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ABSTRACT 

Increasing demand for energy makes it imperative to search for more energy sources, 

which must be environmentally friendly and inexhaustible, in contrast to the current 

resources of energy (fossil fuel) that cause a lot of damages. Recently, interest in 

renewable energy sources has increased in order to overcome the dependency on fossil 

fuels to reduce the pollution, toxic emissions, and global warming.  

In this thesis, it is aimed to investigate the potentials of electricity and hydrogen 

production with a solar (PV)/wind hybrid energy system for the cities of Basra, Wasit 

and Anbar in Iraq. In line with this aim, a hybrid energy system consists the various 

wind turbines having different rated powers (500 kW, 900 kW, 1300 kW and 2000 kW) 

and operated at different hub heights (50 m, 80m, 100m and 120m) integrated with two 

different solar panels (Panasonic-330W and Kyocera-315W) considered for electricity 

production. In addition, the electrolyzers having different rated power (48 kWx18, 215 

kwx4, 430 kWx2 ve 860 kWx1) are added to the the solar/PV hybrid system in order to 

investigate the hydrogen production potential. For all considered cases, the cost of 

electricity and hydrogen production are calculated. The obtained results bring out that 

Basra has the remarkable electricity and hydrogen prodution potential between the 

selected cities in Iraq. 

Keywords: Solar Energy, Wind Energy, Hydrogen Production, Electrolysis 
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ÖZET 

Artan enerji talebi ve fosil kökenli mevcut enerji kaynaklarının çevreye ve insan verdiğe 

zarardan dolayı çevre dostu ve tükenmez enerji kaynaklarını aramak zorunluluk haline 

geliyor. Özellikle son yıllarda çevre kirliliği, toksik emisyon, küresel ısınma sorunlarını 

aşmak ve fosil yakıt bağımlılığını azaltmak için yenilenebilir enerji kaynaklarına olan 

ilgi oldukça arttı. 

Bu çalışmada, Irak'ta yer alan Basra, Wasit ve Anbar şehirleri için güneş/rüzgar hibrit 

enerji sistemi ile elektrik üretim ve hidrojen üretim potansiyelleri araştırıldı. Bu amaç 

doğrultusunda, elektrik üretimi için farklı hub yüksekliklerinde (50 m, 80m, 100m ve 

120m) farklı güçlerde (500 kW, 900 kW, 1300 kW ve 2000 kW) çalışan rüzgar 

türbinleri ile farklı iki güneş pilinden (Panasonic-330W ve Kyocera-315W) oluşan 

hibrit sistem incelendi. Daha sonra, hidrojen üretim potansiyeli araştırmak için 

güneş/rüzgar hibrit sistemine farklı güçlere sahip elektrolizör (48 kWx18, 215 kwx4, 

430 kWx2 ve 860 kWx1) entegre edildiği düşünülerek her bir durumdaki hidrojen 

üretim miktarları araştırılmıştır. Ayrıca, ele alınan her bir durum için üretim maliyetleri 

de araştırılmıştır. Elde edilen sonuçlara göre, ele alınan şehirler içinde Basra şehrinin en 

yüksek elektrik enerjisi ve hidrojen üretim potansiyeline sahip olduğu bulunmuştur. 

Anahtar Kelimeler: Güneş enerjisi, Rüzgar enerjisi, Hidrojen üretimi, Elektroliz. 
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INTRODUCTION 

Fossil fuel has become the main sources of energy in the recent decades, especially in 

countries where this fuel is available, such as Iraq. However, it has been found that 

these traditional energy sources are being depleted, and also there are regular 

fluctuations in the prices of these fuels, especially the prices of oil. On the other hand, 

there are negative impacts of the fossil fuel on the environment and human health. The 

most serious impacts caused by the consumption of fossil fuel are air pollution, acid 

precipitation, and greenhouse gases emissions of the most prominent gases are sulfur 

dioxide, nitrogen oxides, and carbon dioxide which is the main cause of global 

warming. To reduce this phenomenon and to limit the effect of climate change, Paris 

agreement (Paris climate conference) was held that required the participating countries 

to intensify the efforts to decrease the Earth's temperature to two degree Celsius. This 

meant reducing greenhouse gas emissions since fossil fuels are the reason behind the 

emission of greenhouse gases. So the agreement directed the counties to look for 

alternative sources such as clean energy resources instead of contaminated energy 

resources such as oil and gas. In recent years, most researches trend to search for new, 

clean and sustainable sources of energy to reduce dependency on fossil fuels and seek to 

develop the use of these renewable energies. There are different types of renewable 

energies such as solar, wind, geothermal, hydropower, green power, bioenergy, and 

hydrogen energy.  

The field of renewable energies is very important and is in continuous growth and will 

continue to grow in the future to occupy the place of conventional energy sources. 

Countries and companies around the world are showing interest to raise investment in 

renewable energies which is becoming more economic and environmental necessity. 

And because of population growth and increase in the demand for energy, it needs to be 

developed to meet the demands and for sustainable economic growth. 

Because of all the above mentioned reasons, the aim of this thesis is to simulate and 

design an operating system to estimate the amount of electrical power that can be 

obtained from a hybrid renewable energy system consisting of wind power source and 

solar energy source. This will also investigate the potential to produce hydrogen from 

this obtained power in three different areas in Iraq. 
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CHAPTER 1 

WIND AND SOLAR ENERGY 

Using renewable energy is very important in view of reducing greenhouse gas emissions 

as well as meeting the energy demand and comsumption all over the world. Therefore, 

the energy systems based on renewable energy sources such as solar, wind, geothermal 

and tidal energy has been becoming more popular and efficient. However, wind and 

solar energy between all renewable energy sources will never run out since they are 

constantly regenerated. 

1.1. Background of Wind Energy 

Wind is the movement of air horizontally on the surface of the earth. It is essentially an 

indirect form of solar energy. One of the reasons for the formation of wind is the uneven 

heating of the atmosphere by the sun, where the rise in ground temperature makes the 

air near the surface more light blowing upward and replaced with cold air comes from 

air layers located above it. Otherwise, be caused by spatial variations atmospheric 

pressure where the wind is moving from areas of high pressure to low pressure areas 

based on the intensity of pressure. Other reasons are the infractions of the earth's 

surface, and rotation of the earth. 

Wind energy is one of the oldest sources of energy used by human being. Ancient 

cultures used wind energy to drive the sailing ships. There are references to windmills 

belonging to a Persia in 644 AD and another windmills relating to 915 AD [1]. In 

eighteenth century, in The Netherlands, the use of windmills spread in 1750 AD and 

there were about 8-6 thousand Windmills. In the nineteenth century, fans with multiple 

blade were built, with about twenty blades, which were used mostly for irrigation 

purposes in the USA, while in Germany there were around eighteen thousand windmills 

in 1895 AD [2]. Windmill converts kinetic energy of the wind into mechanical power. 
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These Windmills were used basically for irrigation purposes and grinding grains. In 

1897, 89 Watt wind turbine was used for the first time to produce electricity. Wind 

flow, can be exploited by converting this kinetic energy to mechanical power with its 

ability to move the blades of wind turbines, and convert this mechanical power into 

electricity power via generator.  

In Denmark, between the period of 1940 and 1950, an engineering company produced 

wind turbine with two and three blades. In 1950, the first wind turbine was developed 

which worked with alternative current (AC). While the developed wind turbine provides 

55 watts of electricity in 1980, 5 MW of electricity was provided in 2006 [3]. For 

present time, wind energy has evolved to the level where it is accepted as one of the 

promising and utility technologies.  

Until 2008, the top five countries in terms of capacity of installed wind turbine were 

Germany, Spain, USA, China, and India. Recently, the growth rate in the wind energy 

sector has been most phenomenal among the other renewable energy sources. It is 

considered as the most cost-effective form of renewable source of energy with an 

annual growth rate of 40.5% in 2005 [4]. 

The development of wind energy technology has been featured after the oil crisis in the 

seventies of the last century and after the worries about the environmental effects of 

conventional energies. CO2 gas emission from combustion of fossil fuels to generate 

electricity is one of the biggest contribution causes of pollution. The concerns about the 

climate change caused by greenhouse gases have driven the competent institutions to 

minimize the emission of the CO2 and to look for more green alternative energy sources 

for electricity generation. Wind energy seems to be the least expensive energy source 

among the renewable energy alternatives [5]. 

The wind power has developed dramatically, especially during last 20 years. In 2015, 

more than 432000 MW of global annual cumulative wind capacity was obtained as shown 

in Figure 1.1. China has become the largest wind power market where overtook both 

Europe and the United States, as shown in Figure 1.2.  



4 

 

 

Figure 1.1 Global Annual Cumulative Wind Capacities between 2000-2015 [6] 

 

 

Figure 1.2 Top 10 Countries in view of Wind Power [6] 
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1.2. Wind Turbines 

Wind turbine is a machine designed to extract energy from the wind. Several types of 

wind turbine designs exist; the most common classification is two categories: horizontal 

wind turbine and vertical wind turbine shown in Figure 1.3-a and Figure 1.3-b [7]. Now, 

the most common used wind turbine is the horizontal axis propeller type, having two or 

three blades installed on the top of a tower, while the three blades wind turbine is more 

common in the market. Although wind turbine with two blades has an advantage that the 

weight of the top tower is lighter than the with three blades; this could make the cost 

lower, but the rotor moment of inertia of the three blades wind turbine easier to 

understand and this kind has less noise than the two blades wind turbine [8]. 

 

 

(a) 

 

(b) 

Figure 1.3 (a) Horizontal-Axis Wind Turbine, (b) Vertical-Axis Wind Turbine 
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The wind turbine system could be classified depending on the operation speed into two 

types: constant speed constant frequency (CSCF) and variable speed constant frequency 

(VSCF). The VSCF wind turbine system is better than the CSCF wind turbine system 

because it works at a specific speed range, which can cause a decline in the overall power 

coefficient. While the VSCF wind turbine system is able to control the rotor speed 

according to the wind speed, makes it able to obtain maximum power [9]. The wind 

turbines are managed to operate at specific speed range by what is known as cut-out speed 

and cut-in speed. Figure 1.4 shows the curve of wind speed power, when the wind speed 

low, the power that can be generated in wind turbine very low to be exploited, due to the 

necessity to overcome the various types of losses. When the wind speed reaches 3 or 4 

m/s the wind turbines start working, this is known as the cut-in wind speed which is the 

minimum wind speed that wind turbine starts to produce useful power.  The power of 

wind turbine increases with the increasing of wind speed. At wind speed range from 12 

m/s up to around 20-25 m/s, where the maximum output power can produce from the 

generator that denoted as the rated wind speed. When the wind speed surpasses 20 or 25 

m/s, the wind turbines are usually directed to the standstill to avoid high loads on the 

turbine components. This wind speed is known as cut-out wind speed [10]. 

 

Figure 1.4 Wind Turbine Power Curve [11] 

 



7 

 

1.2.1. System Components of Wind Turbine 

The wind turbine consists of the fundamental components to capture the wind energy and 

additional components to control the work of the turbine. The principle of power 

generation via a wind turbine is the conversion of the kinetic energy of the wind into 

mechanical energy by rotating the turbine blades.  Wind energy that captured through 

wind turbine blades then moved through a gearbox. The gearbox and the rotor hub 

transferred to the mechanical energy in a shaft. And obtained mechanical energy is 

converted to electrical energy by a generator [12]. 

The components of a wind turbine are shown in Figure 1.5. The major components of 

wind-turbine-driven gearbox are as follows: Blades, generator (GEN), gearbox (GBX), 

inverter, electronics, and control (ELE).  

 

 

Figure 1.5 Major Components of A Typical Horizontal Axis [13] 

The blade is one of the major components that work to pick up the wind energy.  It must 

be with high specifications to ensure the safe operation of the wind turbine system and 

withstand operating conditions that persist for a long time. The blade material must be 

resistant to weather conditions, and it must be light to reduce the total weight of the 
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turbine at the same time. Glass fiber and carbon fiber are the most common materials that 

used in the manufacture of blades, but these types of materials have high-cost and harmful 

to the environment. The search for alternative materials has found that bamboo is a 

promising material for the manufacture of wind turbine blades because it's cheap and 

friendly to the environment [9].  

The generator is an essential element for a wind turbine. The mechanical energy that 

available at the shaft is converted into electrical energy via a generator. Based on the 

electrical and mechanical construction of the generators, it could be classified into two 

principal categories: induction generator (IG) and a synchronous generator. The induction 

generators divided into three main types as follow: wound rotor induction generator 

(WRIG), squirrel cage induction generator (SCIG), and doubly fed induction generator 

(DFIG). The synchronous generators could divide into a wound rotor synchronous 

generator (WRSG), permanent magnet synchronous generator (PMSG), and salient pole 

synchronous generator, other generator types are known as DC generators and switched 

reluctance generators (SRGs) [14]. The DFIG wind turbine system is a preferable option 

and has more attention from other types of wind turbines because of its technological 

maturity and high efficiency. Another classification of wind generators based on the type 

of operation is as follows: direct drive generators, fixed speed generators, and variable 

speed generators. 

Gear located in the nacelle connect the low-speed shaft to the high-speed shaft and this 

part increase the rotational speeds. A design which doesn’t use a gearbox in the wind 

turbine because of its high cost and heavy weight is called as direct drive generator, where 

the rotor shaft connects directly to the generator. 

The control system includes the power amplifiers, sensors, actuators, controllers, and 

intelligence. 

