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ABSTRACT 

 

 According to the high potential of solar energy in Saudi Arabia, the possibility of 

converting a large amount of such energy into hydrogen via electrolysis of water is considered 

as necessary, viable and challenging. The present paper introduces an experimental 

investigation of a small solar hydrogen production unit (SHPU) according to the atmospheric 

conditions in Taif city. The motivation of the present research is the desire to obtain a general 

conclusion about the total efficiency of the designed solar hydrogen production unit and the 

effectiveness of using such unit in household’s applications. The designed SHPU consists of a 

photovoltaic module (PV) and a Proton Exchange Membrane (PEM) electrolyzer system. The 

total efficiency of the designed system is calculated through the amount of hydrogen energy 

produced and the measured solar radiation between sun rise and sunset for different days. The 

obtained results showed that the efficiency of the SHPU is within the acceptable range of the 

known solar hydrogen systems with the maximum efficiency, about 80% obtained at the solar 

noon for the considered days.  
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INTRODUCTION 

 

The idealistic future of energy is the world of renewable, pollution-free and inexpensive 

energy sources for everything from industrial applications, electrical power grids to personal 

vehicles. Solar-Hydrogen-Energy-System (SHES) is likely to be a part of this idealistic future. 

A successful demonstration of an efficient water electrolyzer integrated with renewable 

energy sources can support the overall vision to establish hydrogen as an energy carrier in a 

large range of applications in the near future.  
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Hydrogen, as energy carrier, can be produced, transmitted through pipelines as a gas or by 

tankers in liquid form. Hydrogen, as a fuel, can be used in gas turbine or in rocket engines. 

Hydrogen can be stored as a compressed gas/liquid, or in chemical combination (i.e. metal 

hydrides). In general, hydrogen evokes a vision of energy usage in the future that is 

sustainable and environmentally friendly.  

 

According to the high potential of solar energy in Saudi Arabia, the possibility of converting a 

large amount of such energy, over a large scale production, into hydrogen via electrolysis of 

water is considered as necessary, viable and challenging. Figure 1 shows the Direct Normal 

Irradiation (DNI) in Saudi Arabia for a period (1994-2010).  

 

In spite of the vast reserves of oil and gas in Saudi Arabia, recently, an increase attention has 

been internationally turned to the replacement of fossil fuels with solar hydrogen in the early 

21
st
 century as an essential step towards the shift to a clean energy in order to mitigate the air 

pollution impact due to progressive industrialization of the country [1].  

 

 
 

Figure 1. The Direct Normal Irradiation of Saudi Arabia (1994-2010) (Saudi Solar Energy 

Forum, Saudi-Aramco, Dhahran 2010-10-10, DNI Atlas, Schillings, Slide 7) 

 

Accordingly, Saudi Arabia has started major developments either internationally and locally. 

Since 1985, the government of Saudi Arabia has initiated a long term research and 

development project in collaboration with Germany. The project was named "HYSOLAR" 

and it was allocated a budget of DM 39.2 million for the first phase of four years [2]. The 

location of so-called solar village initiated in Saudi Arabia can be seen in the map, shown in 

figure 2. 

 

Initially, under the HYSOLAR project, three photovoltaic electrolysis plants are planned. The 

largest one will have an output of 350 kW and it has been constructed and tested in Saudi 

Arabia under realistic conditions to gain valuable local experience with currently market able 

technologies. The other two plants with much smaller capacities (i.e. 2 kW and 10 kW) are 

meant for research purposes in Germany and Saudi Arabia respectively [3, 4]. 
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In more detailed survey [5], it was concluded that the Arab world should start desert 

development projects for hydrogen production. Consequently, hydrogen could be harnessed 

along the following avenues: (a) to provide energy for land development, (b) to provide 

energy for pumping and irrigation, (c) to produce fresh water, (d) to produce fertilizers based 

on ammonia as a starting raw material. 

 

 
Figure 2. The location of Solar Village in Saudi Arabia (Saudi Solar Energy Forum, Saudi-

Aramco, Dhahran 2010-10-10, DNI Atlas, Schillings, Slide 5) 

 

In Saudi Arabia, as our case study, the adopting of the solar-hydrogen energy system would 

extend the availability of oil resources, reduce pollution, and establish a permanent energy 

system for Saudi Arabia and it could become an exporter of hydrogen forever [6]. Moreover, 

Saudi Arabia could be a leading producer and exporter of solar energy in the form of 

electricity. The geographical location of the country, its widespread unused desert land, and 

year-round clear skies, all make it an excellent candidate for this [7]. 

 

As the meeting energy demands for 21st century is an enormous challenge for our society and 

environment, the environment must be, simultaneously, safeguarded when meeting people's 

need for lighting, power, heating and cooling. Therefore, there is, more recently, an increase 

interest to define and assess a renewable hydrogen energy supply system for households use. 

