the 
electrolyte, the configuration and geometry of the electrode, 
and the electrode's size, which will also boost gas 
production. 
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