1.2.2. On-shore and Offshore Wind Turbines 

The wind speed increases over the high regions, because of that the on-shore wind 

turbines installed in nearly high areas from ground to exploit the wind speed on these 

locations. The most prominent countries that exploit from the wind energy are USA, 
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China, Germany, Spain, and India. The largest on-shore wind turbine farms are in the 

USA and China.  

The wind turbines are constructed on offshore to exploit wind energy where the offshore 

wind speed is more powerful than the wind speed on the ground. Some of the largest 

offshore wind farms are constructed in the UK such as London Array Offshore Wind 

Farm, which is the largest offshore wind farm in the world with a capacity of 630 MW, 

and wind turbines have a height reach to 87 m above sea level. Germany, Denmark and 

Belgium are the other countries that containing the top 10 largest offshore wind farms in 

the world. Nevertheless, this type is facing many challenges; as it is more expensive than 

on-shore, or there are a lot of countries not having the area to devote to wind turbines, on 

the other side difficulties in laying cables inside the sea because of fishing activities and 

anchors. However, future of offshore wind farms in countries that have potential are 

expected to be construct in the depth of the sea far from shore and have larger capacities 

than present day. 

1.2.3. On-grid and Off-grid of Wind Turbines 

The mean of grid connection or on-grid is that the wind turbine is connecting to the power 

network through transmission lines for supplying the grid. Stand-alone or the off-grid 

systems are usually used to supply power to remote regions or for technical applications. 

In technical applications, the wind turbine capacities can differ from a few watts to about 

50 watts. For the rural or remote regions, the capacity is up to 300 kilowatts, sometimes 

wind turbines combination with generators and sometimes use a storage system like 

battery system [8]. This stand-alone system is also used to provide power for pumping oil 

or water and for irrigation water. 

1.3. Wind Power Potential 

In the wind, the kinetic energy of air estimate by [15]: 

                                                           (1.1) 

where v is the wind speed (m/s) and m is the total mass of the air (kg) calculated from Eq. 

1.2.       
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                                                                                                                     (1.2) 

where  is the air density (1.225 kg/ ). By writing the Eq. (1.2) into the Eq. (1.1),  

                                                                                                                 (1.3) 

Therefore, the wind power can expressed as:  

       or                                                        (1.4) 

The maximum power output is calculated from the following equation [14]: 

                                                                                                      (1.5) 

where A is the area swept by the rotor blades (m
2
),  is the power coefficient of the wind 

turbine, tip-speed ratio,  is the blade pitch angle. 

The power coefficient of wind turbine  and tip-speed ratio  are given in Eq. 1.6 

and Eq. 1.7, respectively:   

                                                                     (1.6)        

                                                 (1.7) 

                                                                                                                       (1.8)        

where R is the radius of turbine blades, wm is the angular speed of the rotor turbine. 

Before starting the implementation of any project depends on the wind energy, the 

measured wind data must be analyzed because the wind speed density is vary from one 

region to another. In order to determine the wind speed probability distribution, there are 

several methods. Two analytical models which are commonly used are Weibull 

distribution and Rayleigh distribution. 
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Weibull distribution which is invented by Waloddi Weibull in 1939 is a continuous 

probability distribution. This distribution is commonly used in reliability engineering. The 

most general form to express of Weibull probability density distribution function is given 

by the two-parameter, which can be expressed as [16]: 

               For k>0                                        (1.9) 

where f(v) represents the probability of a wind speed, k is the Weibull shape parameter 

(dimensionless), c is the Weibull scale parameter (m/s), and v is the wind speed (m/s). 

Also, there are two forms of the Weibull distribution known as the three-parameter 

Weibull distribution and one-parameter Weibull distribution. For the form with the three-

parameter, there is a parameter known as location parameter but it does not use and it's 

value usually equal to zero. For the form with the one-parameter, it takes the same form 

of the two-parameter Weibull distribution unless the shape parameter is known before and 

there is no need to be estimated. However, the studies prove that the two-parameter 

Weibull distribution gives the best fit for estimated probability distribution than the other 

methods and gives the nearest values of data when compared with the experimental data. 

To calculate the cumulative distribution function by taking the natural logarithm of 

Equation (1.9) twice gives [16]: 

                                                     (1.10) 

To calculate Weibull parameters, four methods can be used which are Maximum 

Likelihood estimation (MLE), Maximum Product of Spacing (MPS), Weighted Maximum 

Likelihood estimation (w-MLE), and the method of moments (MoM). The most used 

method is Maximum Likelihood estimation, although the method does not give the best 

results to estimate the parameters of Weibull distribution when comparing it with other 

methods, it has given the best fitting parameters when the value of the shape parameter 

equal to one or more [17]. 

Rayleigh distribution is a continuous probability distribution for random variables and it 

is used for the life testing studies and the communication engineering. Rayleigh 

distribution probability density function can be expressed by the following equation [18]: 
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        For x >= 0, b > 0                                                             (1.11)  

which (b) is the scale parameter. 

 

The cumulative distribution function can be given by [19]: 

                                                  (1.12) 

1.4. Potential of Wind Energy in Iraq and Worldwide 

Iraq has a high potential of wind energy, but the research and exploitation of this 

renewable and clean source still substandard. Iraq depends on fossil fuels to produce 

energy due to the availability and low price of this resource. While there is no interest to 

exploit abundant renewable energies that exist in Iraq except for some researches and 

experimentations to highlight this clean energy. 

Iraq can be divided into three regions according to the wind speed probability. The first 

region represents 48% of Iraq that has wind speeds vary between 2-3 m/s, the second 

region represents 44%, which has wind speeds vary between 3.1- 4.9 m/s, and the third 

region represents 8% of Iraq, has relatively high wind speeds of more than 5 m/s [20]. 

Worldwide wind energy is distributed uniformly over the earth, as in Figure1.6 that 

shows an annual average of wind speed at 100 m height during 2007-2008. In general, 

the strongest wind found over ocean water in both hemispheres, significantly over the 

Southern Ocean, the North Atlantic, and the Gulf of Alaska. On the land, the Sahara 

desert, the southern tip of South America, the Himalayas, and central regions in North 

America are the regions with high wind speed. Wind speeds vary according to the 

seasons, for example in the Pacific and the Atlantic oceans because of low-pressure 

wind velocities are increased in winter to more than 12 m/s, while in the summer is 

much less [21]. 
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Figure 1.6 Distributions of Yearly Average Wind Speed (m/s) at 

100 m in 2007-2008 [21] 

At the last decades, the use of wind capacity has spread. The power capacity from wind 

energy source is growing continuously. For example, global wind-power capacity was 

282 gigawatts (GW) at the end of 2012, and by the end of 2014 wind farms were 

operating producing more than 370 GW around the world; this rate has been increased to 

reach about 433 GW by the end of 2015. This rate of growth is expected to continue, the 

capacity expected to increase to about 537 GW by 2017, as shown in Figure 1.7. By the 

end of 2015, more than eighty countries have seen the wind activity commercially. The 

countries with more than 1000 MW installed capacity were 26 country including 17 

country in Europe where four from them had more than 10000 MW [Germany with 

capacity of 44947 MW, Spain with 23025 MW, UK with 13603 MW, and France with 

10358 MW], 4 countries in Asia [China with 145362 MW, India with 25088 MW, Japan, 

and Australia], 3 country in North America [US with 74471 MW, Canada with 11205 

MW, Mexico], 1 country in Latin America which is Brazil, and 1 country in Africa which 

is South Africa [6]. 
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Figure 1.7 Projected Installed Wind Capacities by Regions (2012-2017) [11] 

1.5. Background of Solar Energy 

Solar energy which is a clean and the most abundant energy source for the Earth is 

transferred from the sun through space in the form of electromagnetic waves in straight 

lines. The rate at which solar energy reaches a unit area of the Earth called the "solar 

irradiance" or "insolation". The units of measure for irradiance are watts per square 

meter (W/m
2
). Every day solar irradiance falls on the surface of the Earth and the 

amount of solar irradiance that received varies from location to another depend on: i) 

the time of day where the maximum radiation occurred at noon and less at the rest time 

of the day, ii) the season which depends on the location of the Earth of the Sun, iii) 

weather conditions, and iv) geographical location.  

Where the spherical shape of the Earth makes the distribution of the incoming solar 

radiation not equal, the total daily radiation is maximum at the equator and decrease at 

the poles; that is why the Earth is warmer at the equator more than the poles. The 

atmosphere that surrounding Earth reduces the ratio of solar radiation that passes 

through it to the Earth by about 30% on a clear day to approximately 90% on a very 

cloudy day. The solar radiation that reaches the earth's surface is measured to about 

1000 W/m
2
 at sea level and is considered as a standard measure. The solar irradiance 

received by the Earth's surface divided into two types: solar irradiance, which reaches 

the Earth's surface directly without being diffused known as a beam or direct solar 
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irradiance, and a diffuse solar irradiance that could be absorbed, scattered or reflected 

because of the different weather factors. The sum of these two types, diffuse and direct 

solar radiation, is called global solar radiation.  

Since BC, the solar energy has been used by utilizing glass and mirrors to concentrating 

the sun’s heat for igniting fires. The first solar collector in the world invented by Horace 

- Swiss scientist - in 1767, he designed a rectangular box placed inside it smaller boxes 

which been isolated and the top of the boxes covered with glass to exposed to the sun, 

noticed the temperature increased significantly inside the boxes. In 1816, Robert 

Stirling built a heat engine that used later in the dish/Stirling system, depending on a 

concept of a solar thermal electric technology that concentrates the thermal of solar 

energy to produce power. Between 1860 and 1880, August Mouchet and Abel Pifre 

constructed the first solar-powered engines and used them for several applications. In 

1876, William Grylls Adams and Richard Evans Day discovered that selenium had the 

ability to produce electricity when exposed to light. In 1891, Baltimore invented the 

first solar water heater used later for cooking or heating water. In 1908, William J. 

Bailley patented a solar collector with an insulated box, which can be used in the day 

and night for heating water. In 1947, the urgent need for energy during World War II in 

the United States made the passive solar buildings in demand. In 1955, Frank Bridgers 

designed commercial office which was the first commercial building in the world used 

passive design and solar water heating [22]. After the oil crisis in 1973, efforts seriously 

turned to find alternative energy sources, at the end of the 1970s; photovoltaic solar 

panels were producing more than 500 kW. In the early 1980s, developing countries 

began to finance solar energy programs and encourage the citizens to use rooftop solar 

systems in their homes, wherein 1983, photovoltaic production exceeded 21.3 MW.  

Over the last thirty years, the industry of solar-cell has grown significantly. Today, 

needing energy in remote regions, make solar cells an effective solution and an 

alternative source of energy. There are several ways to harness solar energy: 

photovoltaic solar panels (PV) or called solar electric, solar heating and cooling, passive 

solar, and concentrating solar power (CSP). These technologies use the solar energy to 

provide electricity, heat, light, hot water, and cooling for homes, businesses, and 

industry. 
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1.6. Solar Photovoltaic 

We can benefit from the sunlight to produce electricity via photovoltaic panels. 

Photovoltaic panels are devices that contain number of solar cells can absorb the 

sunlight and convert this light into electricity causing phenomenon known as 

photoelectric effect by using N-type and P-type semiconductor materials (like silicon). 

In 1839, Edmund Becquerel, a French scientist, invented the first photovoltaic cell when 

he observed production of a current and a voltage from a silver chloride electrode 

immersed in an electrolytic solution and connected to a metal electrode which exposed 

to sunlight [23]. In 1954, Photovoltaic technology known in the United States when 

Daryl Chapin, Calvin Fuller, and Gerald Pearson managed to develop the silicon 

photovoltaic cell, with 4% efficiency and later achieved 11% efficiency. Until the 

1970s, solar cells manufacturing costs too expensive developed a design of thin-film 

photovoltaic cell with 15.9% efficiency made of cadmium telluride. In 1999, cumulative 

worldwide installed photovoltaic capacity reached to about 1000 megawatts [24]. For 

the present time, the biggest photovoltaic power station produces 579 MW installed in 

California. 

1.6.1. Photovoltaic Systems 

When PV cells are interconnected together, it forms PV modules with a power capacity 

up to several hundred watts. Modules consist of solar cells placed between two pieces of 

glass and framed. The module protects cells from damage, the environmental 

conditions, and makes handling with it easy, also provides a strong unit that can easily 

connect to other modules. When modules are interconnected together, constitute a 

system called array. The array, in conjunction with electrical equipment (like inverter, 

charge controller, battery bank, etc.), constitutes a photovoltaic system shown in Figure 

1.8. It can be used to provide power for water treatment, water pumping, and electrical 

demand load for the user. There are several types of PV vary depending on the material 

that manufactured from it, as shown in Figure 1.9, the main formats commercially 

available are (1) flat-plate crystalline Silicon (C-Si) panels, (2) thin film and (3) CPV 

(concentrated photovoltaic). C-Si PV is prevailing technology in the markets today, 

most PV projects still dependent on this type despite the appearance of thin-film and 

other technologies. Best and most used types of C-Si PV are monocrystalline and 
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polycrystalline, where the efficiency of these types 13-19% and 11-15% respectively 

[25]. 

 

 

Figure 1.8. A solar cell and a PV system [26] 

 

Figure 1.9. PV Cell Materials [27] 
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In terms of the operation of the solar panel system, PV systems can divide into two 

major categories: grid-connected systems, and stand-alone systems. The grid-connected 

systems that linked to the electric network are consisted from the PV array; inverter, 

distribution panel, and AC load. The excess of the energy goes to the electricity grid; 

these kinds of PV systems are using in residential, commercial, and industrial fields. 