In our previous research [8], a proposed solar hydrogen energy system is partially analytically 

and experimentally examined. However, a complete overview of the system performance and 

efficiency could not be concluded.  

 

Concluding, the present research will try to define an environmentally friendly stand-alone 

solar hydrogen energy supply system, which in the near future could be applied for 

households use. The advantages and problems of such energy system from technical, 

economic and environmental points of view are discussed, and the feasibility of applying such 

solar hydrogen system into Saudi Arabia is explored.   

In general, hydrogen is very rare on the earth in the free or un-reacted state. Only a very small 

trace of hydrogen exists in air (less than 1 part per million). The bulk of hydrogen can be 
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found in its reacted form as a constituent of water, hydrates, hydrocarbons, and organic 

(living) matter. Water can be considered as hydrogen in its burned form. In more technical 

form, water must dissociate in order to freeing hydrogen. Consequently, hydrogen is not 

considered as a source of energy, however, it is a convenient form of energy that can be stored 

safely and then used efficiently without jeopardizing the environment. Electrolysis is the 

simplest process for dissociating water using an electrical energy. Utilizing a renewable 

energy source, water can be easily dissociated into its component parts, hydrogen and oxygen.  

The idea of water electrolysis, shown in figure 3, is based on placing two metal plates 

connected to a source of electricity in the presence of a catalyst, and then water molecules are 

pulled apart into hydrogen and oxygen. The bubbles of hydrogen are collected on the negative 

plate (cathode) while oxygen bubbles are gathered on the positive plate (anode). Since 

hydrogen and oxygen exist in water at a ratio of two to one, twice as many hydrogen bubbles 

form as oxygen bubbles. 

 
Figure 3. The principles of water electrolysis 

 

 

Equipment that used commercially to separate water into hydrogen and oxygen is known as 

electrolyzer. Different schemes and technologies are applied for electrolyzer in order to increase 

the quantity of hydrogen produced per unit of energy consumed. The quantity of hydrogen 

energy produced by an electrolyzer verses the electricity consumed is referred to as the 

electrolyzer's efficiency. In reality, most of commercial electrolyzers have efficiency ranging 

from 40 to 80 percent. 

 

Currently, water electrolysis is the most dominant technology applied for producing hydrogen 

from renewable sources because of high energy conversion efficiency. In industrial applications, 

there are three different types of water electrolyzers can be classified according to its electrolyte 

into; namely:  

1) Alkaline electrolyzer 

2) Proton exchange membrane (PEM) electrolyzer, 

3) Solid oxide electrolyzer 

 

The principles of the above three types of electrolyzers can be found in [9-12]. In brief, their 

important characteristics are summarized in Table 1 [13]. 
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Table 1. Characteristics of different water electrolyzers 

 

 

 

 

 

 

 

 

 

 

From the above table it can be shown that alkaline electrolyzer has the lowest efficiency and the 

cheaper construction material. Consequently, it is preferred in the most industrial plants. 

Asbestos and caustic potassium hydroxide (KOH) solution is used as diaphragm material and 

electrolyte, respectively, make alkaline electrolyzers less environmental than PEM and solid 

oxide electrolyzers. The advantages of the alkaline electrolyzer include simplicity, proven 

technology, and no special requirements are needed. Disadvantages of the alkaline electrolyzer 

are the low efficiency and low current density [8]. 

 

The PEM electrolyzers exhibit the highest efficiency; however, it has the highest cost due to the 

expensive polymer membrane electrolytes and platinum electrodes. The solid oxide electrolyzers 

have efficiency and cost between the other types. As this type operates at high temperature, they 

can be coupled with power generation systems to utilize the waste heat. 

 

PEM electrolysis coupled with renewable energy source can provide a sustainable solution for 

the hydrogen production. However, little research has been found on PEM electrolysis due to 

many challenges that still unexplored.  

 

 Recently, an increased attention has been given to PEM electrolysis due to the ever increasing 

desire for green energy. Consequently, in the near future, it is expected that PEM electrolyzers 

will become very competitive in hydrogen production as the costs are reducing. 

 

The PEM water electrolysis is based on using the polymeric proton exchange membrane as the 

solid electrolyte and it was first proposed for fuel cell by General Electric. The advantages of the 

polymer electrolyte technology over the alkaline one are summarized as follows [14]: 

 

I. Greater safety and reliability are expected since no caustic electrolyte is circulated in the 

cell stack. 

II. Sustain high differential pressure without damage and were efficient in preventing gas 

mixing. 

III. The possibility of operating cells up to several amps per square centimeter with typical 

thickness of a few millimeters is theoretically afforded.  