The stand-alone PV systems or known as off-grid PV system that is work independent 

with no connecting to the electric grid. These systems can directly be coupled with 

loads of DC type to provide a current directly without a need to inverter or batteries, 

which mean this kind of system can operate during the sunlight hours only. Other 

systems that have a battery that acts as an energy store, charge controllers, inverter, and 

distribution panel, this kind can be powering DC and AC loads. These PV systems used 

to supplying electricity to rural and remote communities, in space, passive houses, and 

utilities. 

For carrying photovoltaic arrays, there are different types of solar panel carriers, divided 

mainly into fixed carriers and movable carriers to track the movement of the sun such as 

(1) fixed PV mounting structures, (2) adjustable tilt angle, (3) horizontal single axis 

tracking, (4) vertical single axis tracking, (5) inclined single axis tracking, and (6) dual 

axis tracking. Research has shown that the sun tracking system is better than the fixed 

photovoltaic system, because of the marked increase in the output power of the sun 

tracking system. 

1.6.2. Electricity Generation from Solar Photovoltaic Cells 

The structure of PV cells composed of two layers; the first layer that carries a positive 

charge has a high concentration of hole or electron deficiency this layer is known as p-

type, and the second layer that carries a negative charge has a high concentration of 

electron which known as n-type. These two layers placed together, n-type must be the 

top layer to expose to sunlight and the boundary between these two layers known as a P-

N junction as shown in Figure 1.10. The materials that PV cells manufacture from must 

be semiconductor material and must be contaminated (doped), the most common 

material that used is Silicon which has a valence number of 4 and doped with chemical 

elements with a valence of 3 and 5, whereas p-type doped with boron and n-type doped 

with phosphorus. 
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Figure 1.10. Composite of solar cell [28] 

The sunlight falls on the cell, the incident photon excites an electron from n-type which 

diffuse the hole of p-type in the same time the excess hole in p-type diffused with the 

electron of n-type, electron will moves to the p-type zone and leaves positive ion cores 

in the n-type zone, while hole will moves to the n-type side and leaves negative ion 

cores in the p-type zone, this movement forming depletion region at the junction zone 

between n-type and p-type, then an electric field develops at this zone, this an electric 

field will make the charge carriers in opposite directions which cause an electric current. 

The electric current can be harvested when an external circuit interfaced to the 

semiconductor. The process of converting sunlight (photons) to electricity is known as 

the photovoltaic effect. At the current time, photovoltaic solar panels can convert the 

visible light spectrum and almost half of the ultraviolet and infrared light to usable 

energy. 

1.6.3. Advantages and Disadvantages of Solar PVs 

The first advantage of PV systems is that they can be used for a variety of requirements 

and applications, and they can be used by either connecting to the grid or stand-alone. 

PV systems are modules, easily expandable so that we can increase the size of the 

system (increasing the number of solar panels) according to need. They are safe to use, 

do not cause pollution and do not make noise during operating. The fuel is in abundance 

and free which is the sunlight. PV systems have long lifetimes and there is need to 

minimal maintenance if designed and installed properly. In addition, it creates 

independence in the energy field and do not cause harm to the environment making 

them attractive systems. On the other hand, the disadvantages of the PV systems are that 
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high cost of PV systems comparing with conventional energy sources and the efficiency 

of the system is affected by several factors (number of hours of sun brightness and 

weather conditions) where cloudy and dusty weather reduce the efficiency as well as 

cannot produce power during the night, and PV arrays require large surface area which 

may be an obstacle. 

1.7. Solar Energy Potential in Iraq and Worldwide 

Abundant sunshine and the existence of the open lands make that Iraq is one of the best 

locations for exploiting solar energy. But as a result of the wars, the energy sector has 

been destroyed in Iraq, and the government suffers from lack of investment. Because of 

these reasons, there is no project to take advantage of this vast energy. 

While solar radiation changes throughout the year varying from 13 MJ/m
2
 in December 

and January to 27 MJ/ m
2
 in June and July, respectively, in the southern territories, it  

changes from 7 MJ/m
2
 in December and January to 23 MJ/m

2
 in June the northern 

territories [20]. Also, the yearly average of changes between the northern and southern 

territories can be considered as the average of changes in the central territory. Periods of 

sunshine varies from 2800 to 3300 hours per year that ensures to provide large amounts 

of solar energy, and the direct normal irradiation is ranges from 1800 to 2390 

kWh/m
2
/year as shown in Figure 1.11 [29].  

 

Figure 1.11. Iraq’s Solar Irradiation [29] 
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These values give Iraq the qualifications to exploit the solar energy in several territories 

of its lands. Based on these values, most lands receive sufficient solar radiation, and the 

highest value is in Anbar which receives 2310 kWh/m
2
/year. According to an analysis 

based on NASA data, using hybrid system which consists of solar plant and fossil fuel 

plants could reduce the emissions of carbon dioxide. For example if using 50 MW of 

concentrating solar plant with 300 MW fossil plants would reduce about 40000 metric 

tons of carbon dioxide emissions per year, compared with just 50 MW expansion of 

fossil fuel capacity.  

Worldwide, solar PV development has begun in the 1970s, and in the beginning it was 

just spread in a few of countries. In 2001, the electricity that is produced from solar 

energy used to provide about 0.1% of the world's electricity. But since 2010 the 

capacity of photovoltaic cells around the world has been doubled from previous 

decades, and PV share of global electricity reached 11% in 2010, and it expected to 

rising up to reach 16% by 2050. In 2014, the total global capacity has grown at an 

average rate of 51% reaching more than 150 GW, which is expected to rise to about 230 

GW by 2017. The largest photovoltaic power stations in the world as of 2015 are USA, 

China, and India, where the largest solar plants in the world are located in United States. 

The combined Solar Energy Generating Systems in California’s Mojave Desert has a 

capacity of 579 MW. Currently, China, Japan, and the United States are considered as 

the top three installers around the world. The U.S. is currently the third-largest solar 

market in the world. The amount of solar power installed in the U.S. has increased more 

than 23 times over the past eight years from 1.2 GW in 2008 to an estimated 27.4 GW at 

the end of 2015. Few countries in Europe have also constructed large PV systems of 

which Germany is the first and then comes Italy. In Asia, the most significant growth 

was in India (added 1.1 GW), followed by South Korea (0.4 GW) and Thailand (0.3 

GW). Beyond Asia, about 16.7 GW was added worldwide, primarily in the EU (about 

10.4 GW) and North America (5.4 GW), according to the "global status report 2014" of 

Renewable Energy Policy Network. 

1.8. Literature Review of Iraq Renewable Energy System 

AL-Riahi, et al. [30] presented a model of beam transmittance of the atmosphere to 

assess the direct solar transmittance for a clear day by applied the methodology using a 
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daily global radiation data for five years between (1991-1995) at Baghdad, Iraq. The 

statistical tests that used to evaluated the direct normal radiation and global radiation 

values were MBE (Mean Bias Error) and RMSE (Root Mean Square Error). By 

comparison, between measured and modeled values found that the difference does not 

exceed 5%.  

AL-Riahi and AL-Kayssi [31] studied the mean of annual, monthly and daily global and 

diffuse radiation for Baghdad, Iraq. The maximum values of global radiation occur noon 

at peak point vary from more than 400 Wh/m
2
 during the winter months to more than 

800 Wh/m
2
 during the summer months, the yearly cumulative global radiation was 

(2160–7000) MJ/m
2
 per year. The annual total of daily diffuse radiation was about 

(600–700) MJ/m
2
, while 2825 MJ h/m

2
 is the highest of UV radiation that received 

during June and July and the lowest is received in December of 920 MJ h/m
2
. This 

value of radiation constitutes 3.25% of the global radiation. 

Al-Karaghouli and Kazmerski [32] designed a small project to using a photovoltaic 

solar system instead of a diesel generator to supply power to a remote health clinic in 

the south of Iraq by using the HOMER program to determine the best economic system 

for this clinic that has a daily load of 31.6 KWh. The best economic system to provide 

the required load consists of 6 kW photovoltaic panels, 3 kW inverter, and 80 batteries, 

with the cost of electricity $ 0.238 /kWh. The analysis showed that the price of 

electricity produced from the photovoltaic system was four times less than that 

produced by the diesel generator, besides the advantage of reducing the release of CO2 

and other toxic gases, which could prevent the release of 14927 kg/year, and 399.88 

kg/year respectively. 

Dihrab and K. Sopian [33] analyzed the potential of solar and wind energy in three 

cities in Iraq; Baghdad, Basra and Mosul. A hybrid renewable energy system connected 

to grid and consists of 5 MW of photovoltaic panels and 1 MW of wind turbines was 

assumed. System simulated by using Matlab and the results of this work showed that it 

is possible to use this renewable energy system to generate power for supply about 750 

house in the rural or remote area with 30 kWh/day per house. The results demonstrated 

that the power output from PV modules was highest in Basra and followed by Mosul 
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and Baghdad. For the wind turbines power, it was highest in Basra, followed by 

Baghdad and then Mosul. 

Kazem and Chaichan [34] analyzed and studied the situation of renewable energy in 

Iraq. The employments of renewable energy sources have reviewed, like wind, solar, 

and biomass. This paper provided recommendations for the utilization of these energy 

sources and found that the solar energy density in Iraq among the highest potential in 

the world, where the hourly solar intensity varied between 833 W/m
2
 in June to 416 

W/m
2
 in January. Furthermore, they analyzed 23 stations to investigate the potential of 

wind energy and found that there is significant wind energy potential in several areas in 

Iraq where the approximate average energy per 24 hours of the day of 287.2 W/m
2
. On 

the other hand, Iraq is rich in biomass, but the government has not paid attention in this 

sector. 

Amori and Al-Najjar [35] designed a model of photovoltaic/thermal air collector, where 

a theoretical investigated of the thermal and electrical performance was applied. Matlab 

program used to simulate the model, which applied in two days; a wintry day for 

Baghdad province and a summery day for Fallujah province in Iraq. The results were 

12.3% electrical efficiency, 19.4% thermal efficiency, and overall collector efficiency 

was 53.6% in the wintry day, while it was 9%, 22.8% and 47.8% respectively in the 

summer day. 

Noaman Hussein et al. [36] presented a programming of PVSD (Off-Grid Photovoltaic 

System Design Software) by using Visual Basic program that works under Iraq 

conditions, verified with real data from solar power system which is off-grid 

photovoltaic system has been designed, installed and tested in Ministry of Science and 

Technology. The program can do the calculations of loads, photovoltaic modules, 

battery, and wiring, and it can analyze the output as an average energy generated per 

day and draw a graph for it.  

Ali and Salih [37] developed a simple and friendly tool in Visual Basic Programming 

language V6.0 that can use to designing and sizing a stand-alone photovoltaic system, 

this tool defined as an execuTable Graphic User Interface bundle. This tool was 

developed to design photovoltaic systems in Iraq, and it has a feature that easily to use 

by persons who does not have an engineering or technical experience. Sizing the system 
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depending on the city specification and meet the requirements of the loads. The program 

proved its accuracy and effectiveness.  

Mahdi et al. [38] designed 1.1 kW of a solar photovoltaic system with battery storage. 

The system has put under monitoring for nine months, calculated the average solar 

irradiance by using hourly data of 5.6 kWh/m
2
/day, and the average power generated of 

8 kWh/day. 

In the study of Al-Hilphy [39], a comparison between incidence theoretical and 

practical solar radiation intensity during the years 2006 and 2011 at Basra province was 

studied. Solar radiation has been calculated on a horizontal surface and another case 

with tilt 30 degrees with the horizontal. The maximum intensity of solar radiation was 

740 W/m
2
. From the results, it can concluded that the solar radiation falling on the 

inclined surface is higher than falling on a horizontal surface, and the values of the 

intensity of solar radiation in 2011 were highest from those in 2006.  

The aim of the study presented by Hiba A. Hasan [40] was to simulate and design an 

operating system to control the electrical loads depending on the amount of electrical 

power that obtained from renewable energy sources (the wind and solar), with the 

availability of grid power and batteries as backup sources. Furthermore, nominate each 

load with its turn-on to optimize the minimum cost of the total load consumption. 

Mustafa J. Kadhim [41] brought out the study of renewable energy resources (solar and 

wind) in Basrah city in the south of Iraq, and creating a tool to construct the optimal 

design of a system mainly depending on these resources with its economic feasibility. 

Abed et al. [42] presented a review of the renewable energy, energy status, and the 

possibility of using solar energy to the power supply in Iraq. Found that the net solar 

radiation in the south about 3-9 MJ/m
2
.day, in the middle 2.8-8.5 MJ/m

2
.day, while in 

the north about 3.5-8.25 MJ/m
2
.day. They concluded that the criteria of using solar 

energy were the best solution for investment in a renewable power system, and it best 

than investing a lot of money in both oil and gas power generation. 

Kazem et al. [43] reviewed the Iraq geography characteristics. Besides, a review of the 

causes of increased desertification that leads to increased sand and dust storms in the 



25 

 

country, focus on the study of causes dust, and its specifications, also analyzing the dust 

impacts on PV systems performance. 

Jawad Khadim et al. [44] detected the monthly and yearly optimum tilts angle for fixed 

photovoltaic solar panel for each province in Iraq by using google earth program to 

determine the locations and a program in NASA website to calculate the tilt angles. 

Noticed that the tilt angle was changed from month to another varying from 1-8 

degrees, and noted that the difference between the optimum yearly tilt angle for each 

province and the latitude of this province was between 2-3 degrees. 

In the study performed by A.Hunaish [45], the sun tracking system has designed and 

experimentally implemented to follow the sun and maintain the Photovoltaic (PV) panel 

facing the sun all the time. The maximum power point tracking techniques that 

proposed have tested experimentally; the obtained results showed that the controller had 

a good response. 

1.9. Literature Review of Solar-Wind Power Systems 

A hybrid renewable energy system (HRES) is an application in which two or more of 

different renewable energy sources like (solar-thermal, solar photovoltaic, wind, 

biomass, hydropower, etc.) are integrated to supply electricity or heat, or both of them, 

increase system efficiency, and reduce the intermittency in supplied energy. The most 

utilized hybrid system is the hybrid that consists of photovoltaic panels and wind 

turbines, by integration these two energy sources in a proper combination for utilizing 

the capability of one source to overcome the shortcoming of the other. The utilization of 

different energy sources allows enhancing the efficiency of the system and reliability of 

the energy compared with systems involving only a single renewable energy source. 

Turbines with solar panels comprise an efficient hybrid system for extract energy from 

the wind and from the sunlight too. These renewable resources would supply power to 

remote regions and residential regions, and it can be used to produce hydrogen by using 

electrolyzers powered from the excess energy. Then hydrogen can be stored or used to 

run a fuel cell and other applications. The costs of these hybrid systems that based on 

electrolysis are still high but are expected to be reduced to the half in the next years 

[46]. Besides that, the costs of storage and transport could be avoided because of the 

hydrogen can be produced on-site [46].  
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A photovoltaic panels /wind turbine /fuel cell grid connected hybrid energy system was 

designed by Das et al. [47] with a dc-dc converter for maximum power point tracking 

MPPT and maximum power extraction from the hybrid system. 15 kW of a photovoltaic 

array and 20 kW of a wind turbine as primary energy sources designed to generate 

power and to avoid that power fluctuating in different weather conditions, while a 10 

kW of a fuel cell has used as a secondary source. The maximum power that system can 

generate was 35 kW, while the minimum power was 10 kW. For simulated this system 

PSIM software program was using. 

Ahmed et al. [48] designed a stand-alone hybrid energy system consists of photovoltaic 

solar panels, wind turbines, a fuel cell, where 1 kW of a wind turbine and 1 kW of 

photovoltaic solar panels was used as a primary energy system to produce electricity 

and 1.25 kW of a fuel cell as a backup system. The PSIM software program has been 

used to simulation the system, and the results were good as well as expected for the 

system performance. 

Zhou et al. [49] described a stand-alone hybrid system consists of solar and wind energy 

with a battery bank. This system was compared with the photovoltaic system alone and 

wind turbines system alone, where found that the hybrid system is the best option for 

power supply. In addition, the study reviews optimum sizing, simulation, and control 

technologies for the system. Several types of optimization technologies have been 

discussed and have found that the artificial intelligence method can help operators, as 

part of the energy system, to reduce the cost of the system. 

F. Caballero et al. [50] designed a hybrid energy system consists of photovoltaic panels 

and wind turbine to generate electricity in a remote region, this region depends on diesel 

generators to produce electricity which it needs for 2.26 million liters of diesel per year, 

where it cost a lot. The hybrid system assumed to connect to the grid (on-grid) without 

energy storage. The optimal sizing of this system was obtained by using HOMER 

software, where the initial cost of photovoltaic panels $ 4.07/kW and the initial cost of 

wind turbines $ 2.8/kW. Also, other cases have been investigated that study the 

feasibility of selling the excess power from the hybrid system to the grid, use it in other 

operations, or net metering where delivered the excess power to the grid and deduct the 

amount of energy that delivered from consumer bills. 
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Maouedj et al. [51] presented photovoltaic/wind turbines/battery hybrid system consists 

of 600W of PV, 1kW wind turbine, and 24V/1600Ah battery bank. This study discussed 

the measured data from PV modules subsystem, wind turbine subsystem, and from the 

load profiles. The system power has used for the operation of street lamps at night from 

20:00 to 08:00 am, where found that the system needs to 2640 Wh per day to run the 

lights. 

A simple sun-wind tracker hybrid system has designed by Rahimi et al. [52]. This 

hybrid tracker system is tracking the sun by using a system of two axes type, also using 

a wind tracker that exploits the wind potential for cooling the solar panels by using wind 

vane. This study compared the performance of the PV with/without sun tracker and 

wind tracker, it was evident that the output power with tracking system higher than the 

fixed system. The two-axis sun tracker system increased the amount of power 

generation 39.43% in a day when comparing with a fixed system. The amount of energy 

that collected from hybrid tracking system increasing by 49.83% compared with a fixed 

system, while the amount of energy in the hybrid tracking system increased 7.4% when 

it compared with sun tracker system. 

Nguyen et al. [53] discussed how to minimize the cost of a hybrid system that consists 

of 1.8 kW solar photovoltaic panels and 15 kW of DFIG (Doubly Fed Induction 

Generator) wind turbine. This system has simulated via Matlab/Simulink program to 

find out the feasibility of running the hybrid system. The system uses sensorless 

Maximum Power Point Tracking (MPPT) for photovoltaic panels, where substituted the 

sensor of a turbine instead of the photovoltaic sensor to estimate the photovoltaic power, 

also eliminated the inverter of photovoltaic and compensated by using the inverter of 

the wind turbine. In this way, the power loss and the overall cost has reduced, besides of 

reducing the maintenance cost of this system due to using less number of converters and 

sensors. 

Al Busaidi et al. [54] reviewed various photovoltaic/wind hybrid systems that used to 

generate electric power and verification of the best approach of the hybrid system by 

comparing the cost of the power output. Moreover, reviews the sizing techniques of the 

photovoltaic/wind hybrid system and the optimum methods that can be used to improve 

the system at the lowest possible cost. Found that both of Iterative and Artificial 
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Intelligence optimization techniques offer more precision and fast estimation comparing 

with the other methods. The study compared two cases to investigate the potential of 

hybrid renewable energy systems in Oman and found that the cost of energy (CoE) was 

0.182 $/kW and 0.222 $/kW, which showed that the renewable energy systems are 

promising in this country 
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CHAPTER 2 

HYDROGEN ENERGY 

2.1. Introduction 

At a time when countries of the world are seeking to reduce reliance on the use of 

petroleum as fuel, attention directed to other sustainable and less harmful sources such 

as hydrogen. Unlike Fossil Fuel, Hydrogen does not produce toxic emissions from the 

combustion that harm the environment on the contrary; the combustion products like 

water and heat are actually useful. 

Hydrogen is the most abundant gas in the universe and in the earth’s crust. Free 

hydrogen exists in the solar atmosphere, stars, and in gas giant planets. But in the 

atmosphere of the earth its presence in free form is scarce, only 1 ppm (volumetric 

ratio), because of that hydrogen could not be found in its elemental form on earth but is 

combined with other elements as a component of raw materials, it can be found in the 

composition of water and organic materials like oil and wood. The proportion of its 

presence in the Earth's crust is about 0.9%. 

2.2. The History of Hydrogen 

Before the official discovery of hydrogen by Henry Cavendish in 1766, both Paracelsus 

(1500) and Robert Boyle (1671) had noted that when dissolving iron filings in dilute 

acid the resulting bubbles from this reaction were flammable, whereas Cavendish has 

gathered these bubbles resulting from the same reaction and discovered that it was a 

discrete material different from the rest of the gases calling it "inflammable air" [55]. 

Later he found that the result of combustion gas was water. In 1783, Antonio Lavoisier 

gave the name 'hydrogen' for the gas when he and Pierre-Simon Laplace confirmed 

Cavendish's finding that hydrogen produces water when burned. The name comes from 

the Greek origin 'hydro' meaning water and 'genes' meaning former. Together they mean 
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'water forming'. In 1898, James Dewar managed to liquefy hydrogen and produce solid 

hydrogen. In 1931, Harold Urey detected a second form of hydrogen named deuterium ( 

symbol D or 2H) which is a hydrogen isotope that has a mass twice as that  of ordinary 

hydrogen, it is used in the production of heavy water and can be  involved in nuclear 

reactions  which is why it is expected to be used  in the future to generate clean nuclear 

power. In 1934, Ernest Rutherford, Mark Oliphant, and Paul Harteck managed to 

prepare tritium; another isotope of hydrogen, also known as hydrogen-3 (symbol T or 

3H), It can be used in luminous paint, nuclear fusion reactions, chemical and biological 

labeling experiments due to its radiation activity [56].  

After the industrial revolution in the nineteenth century, also known as the technological 

revolution, the world has seen rapid industrial development and the reliance was on 

fossil fuels as an energy source. After the oil crisis in the early seventies of the last 

century, governments and communities realized the importance of searching for 

alternative sources of energy. This triggered the spread of awareness campaigns 

encouraging the use of renewable energy. 

The increase in population density around the world and the growing sophistication of 

technology causes an increase in energy demand. Burning billions of tons of fossil fuels 

whether from power plants or industrial facilities or transport leads to accumulation of 

the greenhouse gas (GHG) in the atmosphere such as carbon oxides CO and nitrogen 

oxides NOx and these gases are continuously causing global warming, The International 

Energy Agency (IEA) expected that in 2035 Gas emission will reach more than 37 GT 

of CO2 gas which will result in Global warming of about 3.6 degree. 

The 21st century has witnessed more reliance on renewable energies and growth of 

sustainable economy, in the near future global energy systems will depend on the gases 

in general and particularly on hydrogen as shown in Figure 2.1 [57].  
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Figure 2.1 The Age of Energy Gases 

2.3. Hydrogen Energy 

Hydrogen is considered an energy carrier, it is a secondary energy source, which means 

it can be used to store, move and deliver energy. Hydrogen can be produced from 

primary energy sources using different methods, the produced energy can be used to 

generate electricity, heat, and as fuel to run machines like combustion engines and other 

applications. The energy yield by hydrogen combustion is about 120 kJ/g and this is 

considered 2.7 times greater than conventional fuels as shown in Table 2.1, where 

hydrogen has the highest value among the other various fuels [57]. 

For the near future, Hydrogen is a promising fuel, renewable, clean without toxic gases 

emissions. Thus,  if its production costs can be reduced it is expected to become an 

attractive alternative source of energy, especially if produced from renewable energy 

sources like solar and wind energy, which will make  it a competitor for fossil fuels.  
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Table 2.1 Higher and Lower Heating Value for Some Fuels [57] 

Lower heating value Higher heating value Fuel 

119.9 kJ/g 141.8 kJ/g Hydrogen 

44.5kJ/g 47.5 kJ/g Gasoline 

42.5 kJ/g 47.5kJ/g Diesel 

50.0 kJ/g 55.5 kJ/g Methane 

 

2.4. The Properties of Hydrogen 

Hydrogen is the first chemical element in the Mendeleev periodic Table that has the 

chemist symbol H and its atomic number is one. Hydrogen is a diatomic molecule, 

colorless, odorless, univalent, and under standard conditions of temperature and 

pressure, it has a gaseous status. As an element, hydrogen structure consists of one 

proton and one electron and is considered as the simplest and lightest element. In this 

composition, it resembles the alkali metals containing one electron in orbit S, it also 

resembles the halogens that need one electron to reach the rare gas structure, which is 

helium, and thus constitutes a negative hydride anion. For this reason, in the periodic 

Table it was placed in two different groups at the same time, the first group for its 

similarity with the alkali metals, and in the seventh group containing halogens such as 

chlorine and bromine. 

Hydrogen is lighter than air by 14.4 times, causes it to leak out of the atmosphere which 

why it is not present in pure form on earth, instead it is found only combined with other 

elements. As shown in Table 2.2 [58], hydrogen is non-poisonous, flammable within a 

wide range and has high explosion limits comparing with other fuels, its enthalpy of 

combustion is about -286 kJ/mol. Hydrogen has a density of 0.089 g/liter at 0º C and 1 

atm in a gaseous status, and a molecular weight of 2.01594 g. Hydrogen has the lowest 

melting and boiling point, where liquefying at 252.77°C and solidifies at -259.2°C., as 

shown in Tables 2.3 and 2.4 [59]. 
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Hydrogen is not reactive at normal temperature and it needs to stimulate by a proper 

catalyser. But it’s highly reactive at high temperatures. 

Table 2.2 Compare values of combustion limits between hydrogen and other common 

fuels 

 Hydrogen Natural Gas Gasoline Vapor 

Flammability limits 4-74% 5.3-15% 1.4-7.6% 

Explosion limits 18.3-59% 5.7-14% 1.1-3.3% 

Ignition energy (mJ) 0.02 0.29 0.20 

Flame temperature (°C) 2045 1875 2197 

Stoichiometric Mixture 29% 9% 2% 

 

Table 2.3 The basic properties of hydrogen 

Atomic number 1 

Atomic mass 1.007825 g.mol
-1

 

Electronegativity 2.1 

Vander Waals radius 0.12 nm 

Energy of first ionization 1311 kJ.mol
-1

 

Group, period, block 1, 1, s 

Electronic shell 1s
1
 

Ionic radius 0.208 (-1) nm 
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Table 2.4 The physical properties of hydrogen 

Density (gaseous state) 0.089 g/liter 

Molecular weight 2.02 

melting point -259.14 °C 

boiling point -252.87 °C 

Auto ignition temperature 500-585°C 

Flame temperature in air 2045°C 

Internal Energy at NTP* 2648.3 kJ/kg 

Specific volume at NTP 11.94 m
3
/kg 

Thermal conductivity at NTP 0.1825 W/mK 

Viscosity at NTP 8.813E-5 g/cm-sec 

* NTP: normal temperature and pressure 20°C, and 1 atm. 