 

A schematic PEM electrolytic cell is shown in figure 4. Ultra pure water is fed to the anode 

structure of the electrolysis cell which is made of porous titanium and activated by a mixed noble 

metal oxide catalyst.  

Parameter 
Alkaline 

electrolyzer 

PEM 

electrolyzer 

Solid oxide 

electrolyzer 

Electrolyte 
Potassium 

hydroxide 

PEM 

polymer 

Yttria-

stabilized 

Operating 

temp. 
340-420 K 320-360 K 870-1270 K 

Efficiency 80% 94.4% 90% 

Cost Lowest  Highest Median 
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Figure 4. Cross sectional view of a PEM electrolytic cell [15] 

 

A specified voltage is required to be applied across the electrochemical cell in order to induce 

electrochemical reactions at both electrodes. Consequently, the water molecules are dissociated 

into oxygen, protons and electrons. The protons are driven through the PEM to the cathode under 

an electric field where they combine with the electrons arriving from the external circuit to form 

hydrogen gas. This reactions and the overall chemical reaction of the PEM water electrolysis are 

given as follows [15]: 

 

H2O/     2H
+
+½ O2+2e

-
                                                                                                                  (1) 

2H
+
+2e

-
/    H2                                                                                                                                (2) 

H2O/    H2 + ½ O2                                                                                                                          (3) 

 

This process takes place in the MEA (membrane electrode assembly). The MEA consists of the 

cathode, anode and special polymer membrane (PEM) which is permeable to protons but which 

presents a barrier to electrons. Moreover, to carry out those reactions, multi-physics phenomena 

occur simultaneously, such as thermo-chemical, fluidic, thermal and electrical phenomena. These 

all phenomena are affecting efficiency of the elctrolyzer.  

 

On the commercial scale, individual cells are stacked into bipolar modules with graphite based 

separator plates providing the manifolds for water and gas evacuation. However, a major 

problem of electrolyzers of this type is the limited lifetime of the electrolysis cells. 

 

More recently, and according to the increased attention to PEM water electrolysis, a 

comprehensive review on PEM water electrolysis has been made [16]. In this extended review, 

the new/old challenges related to PEM electrolysis are addressed. Also, this research provides 

the reader with the future research direction and a road map to help scientists in establishing 

PEM electrolysis as a commercially viable hydrogen production solution.  

 

From such manuscript, it can be concluded some final remarks, summarized below, which 

clearly aid the reader to set the state-of-the-art of the PEM electrolysis technology. 
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1. The development of PEM electrolysis has started since 1960s. 

2. No much research was done on PEM electrolysis until the late 1990s. 

3. The increased attention to the coupling of PEM electrolysis with the renewable energy 

sources has made an exponential growth in recent publications on PEM electrolysis. 

4. The primary challenges of our interest here are the development of both empirically and 

physically prediction relations for PEM operating parameters and the development of 

stack concepts. 

 

According to the previous remarks of the comprehensive review [16], it is considered in our 

research to perform extensive investigations on PEM water electrolysis when coupled with solar 

energy source in order to develop SHES as a reliable, cost effective solution to help solve the 

issues related with the intermittent renewable energy sources. 

 

The conversion of solar energy into useful forms of energy can be divided into thermal and 

photonic processes. In the solar photonic process, the solar photons are absorbed into an 

absorber, without complete conversion to heat. The absorber can either store part of the photon 

energy as chemical energy, e.g. photosynthesis, or convert part of it to electricity as in a 

photovoltaic cell.  

 

Hydrogen can be produced by photoelectrolysis of water using solar energy as the driving force. 

Alternative, the photovoltaic cell is used, which is another concept of water decomposition using 

solar energy. 

 

A significant number of solar-hydrogen energy systems have been installed around the world. 

These systems usually consist of PV panels, PEM water electrolysis and hydrogen storage units, 

e.g. Solar-Wasserstoff-Bayern Hydrogen demonstration project at Neunburg Vorm Wald, 

Germany and the Schatz Solar Hydrogen Project in Humboldt State University. Most of these 

projects are consisted of a PV array, a set of batteries, electrolyzers and storage tanks. The stored 

hydrogen can be used in fuel cells when the natural source is not available. Figure 5 shows a 

schematic of a PV hydrogen production system [17]. 

 
 

Figure  5. Schematic of a PV hydrogen production system  

 

The aim of our research project is to establish a stand-alone small size photovoltaic hydrogen 

energy system which is suitable for remote and isolated applications, such as isolated houses, 

telecommunications and remote environmental monitoring. The assessment of the efficiency of 
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the SHES and its design/test are the main goal of our research. For more details, one can see the 

comparative performance assessment for solar hydrogen systems published in [17]. 