  

2.5. Hydrogen Production 

Hydrogen is not available in a free form in nature, because of that we need production 

methods to manufacture it. Hydrogen can be produced from non-sustainable resources 

such as coal and natural gas, also from renewable resources such as water with power 

input from renewable energy sources like wind and sunlight.  

2.5.1. Hydrogen Production from Fossil Fuel 

Hydrogen is considered as an alternative energy option and a crossing towards a 

sustainable energy for the near future. Hydrogen can be produced by the most of the 

fossil fuels yet it is not renewable and produces almost the same quantity of CO2 that is 

produced from direct combustion of the conventional fuel. All processes of H2 

production from this resource leads to the release of CO2; as a result, CO2 must be 

captured and stored (CCS) to obtain a sustainable production of hydrogen with zero-

emission, which is needed for more energy. About 96% of the hydrogen produced is 

obtained from fossil fuels, as example natural gas reforming, while 4% of hydrogen is 

produced via water electrolysis [60]. 

https://www.boundless.com/chemistry/definition/melting-point/
https://www.boundless.com/chemistry/definition/boiling-point/
https://www.boundless.com/chemistry/definition/boiling-point/
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The most common methods of producing hydrogen from fossil fuels are the reforming 

of natural gas and the gasification of coal. It can also be produced as a by-product from 

various processes such as catalytic reforming, and in petrochemical plants through off-

gas reforming, from coke oven gas, and from ethylene crackers. 

2.5.1.1. Hydrogen Production from Natural Gas 

In the present time, hydrogen can be produced from natural gas by the following 

chemical processes: steam methane reforming (SMR), partial oxidation (POX), and 

autothermal reforming (ATR). 

Hydrogen production via steam reforming methane (SMR) is the most economical and 

widespread technique among the present commercial processes. SMR is an endothermic 

reaction that involves reacting methane (CH4) with water vapor and producing syngas, 

which is a mix of hydrogen (H2) and carbon monoxide (CO). The heat is mostly 

provided by the combustion of some of the feed gas (CH4). The chemical process 

typically happens at temperatures of 700 to 850 °C and pressures of 3 to 25 bar. The 

product gas contains about 12 % CO, which can be further converted, through the 

water-gas shift reaction, into H2 and CO2 as in equations 2.1, 2.2. The efficiency of 

SMR is around 80%- 85% for large-scale units and the cost of hydrogen from this 

process is between $10-$15/GJH2, whereas for small units the efficiency is lower than 

75% and the cost may exceed $50/GJ[61].                                       

CH4 + H2O + heat ➞ CO + 3H2                                                                               (2.1) 

CO + H2O    ➞ CO2 + H2 + heat                                                        (2.2) 

Partial oxidation (POX) of CH4 is the process whereby CH4 reacts with pure O2 through 

the partial combustion to yield H2 and CO. There is no need for external heat because 

the reaction is an exothermic as in equation 2.3. CO can be further shifted into H2 and 

CO2 through the water-gas shift reaction.                         

CH4 + 1/2O2 ➞ CO + 2H2 + heat                                                  (2.3) 
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Autothermal reforming (ATR) is a combination of both SMR and POX, The reaction is 

exothermic, the outlet temperature is around 950 to 1100 °C, and the gas pressure may 

reach to 100 bar. Also in this process, the CO produced is converted to H2. 

 

Figure 2.2 Schematic of SMR Process [62] 

 

2.5.1.2. Hydrogen Production from Coal 

Hydrogen can be obtained from coal through a number of gasification processes, such 

as: fixed bed, entrained flow or fluidised bed. Coal gasification process produces H2, 

CO2, CO, and CH4. CO can be shifted to additional H2 and CO2 via water-gas shift 

reaction as in equations 2.4, 2.2. This reaction is endothermic, so it is needed for 

additional heat. The process preferred carried out under high temperatures in order to 

avoid formation of phenols, char, and tars. 

C(s) + H2O + heat ➞ CO + H2                                                   (2.4) 

Coal gasification is more costly than the reforming of natural gas and it is more 

complex. But due to the availability of coal in many regions of the world, it makes 

attractive and motivates developed technologies to use it. 

2.5.2. Hydrogen Production from Renewable Energy 

The concern of using fossil fuel for producing hydrogen is the emitting of CO2 and 

other emissions; this has a negative impact on the environment. Because of that, the 
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renewable energy resources are more tempting for hydrogen production. Hydrogen can 

be produced from biomass or from the splitting of water via various technologies such 

as water electrolysis, thermo-chemical water splitting, photo-electrolysis, high-

temperature water decomposition, and photo-biological production.  

2.5.2.1. Hydrogen Production from Water Electrolysis 

Electrolysis is an electro-chemical process that separates water into its basic 

components H2 and O2 by using electricity. There are different types of electrolyzers 

depending on the material of electrolyte that can be used. Currently, electrolyzer 

concepts work on the same principle of fuel cells but in reverse mode. The main types 

of fuel cell are proton exchange membrane fuel cell (PEM or PEMFC) which works at 

(50°C-100°C, 15 bar) and has an efficiency that ranges from 30% to 50% , alkaline fuel 

cell (AFC) works at 70°C-100°C, and has an efficiency of around 60%-70%, 

phosphoric acid fuel cell (PAFC) works at 150°C-220°C, and has an efficiency of 

around 40%-55%, direct methanol or ethanol fuel cells (DMFC and DEFC, 

respectively) have the same conditions 90°C-120°C and a 20%-30% efficiency 

percentage, the high-temperature molten carbonate (MCFC) works at 650°C-700°C, and 

has an efficiency of around 50%-60%, and solid oxide fuel cells (SOFC) works at 

800°C-1000°C, and has an efficiency of around 50%-60% [63].  

The key parameters for electrolysis are efficiency and cost. According to IEA, 

electrolysis costs are above $30/GJH2 and is expected to drop under $20/GJH2 

(including pressurization process) in the near future, assuming the cost of electricity at 

$35/MWh and an 80% efficiency of the process. 

In alkaline water electrolyzers, the electrolyte uses 20-30%wt of aqueous potassium 

hydroxide (KOH) solution. The typical operating conditions of these electrolyzers are 

temperatures about 70 to 100 ᵒC and pressures in the range of 1 to 30 bar. The principle 

of the alkaline electrolyzer is shown in Figure 2.3, electricity passes through a cell and 

causes the decomposition of water to H2 on the cathode and O2 on the anode as we can 

see in the equations below. 
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Electrolyte:                                 2H2O ➞ 2H
+
 + 2OH

–
                                               (2.5) 

Cathode:                                     2H
+
 + 2e

–
 ➞ H2                                                        (2.6) 

Anode:                                        2OH
–
 ➞ 1/2O2 + H2O + 2e

–
                                    (2.7) 

Total reaction:                            H2O ➞ 1/2O2 + H2                                                   (2.8) 

 

Figure 2.3 Principle of Alkaline Electrolyzer [63] 

PEM water electrolysis is a promising technology. The principle of PEM electrolysis is 

shown in equations 2.8 and 2.9. PEM electrolyzers use iridium oxide or ruthenium 

oxide catalyst at the anode and platinum at the cathode, the electrodes separated by 

electrolyte uses a solid acidic polymer membrane. The membrane is so thin it allows 

high pressure to operate, and its solid nature makes the design simpler than alkaline 

electrolyzers. PEM works at a high current density, which reduces the costs of the 

operation and produces high purity hydrogen gas. The disadvantages of this kind are the 

short lifetime of the membrane, low capacity, and high cost [64]. 

Anode:                                     H2O ➞ 1/2O2 + 2 H
+
 + 2e

–
                                         (2.9)  

Cathode:                                  2H
+
 + 2e

–
 ➞ H2                                                         (2.10) 
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Figure 2.4 Principle of PEM Electrolyzer [64] 

The oxide electrolyzer cell (SOEC) has the same principle of the solid oxide fuel cell 

(SOFC) which depends on high-temperature fuel cell technology but works in reverse 

mode as shown in Figure 2.3. SOEC operates at a range of temperature around 700 to 

1000 ⁰C and uses solid oxide at electrolyte to produce H2 by splitting the steam water. 

Because of the high temperatures, SOEC can achieve high efficiency [65].  

 

 

Figure 2.5 The Principle Work of Solid Oxide Electrolyzer Cell [65] 
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Photo-electrolysis (photolysis) is the combination of photovoltaic panels system with 

electrolysis system in a monolithic single device. This system requires a semiconductor 

with a specific bang gap to be able to extract the electrons from water and decompose 

water directly into H2 and O2, without having to resort to further steps for electrolytic 

process, which is lead to reduce the cost of hydrogen production and raising the 

efficiency. The process requires the photo-catalysts to motivate the reaction. There are 

some technical challenges in this method such as the stability of the semiconductors, 

and their band gaps, which should be above 1.6-1.7 eV and not exceed 2.2 eV [66]. 

Photo-biological production is an appealing method to produce H2. It is a process of 

growing microorganisms under exposition to sunlight, there are types of these 

photosynthesis organisms that have the ability to use the energy of photons harvested 

from sunlight to move electrons from water and produce H2, a few examples are 

encaryotic algae, photosynthetic-bacteria, and cyanobacteria (blue-green algae). 

Photosynthetic-bacteria show a promising applied system for the near term. This 

method needs more research to understand the metabolic and genetic properties of H2 

production; on the other side, it offers a promising solution for H2 production from 

renewable resources. As in equation 2.11, the first step of process is photosynthesis and 

the second step is H2 production, which the reaction can catalyze by, hydrogenises or 

nitrogenises as shown in equation 2.12. 

Photosynthesis:  2H2O ➞ 4H
+
 + 4e

–
 + O2                                            (2.11) 

Hydrogen Production  4H
+
 + 4e

–
 ➞ 2H2                                                       (2.12) 
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Figure 2.6 Photo-Electrolysis Configuration [66] 

High-temperature decomposition: a high-temperature used for decomposing water into 

H2 and O2, the reaction occurs at temperatures around 3000°C, a small percentage of 

water splitting to H2 and the rest could be recycled. The process is endothermic; the 

required heat can be supplied from solar energy or nuclear energy. This process has a 

high efficiency of above 50% and may contribute to reducing the costs of H2 

production. But there are technical challenges like corrosion due to high temperatures, 

separation process, heat storage, and heat exchangers.          

The thermo-chemical splitting is a chemical reaction driven thermally to split water to 

H2 and O2. Thermal-chemical cycles occur at temperatures above 2200°C, This process 

can achieve low costs and high efficiency for H2 production. The obstacles that face this 

method are the high temperature required which in its turn makes separating H2 from O2 

difficult, in addition to corrosion problems. 

This method is suitable as long as the heat is supplied from renewable sources such as 

solar energy or from nuclear energy, corrosion-resistant materials can also be used. The 

common cycles are magnesium chloride (Mg-Cl), bromine-calcium (Br-Ca), copper-

chlorine (Cu-Cl), and sulphur-iodine (S-I) which is considered the most promising 

process, they can occur at temperatures under 950°C as described in equations 2.13, 

2.14, 2.15. 
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(850 °C):                        H2SO4 ➞ SO2 + H2O + 1/2O2                                            (2.13) 

(120 °C):                         I2 + SO2 + 2H2O ➞ H2SO4 + 2HI                                     (2.14)  

(450 °C):                         2HI ➞ I2 + H2                                                                                                      (2.15)  

Total:                               H2O ➞ H2 + 1 /2O2 

 

2.5.2.2. Hydrogen Production from Biomass 

Biomass can be exploited to produce H2 by using energy and water. There are two 

common methods to produce H2, gasification and pyrolysis of biomass. 

Gasification of biomass is a mature technique. It is similar to the coal gasification but, 

this method does not increase CO2 in the atmosphere like the gasification of coal. The 

process occurs at relatively high temperatures of around 727°C, and partial oxidation 

occurs to biomass particles producing gas and charcoal, then from this charcoal, we can 

produce H2, CO, CO2, and CH4 as in equation 2.16. Biomass absorbs CO2 during the 

growth and releases it through the gasification, thus, the CO2 capture and storage must 

be applied. Large-scale plants can be installed to reduce CO2 concentration. Currently, 

small-scale plants have been installed for H2 production and its efficiency is about 50-

60%. 

Biomass + heat + steam➞ H2 + CO + CO2 + CH4 + light and heavy hydrocarbons + 

char     (2.16) 

For increased H2 production, steam reformed applied on the gasses that produced, and 

water-gas shift can be applied to shift CO into CO2. For minimizing tar that formed 

during the process, there are three methods: proper operation and control, a favorable 

design of gasifier, and using additives and catalysts [67].   
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Figure 2.7 The Process of Biomass Gasification [67] 

A new gasification method is known as “Hydrogen Production by Reaction Integrated 

Novel Gasification” (HyPr-RING), where a single reactor integrates water-H2 reaction, 

water-gas shift reaction, and absorption pollutants [68] Figure 2.8. The reaction is 

exothermic and occurs at 650-700°C equation 2.17 describes the reaction. 

C + 2H2O + CaO➞ CaCO3+2H2,                ΔH298 = − 88 kJ/mol                              (2.17) 

 

 

Figure 2.8 HyPr-RING Process [69] 
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Pyrolysis of biomass this reaction occurs at a temperature between 377-527 °C, a 

pressure of around 1-5 bar and in isolation from the air. The products are liquid oils, 

charcoal, solid and gaseous compounds. Steam reformed reaction and water-gas shift 

reaction applied on the gases to produce further H2 and improved the process. When 

flash pyrolysis occurs in higher temperatures, H2 could produce directly as in equations 

below:  

Biomass + heat➞H2 + CO + CH4 + other products                             (2.18) 

CH4 + H2O➞CO + 3H2                                                   (2.19) 

CO + H2O➞CO2 + H2                                                   (2.20) 

Biomass gasification is more favorable than the pyrolysis method for hydrogen 

production. In addition, it is competitive with SMR from methane. According to the 

DOE if the prices of methane reach $10/GJ this will make biomass gasification less 

costly. 

2.5.3. Hydrogen Storage 

Hydrogen is presently a useful form that stores energy and can reuse or export it off-

grid. The main challenge for using H2 is the storage. Various storage techniques have 

been suggested, and a lot of researches and attempts underway to develop more 

economic hydrogen storage methods to achieve higher efficiency. Generally, hydrogen 

can be stored in three forms: gas, liquid, and solid [70,71]. 

Hydrogen in a gaseous form can be stored using high-pressure vessels such as 

composite storage tanks. It is a safe, available way, well designed and does not need a 

heat exchanger. The disadvantages of these tanks are the need of a high pressure of 

about 350-700 bar to compress H2, high cost, and low H2 density. Another way that is 

available to store H2 is glass microspheres, H2 fills up  at high temperature (300 °C) and 

high pressure (350-700 bar), and has gravimetric energy density above 5 wt% H2. 

Liquid H2 can be obtained via liquefying cooled H2 to the cryogenic temperature (-253 

°C) at an ambient pressure, then storing it in thermally insulated cryonic tanks. 
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Practically the gravimetric density for this process is 20 wt% H2. The difficulties of this 

approach are the energy that is required for the liquefaction process, and the difficulty to 

keep H2 in such a low temperature without risking evaporation or leak. 

Another method to storage liquid H2 is by constituting it in other solutions for example 

NaBH4 solution as in equation 2.21, the gravimetric density is 10.9 wt% H2, the 

challenges are the high cost of NaBH4, and the reaction produced NaBO2 which needs 

regeneration or removal. In addition, organic liquids that have the ability to recharge 

could store liquid H2 in an indirect way. The first step is dehydrogenating organic liquid 

at temperatures 300-400 °C to produce H2 then the second step is transportation, in third 

step liquid H2 will be re-dehydrogenated. The gravimetric density of this method is 6.1 

wt% H2, and has disadvantages in its toxicity. It is also not safe during transport. 

NaBH4 (l) + 2H2O (l) ➞ 4H2 (g) + NaBO2 (s)                                          (2.21)  

For the solid H2 form, H2 can be stored in materials by contributing to their structure or 

can be adsorbed on the surface of the compound if it has a high surface area; it then 

becomes possible to release it at a specific temperature and low pressure. This 

technology is a promising method because of its safety and efficiency. Mainly the 

materials can be classified into carbon-based and other high surface area materials, 

chemical hydrides, and rechargeable hydrides. 

Carbon-based high surface area materials are like activated charcoals, nanotubes, 

graphite nanofibers, and other high surface area materials are like metal oxide 

frameworks (MOFs), and clathrate hydrates. These materials are able to adsorb H2 on 

their surface and then release it by adding heat. This method is still under research to 

understand the nature of the materials and improve the performance. The challenge that 

faced this method is the high temperature that is required to store and release H2 from 

these materials, but MOFs prove their ability to store H2 at low temperatures, which 

makes it a promising technology. Currently, the research seeks to increase the potential 

of H2 storage capacity in these materials and release an adequate quantity of H2 under 

reasonable operating conditions. 

Chemical hydrides: in this technology, chemical reactions occur where H2 is stored 

and released such as hydrolysis reactions, thermal reactions, 
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hydrogenation/dehydrogenation reactions, and alcoholysis reactions. Hydrolysis 

reaction occurs in H2O-reactive chemical hydrides such as NaH, LiH, MgH2, CaH2, and 

LiAlH4. For example the reaction of magnesium hydride (MgH2) with water which 

forms magnesium hydroxide Mg(OH)2 and H2, whereas Mg(OH)2 must be regenerated, 

this method has a storage density of about 5-8 wt% of H2. 

Rechargeable hydrides can store H2 through absorption, where H2 atoms can be 

incorporated into atoms in the compound, then by adding heat desorption process will 

occur where H2 can be released. There are different types of rechargeable hydrides 

(alloys and intermetallic, nanocrystalline, and complex hydrides). The complex hydrides 

are the most promising technology for the future, such as borohydrides (BH4)
-
, alanates 

(AlH4)
-
 and amides (NH2)

-
. For example alkali metal aluminum hydrides (alanates) the 

most known compounds are (NaAlH4, LiAlH4, Mg(AlH4), and Ca(AlH4)) which has 

light weight and high storage capacity, but the decomposition process needs high 

temperature and due to this high temperature it becomes difficult to rearrange the 

mechanism of the elements.  

2.5.4. Hydrogen Applications 

Hydrogen can be used as energy through fuel cells or as fuel by combustion in turbines 

and engines. By using hydrogen, we can run all the means of transport, the operation of 

plants, and heating instrumentation in buildings. Gaseous hydrogen can transmit energy 

efficiently over long distances through transport pipes, and hydrogen relying upon the 

fuel energy or machinery that supplies for electricity, and drinkable water [71]. 

Hydrogen has the highest specific energy content of all conventional fuels, and when it 

is used in different fields, the final output is almost pollution-free energy with water as 

the main by-product. In addition, H2 has the advantage of being flexible as energy [72]. 

Hydrogen is currently regarded as one of the alternative energies for the 21st century. It 

will contribute considerably to the reduction of the environmental impact, the 

improvement in energy security, and a creation of new energy industries.  

As a chemical element, H2 has a variety of applications and uses. It can be used for the 

synthesis of ammonia and nitrogenated fertilizers, refining and desulphurization 

(hydrogenation reactions, hydrodesulphurization), hydrogenation of hazardous wastes 

(PCBs, dioxins), synthesis of methanol, ethanol, dimethyl, food preparation, chemical 
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plants, alternative fuels synthesis by Fischer–Tropsch (FT) synthesis, gas to liquid 

(GTL) synthesis technology [73].  

2.6. Literature Review  

2.6.1. Literature Review on Hydrogen Production from Wind Energy 

Dutton et al. [74] presents a stand-alone wind-hydrogen energy system, using two types 

of electrolyzers for hydrogen production. Tests conducted on electrolyzers to determine 

permittivity volatile of energy inputs from wind turbines and the ability to smooth the 

output energy. The results showed no operating problems for electrolyzers when given 

the intermittent power. In addition, it found that wind turbine with 10 kW rated power 

and 10 kW electrolyzer rated power that is simulated for one year period can generate 

hydrogen volume of 8992 Nm
3
 at wind speed 8 m/s. 

Honnery and Moriarty [75] examined the use of wind as energy generator by locating a 

2 MW wind turbine on each km
2
 of land; wind can supply 516 EJ of energy annually 

and by constraining falls to 359 EJ. Total potential of annual energy EHT as hydrogen 

was 179 EJ for the constrained case. With comparing the wind energy with the energy 

utilizing from photovoltaic they found that peak energy intensity for wind turbines is 

more than twice that of solar PV and the energy generation costs for solar PV are higher 

than equivalent wind turbine systems. 

Khan and Iqbal [76] this paper presented a stand-alone wind-hydrogen hybrid energy 

system. The simulations presented the system behavior by using Matlab, and the 

dynamic interaction between the components of the system has been considered. The 

wind energy conversion system WECS generated about 6.5 kW at high wind speed >12 

m/s, excess energy goes directed toward the electrolyzer to produce hydrogen. At low 

winds, the polymer electrolyte membrane (PEM) fuel cell delivers the power in addition 

to the losses in the converters. 

Zolezzi et al. [77] carried out a survey of the possibility of making use of the wind 

resource at Magellan, Chile. Then using that energy to produce hydrogen by means of 

electrolyzer, the hydrogen volume must be reduced by liquefaction for transportation 

and used in the various fields of energy and industrial applications in the center of the 
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country. The results showed that hydrogen could reach high competitiveness in the next 

years compared with fossil fuels. 

Javier Pino et al. [78] in this article a wind-hydrogen system to produce electric and 

hydrogen was analyzed, which most of the models consider nominal operating 

conditions; this study analyzed the influence of using the real behavior of the equipment 

in location by analyzing the influence of the electrolyzer operating temperature and the 

wind turbine power curve in annual hydrogen production. It is showed that current 

simulation tools present significant errors in calculations when they are compared with 

simulation results using mathematical models, when real power curve for wind turbine 

was used the annual hydrogen production was 5046.3 kg, when the manufacturer power 

curve was used the annual hydrogen production was 6742.8 kg and for the power model 

curve the annual hydrogen production was 5385.3 kg. 

The costs of hydrogen, hydrogen production quantities using wind energy conversion 

system (WECS) was investigated by Genc et al. [79] for five different locations in the 

central Anatolia in Turkey. Four different WECSs (300, 600, 1300 and 2300 kW) were 

considered and rated power at different hub height. The maximum value of hydrogen 

production was 6288.59 kg H2/year, while the minimum value of hydrogen production 

was 1665.24 kg H2/year. They found that electrolyzers with low rated power would be 

able to produce more hydrogen than the electrolyzer with higher rated power. 

Genc et al. [80] investigated the hydrogen production potential and costs by using 

wind/electrolysis system in Pınarbaşı-Kayseri. Their results brought out that the 

electricity production costs are decreased with the increase of turbine hub height. And 

also, the maximum hydrogen production quantity was obtained 14192 kgH2/year. 

Zhang et al. [81] presented a model that aggregates electrolyzers within the wind turbine 

to produce hydrogen which is established from utilizing curtail wind energy was 

studied, the study found that the hydrogen price balance point is 0.29 $/Nm
3
 that is 

produced from this model, which is smaller than the cost of the second model that takes 

electricity directly from grid electricity which was 0.425 $/Nm
3
. 

The study of Sarrias-Mena et al. [82] deals with four different electrolyzers models for 

hydrogen production, these models were integrated with a variable speed doubly-fed 
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induction generator (DFIG) wind turbine model. The simulation of these systems have 

been done by using Matlab/Simulink, the aim was to develop a comparative analysis of 

these electrolyzers models. The results have shown a satisfactory operation between the 

(DFIG) wind turbine and all the electrolyzer models. 

Siyal et al. [83] have been made a preliminary assessment of hydrogen production 

potential from wind energy in each 1 km
2
 grid cell through the land area of Sweden, 

which can be exploited to reduce the usage of gasoline fuel and carbon dioxide 

emissions in the transport sector of this country by 50%. Vestas-112 wind turbine, 

which has 3MW rated power and 90m hub height was used, they found that the total 

wind potential that can be achievable to hydrogen energy could be (860 TWh/year) and 

the hydrogen mass production is (25580 ktons/year).  

The study prepared by Douak and Settou [84] considered four types of wind turbines 

with different output power to produce hydrogen, and the output energy of the wind 

turbines was estimated for three different regions in Algeria. The maximum hydrogen 

production was (113.99 tH2/year), while the minimum production was (76.12 tH2/year), 

but this value of production has achieved minimum cost of unit energy per kWh with 

0.0132 $/kWh. 

Valverde-Isorna et al. [85] highlighted the effectiveness of the use of hydrogen in the 

on-grid wind/hydrogen hybrid system to reduce wind intermittency. The researchers 

endeavored to develop a comprehensive mathematical model to present a real scale for 

wind/H2 systems. The Hydrogen Office (HO) wind/hydrogen energy system had been 

chosen for modeling this system. 

2.6.2. Literature Review on Hydrogen Production from Solar Energy 

Hollmuller et al. [86] aimed to describe a manually controlled photovoltaic PV-

hydrogen production and storage system for a residential home at Zollbrück in 

Switzerland. The study presented evaluation of the system's performance and simulate 

its potential for energy storage. The system comprises PV array consist of 162 solar 

panels connected in series with 7.4 kWp capacity, with hydrogen production 0.32-0.95 

Nm
3
/h. estimated percentage of PV power usable for energy storage was 43%, while 
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energy losses was 57% losing in control unit, auxiliary energy, electrolyzer, and 

purification. 

Kazim and Veziroglu [87] suggested that the oil production will start to decline in the 

UAE in the future; causing a huge gap between production and the demand for energy 

and creating a serious problem by the middle of this century, this will impact on the 

economy which depends fundamentally on fossil fuels. To overcome this problem a 

solar-hydrogen energy system to produce hydrogen has been proposed. This study has 

provided economical and technical analysis for fossil fuel production, and the methods 

of replacing it by hydrogen, which is an efficient, cleaner, and renewable energy source. 