 

EXPERIMENTAL SETUP 

The considered experimental system in this research project consists of: 

a) Solar panel 

b) PEM Electrolyzer 

c) Miscellaneous  

d) Hygrometer with digital thermometer 

 

Figure 6 shows a schematic of a PV hydrogen production system proposed in our research 

 

 
 

Figure 6. Schematic of the proposed solar hydrogen production system  

In the following, the characteristics of the each component are described. 

 

a) Solar panel 

 

The PV solar panel used for the performing experiment is shown in figure 7 below. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic of a PV Solar panel 

 

 

b) Electrolyzer 230 

 

The chosen electrolyzer is a 7-cell 50 W H-TEC PEM Electrolyzer with an active area of 16 

cm2, a Nafion 115 electrolyte and a membrane thickness of 130 cm2, as shown in figure 8.  

Weight  8.5 kg 

Voltage 17.9V 

Current 5.31A 

Power 95 W 

Manufacturer  Japan 

Dimension 90x60 

cm 
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Figure 8. Schematic of PEM Electrolyzer 230 

 

 

 

c) Miscellaneous  

 

The different miscellaneous accessories are shown in figure 9. 

 
 

Figure  9. The total experimental system considered 

 

 

RESULTS and DISCUSSION  

 

The experimental measurements are performed on two different days, called here Exp1 and 

Exp2, in order to show the effect of solar radiation, temperature and other atmospheric 

conditions on the hydrogen production. The solar panel is located with altitude angle 

corresponding to the Taif city which is about 21
o
. First, the output power of the solar panels is 

measured by measuring the Voltage and the Ampere at the end connections of the solar panel.  

This is called the solar power, which is applied as an input power to the electrolyzer. The air 

Weight  1.48 kg 

Voltage 14 V DC 

Current 4 A 

Power 50 W 

Manufacturer  Germany 

H2 

Production 

230cm3/min 

Dimension 19x26.4x20 

cm  
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temperature and the relative humidity are measured using hygrometer with digital thermometer. 

The time of the measurements is divided onto constant and equal periods of 15 minutes. The 

water used for the experiments is distilled water.  The experimental measurements are carried out 

in the fluid mechanics Lab., Faculty of engineering, mechanical engineering Dept., Taif 

University, Saudi Arabia. 

 

Overall Efficiency of Solar Hydrogen Unit 

 

In order to calculate the overall efficiency of the designed solar hydrogen production unit, the 

amount of water lost from the SHPU is measured in gram. Then a simple relation can be used to 

calculate the number of hydrogen moles which can give the output energy if such amount is 

burnt. This method has been previously used in [8]. In the following, an explanation for the 

overall efficiency is given: 

 

The number of hydrogen moles is calculated from the amount of water lost in gram during 

hydrogen production and according to the following equation: 

 

)2(1

)(2

03.36

)2(1
)2()(

22

222
222

OHmole

Hmole

gram

OHmole
OHmassHmoles Lost







 
 

The combustion energy of the hydrogen is calculated form: 

 

 
2 2H HCe moles H  

 

Where: 

 

     2 2 22 2   572 H O H O H kJ  

 

The total output power of the SHPU in specified time interval t is: 

t

Ce
P H

out
2  

The input power to the SHPU is: 

 

solarsolarsolar IVP   

 

Then, the overall system efficiency is defined as:  

  

solar

out
overall

P

P
               

 

Figures 10,11,12 show the solar power variation during the daily time of both experiments, the 

amount of water lost and the overall system efficiency. 
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Figure  10. Solar Power variation in two different days 

 

 
 

Figure  11. Water lost amount during both experiments 

 

 

 
 

Figure  12. Overall system efficiency during both experiments 
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From the experimental measurements obtained, it can be seen that the maximum hydrogen 

production and efficiency is obtained at the time corresponding to the local solar noon. The solar 

hydrogen system efficiency is ranging from about 18% to about 79% for the first day of 

measurements. For the second day, the system efficiency is ranging from nearly 22% to 82%, 

which indicates the effect of atmospheric conditions, such as solar radiation and temperature, on 

the hydrogen production rate.  

 

In general, the obtained efficiency is within the range mentioned in the literatures and it gives an 

indication about the efficient usage of the solar hydrogen system in Taif City. 

 

CONCLUSION 

 

Experimental measurements for a solar hydrogen production unit are performed according to the 

local atmospheric conditions of Taif city, Saudi Arabia. The production unit consists of a 

photovoltaic and a PEM electrolyzer. Through the daily time of two different days, the solar 

power and the water lost from the system are measured, while the overall system efficiency is 

evaluated. The obtained results showed the effectiveness of the designed system during its usage 

in Taif city. This can be approved from the obtained relatively high overall system efficiency 

with its maximum value about 80% located at the solar local noon. This can encourage the 

initiation of many renewable energy projects in Taif city, Saudi Arabia. 
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