Thomas and Kelly [88] tested a number of solar panel modules according to the 

different materials they are manufactured from, such as: monocrystalline, 

multicrystalline, layered amorphous silicon and crystalline silicon, and single-crystal 

silicon cells; they aimed to test the best productivity for solar hydrogen production. The 

modules have been connected to electrolyzers to produce hydrogen by splitting water, 

where two types of electrolyzer were tested: alkaline electrolyzer and proton exchange 

membrane (PEM) electrolyzer. The results found indicated found that the PEM 

electrolyzer was more efficient. In an effort to simplify the system and reduce the cost; 

the system connected in two methods: DC-DC converter (DDC) and direct connection 

optimization (DCO), where in this way converter DC-DC and inverter have been 

canceled and the electrolyzer connected directly with the PV modules. To overcome the 

problem of getting the voltage level that the electrolyzer needed without resorting to the 

use of a converter DC-DC when using the DCO method; PV modules were designed 

with the required number of solar cells to obtain the optimum voltage. As a result, the 

circuit resistance decreased and the efficiency of the system has increased. 

Hua Li et al. [89] presented three different energy storage technologies used with three 

stand-alone photovoltaic power systems: single system comprising from photovoltaic 

and battery, single system consisting of photovoltaic and fuel cell, and a hybrid system 

comprising from photovoltaic, fuel cell, and battery. The work evaluated the storage 

capacity and the efficiency of the three systems, and found that the hybrid 

photovoltaic/fuel cell/battery system achieved higher efficiency and lower cost 

compared with other storage systems. 
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Amao et al. [90] performed an effort to produce low carbon fuel like hydrogen gas. This 

study seeks to develop an artificial leaf to produce hydrogen from solar energy based on 

artificial photosynthesis. The device consists of a chlorophyll derivative chlorin-e6 

(Chl-e6) as a photosensitizer, platinum nanoparticle as a catalyst, and a viologen as an 

electron carrier molecule that is immobilized on a thin layer of silicone gel, in the 

existence of NADPH as electron donor. The results showed that hydrogen production 

increases with the increasing time of solar radiation, 6.8×10-8 mol were produced 

during three hours of exposure to the device to radiation.  

A concentrated photovoltaic unit coupled to an electrolyzer has been used to estimate 

the potential of hydrogen production for different cities in Algeria in the study presented 

by Boudries [91]. Two types of concentrators were considered: a Fresnel mirrors-

photovoltaic concentrator and a parabolic trough-photovoltaic concentrator. The results 

were about (0.14-0.19) kgH2/m
2
.day and (0.10-0.17) kgH2/m

2
.day for both types 

respectively, that makes the Fresnel reflector more important than parabolic trough 

reflector for hydrogen production in this system. 

Boudries et al. [92] determined the optimal design of PV energy system for powering a 

CEVITAL hydrogen production unit, which is at the floating glass-manufacturing unit 

by using HOMER software. Results had shown that the use of sun tracking for PV 

system could improve the viability of system and found that using a north/south 

tracking could reduce the cost of the system by 21%, while using a two-axis tracking 

could slash it by almost of 50%. In addition, the using of concentrated photovoltaic cells 

offer more viability for the system where it needs less land than conventional cells and 

provide large-scale production of hydrogen.  

Zafar and Dincer [93] considered a hybrid energy system consists of 

photovoltaic/thermal-fuel cell (PV/T) to generate electricity, heat, and hydrogen. The 

electrical power goes directly for consumption while the excess electricity goes to 

operate the electrolyzer that produces hydrogen, and then the generated hydrogen is 

used as fuel to power fuel cells that can produce electrical power when there is a 

shortage of electric energy supply from the hybrid system, at the same time produces 

heat and drinkable water. This study indicates that using the emitted heat from the PV/T 
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system and emitted water from the fuel cell can improve the overall system energy 

efficiencies. 

Giuseppe Mura et. al. [94] designed a house powered by photovoltaic cogeneration solar 

collectors; this system was intended to meet the electricity and thermal demands with 

using heat pump cycle for winter heating and summer cooling, electrolytic cell for the 

hydrogen production and fuel cell to produce electricity by using the accumulation of 

hydrogen in periods of low availability of solar energy. The analysis showed positive 

results but the cost was high. 

Motalleb et al. [95] discussed the energy system in a passive house (a house building 

with passive solar technology materials that can absorb, release, and store the energy of 

the sun), the house is not connected to the grid. The design was simulated using 

Matlab/Simulink that completely depends on using solar and hydrogen energy. They 

found that the passive house provides energy by up to 90% compared to the existing 

houses and reduces carbon dioxide emissions by a range between 50-65%. 

Jacobsson et al. [96] compared between different approaches of solar devices uses for 

hydrogen production which were: photoelectrochemical (PEC) cells and photovoltaic 

(PV) electolyzers in differences and similarities, the experimental investigation found 

that the concepts of these devices can be changed by a simple change in the physical 

device configuration, so it can consolidate the concept of the devices under the unified 

concept of photo driven catalysis (PDC-devices). 

Yilmaz et al. [97] presented a review of the available technologies for hydrogen 

production from solar energy. The methods consist of photoelectricity, solar electricity, 

photobiological generation, concentrated solar thermal energy and thermochemical 

processes are discussed and compared with each other to determine their pros and cons. 

They found that the hydrogen production based on solar energy produces low emissions 

of GHG; because of that, it is one of the effective methods that are used to produce 

hydrogen.  

The study of Sellami and Loudiyi [98] presents a practical study of hydrogen production 

using electrolyzers supplied with power by photovoltaic solar panel. The study included 

a comparison between two types of alkaline electrolyzers one with sodium hydroxide 
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(NaOH) electrolyte and the other with potassium hydroxide (KOH) with the same 

concentration (3M) and under the same conditions of temperature and pressure. The 

variables of temperature and pressure are the most effective on electric demand of 

electrolyzer and thus affect   the efficiency of hydrogen production, at high temperature 

electrolyzer need fewer amounts of energy but at the same time the electrical efficiency 

will decrease, while at the high pressure the demand of energy decreases at temperatures 

between 25 and 90⁰C. With watching the electrolyte behavior and its effect on the 

efficiency of hydrogen production found that the current of KOH electrolyzer is higher 

than in NaOH electrolyzer, that means the electrical resistance of KOH electrolyzer is 

lower than in NaOH electrolyzer, and the amount of hydrogen produced by the KOH 

cell is more than that produced by the NaOH cell. 

Dalapati et al. [99] investigated the design of photoelectrochemical cells (PECs) for 

water splitting process and hydrogen gas evolution. Platinum is usually the metal that is 

used in the counter electrode, but in this study the researchers replaced it with earth-

abundant in hydrogen evolution test, tungsten oxide (WO3) and iron-oxide (Fe2O3) as 

electrodes and aluminum alloyed iron silicide (FeSi(Al)) as auxiliary electrode . The 

comparison of the results with commercial platinum electrode showed that the earth-

abundant like iron-silicide have highly stability and durability as well as Platinum, 

furthermore the silicide materials have the potential for low cost PECs that are used in 

solar hydrogen unit, because of that it can be used instead of Platinum.  

Bhattacharyya et al. [100] studied and analyzed the feasibility and performance of the 

electric system when combined with renewable energy sources; it presents a preliminary 

design of stand-alone solar photovoltaic energy system that provides the alkaline 

electrolyzer with necessary electricity to produce hydrogen. The results showed that 

theoretical cell potential increases with increasing pressure when the temperature is 

constant, while decreases with increasing temperature under known pressure. Hydrogen 

production rate is influenced by the variation of the solar radiation rate and temperature 

variation, the project is facing problems in terms of the cost needed to buy wide land for 

the project and the costs of installing solar photovoltaic panels. 
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2.6.3. Literature Review on Hydrogen Production from Hybrid Renewable Energy 

System 

Agbossou et al. [101] investigated the the electricity generation via a hybrid renewable 

energy system of 10 kW wind turbine and a 1 kW photovoltaic solar array. Surplus 

energy from the hybrid system is used to produce hydrogen via electrolysis, hydrogen 

production rate was 1 Nm
3
/h at 5 kW input for the electrolyzer. PEM fuel cell is used in 

this system to produce electricity; renewable energy was intermittent, by using produced 

hydrogen as fuel. 

Gosselink [102] made a research on the production of sustainable energy. Shell 

discovered and developed an efficient and compact catalytic conversion technology 

CPO (catalytic partial oxidation) can convert gaseous hydrocarbons to synthesis gas (a 

mixture of carbon monoxide and hydrogen). It also discovered that liquid hydrocarbons 

could be converted by using CPO, followed by a number of other process, into 

hydrogen and CO2. The CPO technology will enable the conversion of bio-fuel and 

conventional fuel to hydrogen that can be used for fuel cell applications. 

 Stojic et al. [103] experimentally tried to use ionic activators in the electrolytic of 

hydrogen production process in order to reduce the energy consumption in the 

electrolyzer, it has been using ethylenediamine complexes of cobalt, 

tris(trimethylenediamine) cobalt chloride complex, and tris(ethylenediamine) cobalt 

chloride complex as activators, it used it either single or combined with the Na-

molybdate. It resulted reduce in consumption energy more than 10% for every mass unit 

of hydrogen. 

Agbossou et al. [104] presented that the Hydrogen Research Institute (HRI) had 

developed a stand-alone renewable energy system based on hydrogen production and 

storage. It is a control system with power conditioning devices, consisting of a 10 kW 

wind turbine generator and 1 kW photovoltaic array. Hydrogen was produced in a 5 kW 

electrolyzer and the electricity was produced in a 5 kW fuel cell by using stored 

hydrogen. They also developed a renewable energy system that had a 10 kW 

programmable power, which was used to simulate the typical renewable energy patterns 

when there is insufficient power accessible from renewable energy sources. 
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Mills and Al-Hallaj [105] presented a hybrid system of photovoltaic/wind turbine 

working with diesel generator and testing to replace the diesel generator with fuel cell 

based on hydrogen and simulate the hybrid system to demonstrate its effectiveness. In 

this system, the fuel cell was utilized to provide energy when the renewable energy 

sources are not enough, and batteries were used as backup. In this study, the researchers 

used Hybrid2, which is a software program that is utilized to estimate long-term 

performances. The results demonstrate that energy produced from the system bypass the 

load by 160% during one year. 

Ando and Tanaka [106] proposed a concept for hydrogen production, which was a 

simultaneous production system for hydrogen and hydrogen peroxide by using 

electrolysis; they discussed the possibility of obtaining electricity from solar energy and 

applying it to this system. In this process, the electrolyzer produces hydrogen gas on the 

cathode and hydrogen peroxide on the anode without any reaction that generates oxygen 

gas on both electrodes. The system has a possibility of producing the substances at 

lower cost than traditional production technique, but with low efficiency that needs to 

improve. 

Levene et al. [107] presented an analysis to determine the potential of hydrogen 

production from solar and wind energy sources in the United States, supposing a system 

of photovoltaic/wind/electrolyzer will determine the amount of hydrogen that can be 

produced and if it is enough to meet the requirements of vehicle fueling. The results 

demonstrated that the highest potential of production was of 106000 million kg of H2 in 

Texas, while the lowest potential of production was of 5 million kg of H2 was in 

Washington D.C. The analysis includes the amount of electricity required to produce H2 

and showed that at 54-67 kWh/kg electrolyzer to get the hydrogen at a cost less than $ 

3.00/kg the cost of electricity must be between $0.04 - $0.055 /kWh. The challenges 

still are to identify typical economical and technical systems to supply renewable 

energies to refuel stations. 

Shakya et al. [108] presented a stand-alone photovoltaic/wind hybrid renewable system 

to produce electricity, and discussed the feasibility and cost of the production and 

storage of hydrogen via excess power from the system, they found that the storage of 

excess power in the form of H2 instead of batteries is a better alternative. The system 
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used the stored hydrogen to produce electricity via diesel generators that having the 

ability for using H2. The studied region (Cooma) has an average annual solar radiation 

of 1784 kWh/m
2
 and wind energy of 932 kWh/m

2
.  The system has been simulated by 

using TRNSYS 15.2.10. The results showed that 52% of the cost of the system was for 

the electrolysis process. In addition, the lifecycle cost of photovoltaic/electrolyzer 

system of $382/GJ of H2 was less than the cost of photovoltaic/wind hybrid system. 

Meng Ni et al. [109] presented a review of recent hydrogen production methods and the 

useful renewable energies, and valuation of their integration for hydrogen production to 

supply energy in Hong Kong. This paper reviewed solar, wind, and biomass energy 

potential. They found that wind turbines and photovoltaic panels hybrid system 

connected with electrolyzers is a promising technology to produce hydrogen. Hydrogen 

production from biomass found that thermochemical processes are more appropriate 

than biological processes for the geographical lineaments of Hong Kong. 

Wang et al. [110] simulated a stand-alone model of hybrid energy system by using 

MATLAB/Simulink, consisting of wind turbine, photovoltaic, fuel cell and electrolyzer. 

The PV panels and wind turbine are considered as primary sources to provide power 

and fuel cell with electrolyzer as a backup system. The system is designed to provide 

power to five houses and could be expanded where it could easily be integrated with 

other energy sources. In order to verify the performance of the system under different 

situations collected weather data and load profile for the allocated region were utilized. 

Sopian et al. [111] used wind/photovoltaic PV hybrid energy system for hydrogen 

production and used HOMER software for estimating the optimal design of the system 

for an annual wind speed of 3 m/s and an annual average solar energy of 5.2 

kWh/m
2
/day. Twelve batteries were used to store the energy from the hybrid system 

then used to supply the power to 1 KW electrolyzer, while hydrogen produced was 

stored in the 60 kg storage tank. The optimum size integrated was 2 kW PV, 1kW wind 

turbine with electrolyzer and storage tank. The hydrogen annual average was 0.144 

kg/day, and total hydrogen was about 53 kg/year with initial capital cost of 30000$. 

Ratlamwala et al. [112] used solar energy combined with absorption cooling and 

electrolyzer for the production of hydrogen and cooling based on weather data for Abu 

Dhabi city. The highest value of rate of heat output was 14.8 kW and the rate of power 
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output 0.58 kW both for PV/thermal system area of 10 m
2
, while the amount of 

hydrogen produced was about 7.8 kg -10.7 kg. 

Calderon et al. [113] developed a test-bed stand-alone photovoltaic/wind turbine 

renewable energy system depending on the hydrogen storage. The excess energy that 

was produced from the hybrid system was used in the electrolyzer to produce hydrogen 

by water electrolysis; a metal hybrid system has been used for hydrogen storage. The 

stored hydrogen was used in a fuel cell to generate electricity. The energy efficiency 

and loss of the diverse components of the system has been determined. 

A hybrid wind–photovoltaic system was accomplished for the aim of hydrogen 

production by using electrolyzer by Khalilnejad and Riahy [114]. Real data for solar 

irradiation, ambient temperature and wind speed at Sahand, Iran were taken to analyze 

this system in three various states by using just a wind turbine system, or just 

photovoltaic panels or a hybrid PV/wind as a power source, hydrogen was produced of 

8297, 4592, and 10462 mol respectively; the results show that the hybrid system is more 

beneficial. 

Posso and Zambrano [115] calculated the potential production of H2 by water 

electrolysis supply with electricity from solar energy as a primary source or by using 

mini-hydroelectric and wind energy. The total H2 that was produced could cover the 

energy requirements of the rural population of Venezuela. The calculation of the Higher 

Heating Value (HHV) used, gave a total production result of 2.073 10
10

 kg of H2/year. 

Two hybrid systems of a PV/wind/Battery-based hybrid system and a PV/wind/fuel cell 

FC-based hybrid system have been analyzed by Maleki and Askarzadeh [116]. For 

estimating an optimum sizing for the systems, four different types of artificial 

intelligence (AI) techniques were evaluated. The cost result showed that the 

PV/wind/FC system was lower than PV/FC or wind/FC systems. 

2.6.4. Literature Review on Hydrogen Production from other Energy Sources 

Duu-Hwa Lee [117] considered three energy models for hydrogen production: input-

output (IO), linear programming (LP) and compuTable general equilibrium (CGE). The 

Taiwan general equilibrium model-clean energy (TAIGEM-CE) model is dynamic type 
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of CGE, which was used in this study for simulating the development of renewable 

energy sources for hydrogen production in Taiwan. TAIGEM-CE model take into 

account the price competition between conventional fuels and renewable energy 

sources. According to this study, the geometric annual rate of hydrogen by using wind 

energy will increase in 2040 by 15.14%, followed by bio-hydrogen by 14.29%, and 

solar energy by 13.79%.The competition between nuclear energy and renewable energy 

sources for hydrogen production found that nuclear energy is not competitive like the 

renewable energy sources.  

Chang et al. [118] proposed two systems: an innovative Bio-Hydrogen Integrated 

Renewable Energy System (BHIRES) based on integration of biomass fermentation 

device and renewable energy consists of wind turbine WT, photovoltaic panels PV, 

electrolyzer, fuel cell (FC), control device, and storage device. BHIRES produced 

hydrogen, electricity, and heat. In this system, hydrogen was produced from biomass 

fermentation and water electrolysis, while FC supplied heat and power. The second 

system is a WT/PV/Hydrogen hybrid renewable energy system. They compared the 

energy use and the cost for these two systems also the capability of power provided and 

the cost of power production were investigated. This study showed that the BHIRES 

could provide energy at a lower cost than the WT/PV/Hydrogen hybrid renewable 

energy system. 

Rahmouni et al. [119] investigated hydrogen production from the geothermal system by 

electricity production with capturing and storage of CO2. The system consists of two 

subsystems: the first was the geothermal system for electricity production using CO2 as 

a fluid that transmits heat; the second part was an electrolysis system. The annual 

electrical energy produced by the system was 8.5 GWh, and produced about 22 kg/h of 

electrolytic hydrogen. The costs of hydrogen production was 8.24 $/kg H2, while this 

costs will decrease to 3.85 $/kg H2 with imposed carbon tax, which means a decrease of 

46% when environmental costs were included. 

Yilmaz et al. [120] investigated a binary cycle geothermal power plant that provides 

energy to a PEM water electrolyzer for hydrogen production. Thermo-economic 

analysis, and the impact of geothermal water temperature on the electricity cost and cost 

of hydrogen production were investigated, the results showed that the costs increased 
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when geothermal water temperature increased. The rate of hydrogen production was 

0.0253 kg/s, and the electricity cost and cost of hydrogen production were 0.0234 

$/kWh and 2.366 $/kg H2, respectively. The results can conclude that the geothermal 

water temperature as a renewable energy is a good option for producing hydrogen. 

Klimova et al. [121] discussed the high temperature gas-cooled nuclear reactor (HTGR) 

and Direct Reduction Iron (DRI) technology with producing hydrogen accompanied 

with other gases. The secondary circuit of nuclear plant includes methane conversion to 

synthetic gas as a mixture of CO and H2; they used a methane converter instead of 

electrolyzer for hydrogen production because of the high energy consumption of the 

electrolysis process.   
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CHAPTER 3 

WIND AND SOLAR ENERGY POTENTIAL IN IRAQ 

3.1. Introduction 

Iraq has an enormous potential of energy, and it was one of the first Arab countries to 

research and study about sustainable energies such as wind and solar energy [122-125] 

to find out the potential of renewable energies. Researchers found that many of the 

regions have a good average of wind speed and high solar radiation, which is suitable to 

utilize for energy production. 

In this thesis, three different cities are taken for the study of the potential of the wind 

and solar energy. Table 3.1 explains the geographical locations of the selected cities, 

which are meteorological stations. Wind speed and solar radiation data are obtained 

from the Ministry of Agriculture/Department of Agricultural Meteorology, consisting of 

daily data measurements in 5 years period from 2010 to 2014.  

3.2. Geographical Location of Iraq 

Iraq is one of the West Asian countries overlooking the Persian Gulf, bounded by 

Turkey in the north, Saudi Arabia and Kuwait in the south, the Islamic Republic of Iran 

in the east, and Jordan and Syria in the west. Iraq is located between the longitude 38ᵒ 

45` and 48ᵒ 45` and between latitude 29ᵒ 50` and 37ᵒ 22`, and has an area of 438320 

km
2
. Iraq represents a diverse mixture of geography.  It can be divided into four main 

territories: northeastern highlands representing 20% of the surface of Iraq, uplands 

region consisting of approximately 10%, alluvial plain which extends from Salah-ad-

Din to the Persian Gulf and represents about 30%, and desert plateau which represents 

nearly 40% and extends to the west of the Euphrates River. 
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Iraq's climate is influenced by annual movements of the high pressure at subtropical 

zone and low pressure of mid-latitude zone, and by based on Ko ̈ppen climate 

classification; there are three featured climate regions [126]:  

- Subtropical Desert which is near to the subtropical high-pressure zone, extending from 

the Arabian Gulf coast far south at Basra to the desert of Syria. 

- Subtropical Steppe represented in the upland area north of Baghdad. 

- Dry Summer Subtropical, in the northern mountain areas. 

The aim of this thesis is to study the potential of renewable energies in the different 

regions of Iraq for production of electricity and hydrogen. Stations that are selected for 

study are located in three different provinces: Basra in the southern, Wasit in the east 

and Anbar in the west of Iraq. Figure 3.1 shows the location of studied regions. 

 

 

Figure 3.1 Map of Iraq 

3.3. Energy Sources in Iraq 

The energy sector in Iraq has a main role in the future and stability of the country. Iraq’s 

energy sector can be divided into three sections: oil, water resources, and electricity. Oil 
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considered as one of the most important energy resources in Iraq as more than 80% of 

the primary energy mixture is from oil.  The rest depends on gas while a small 

percentage depends on water resources. Iraq is in third place in the world as oil exporter 

and in the fifth place as largest oil reserves. Also, it is in the thirteenth place for gas 

reserves. Currently, Iraq produces 3 million barrels of oil per day (bbl/d) and the 

country has plans to double its oil production by 2020 that will contribute to the 

prosperity of the national economy. 

For water resources, 60% of it comes from outside of Iraq through Tigris and Euphrates 

rivers; Iraq is currently suffering from water scarcity due to upstream countries, the lack 

of rainfall, and poor quality of water infrastructures. 

The electricity sector is not efficient in Iraq and is one of the main obstacles for the 

development of the country. The citizens are still suffering from the shortage of 

electricity. Electric stations depend on fossil fuels (oil and gas), and, even though fossil 

fuels are available but the country suffers from a lack of power because of the wars and 

conflicts. Energy sector was damaged heavily and suffered from disrepair over the 

decades since the Iraq-Iran war from 1980 to 1988 and the first Gulf war led by the 

United States in 1991 that led to a huge destruction of infrastructure. This continued 

with a period of international sanctions and then the second Gulf war in 2003 led by 

United States with coalition forces. At present, the electricity sector has seen some 

improvements but it is not significant. In 2011, only 60% of demand has been provided. 

While the peak demand is 15 GW, only 9 GW of net power was available. 

To fill shortage of electricity, Iraqi families depend on diesel generators that are either 

private or through joint generators in the residential neighborhood. These generators 

play an important role to provide electricity even though they have high cost and are a 

source of air pollution. 

The consumption of fossil fuels in energy production leads to increase pollution and 

increase greenhouse gas emissions. While CO2 emission from the electricity sector was 

only 700 CO2/kWh, the emissions from consumption fuel have tremendously increased 

in recent years according to the IEA. CO2 emission has doubled as seen by the data. It 

was 72.9 million tons of CO2 (Mt) in 2004 and it has risen to 141.0 Mt of CO2 in 2014. 

Therefore, it is a necessity to transform fossil fuels to renewable or alternative energy 
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sources such as solar, wind, and biomass energy. The Iraq government must provide 

integrated energy strategy to increase oil production, develop renewable energy, and 

make use of new resources of water. 

3.4. Wind Potential in Iraq 

Wind energy is seen as an alternative source since it is more convenient and less costly 

for electricity production. Iraq is in seventh place of the wind speed rates in the Arab 

homeland. The geographical distribution of wind power in Iraq has varies according to 

time, locations, and speeds varying throughout the year between one the station and the 

other. Wind speed and direction is affected by many factors such as the geographical 

location of the country, water bodies, topography, air masses, and weather systems 

affecting the climate of Iraq. In general, the southern regions have higher wind speed 

than the rest of the regions. 

The Weibull distribution function was given in Eq. 1.9. The two Weibull parameters of 

the wind speed distribution function, the scale parameter c and the shape parameter k 

are calculated from the wind speed data for the selected stations using the mean wind 

speed standard deviation method. They can be given as in Eqs. 3.1 and 3.2 [127]. Figure 

3.2 shows the values of c and k and illustrates the Weibull distributions that are 

obtained.   

                                                                                                             (3.1) 

                       (1≤ k ≤ 10)                                                             (3.2) 

where  is mean wind speed,  is the standard deviation. They can be estimated by 

using Eqs. 3.3 and 3.4. 

                                                                                                       (3.3) 

                                                                                    (3.4) 

where n is the number of hours of specific period. 
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All data have been obtained at 3 m height above the ground level. The k values vary 

from 2.32 to 2.50, while the range of c is between 2.65 and 3.71 m/s. The average wind 

speed at the height of 3 m for the selected cities shows that while Basra has the highest 

value, Anbar has the lowest value. 

For studied cities, wind speeds are calculated at different heights by using logarithmic 

law [128] as expressed in Eq. 3.5: 

                                                                                                  (3.5) 

where  is the wind speed to be estimated at required height (z) (which is at height 50, 

80, 100, and 120 m),  is the wind speed that is recorded at anemometer height 

( =3m),  is the surface rugosity scale which taken as 0.15 based on the terrain land in 

the studied cities.  

 

Average wind speeds at different heights for studied cities are shown in Figures 3.3, 3.4, 

3.5. Wind speed varies from one city to another. Basra has the highest values which 

reached to 15.758 m/s at 120 m height, while Wasit and Anbar have convergent 

averages that reached to 11 m/s at 120 m height for daily average wind speed as shown 

in table 3.2. The monthly average wind speed calculated for selected cities at four 

different height 50, 80, 100, and 120 m, showed that at 50 m, the estimated monthly 

average wind speed varies between 4.7 - 9.5 m/s in Basra, 4 - 6.68 m/s in Wasit, and 3.3 

- 5.8 m/s in Anbar. 

 

Table3.1 Geographical Specification of Selected Cities in Iraq 

City Latitude (N) Longitude (E) Altitude (m) 

Basra (Burjisiya station) 30⁰ 29` 47⁰ 06` 65 

Wasit (Suwayra station) 33⁰ 01` 44⁰ 82` 27.74 

Anbar (Dwar station) 33⁰ 46` 43⁰ 03` 58.33 
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Figure 3.2 Annual Average Weibull Probability Distribution Function for the Period  

of 2010-2014 in Basrah, Wasit, and Anbar 

  

Table 3.2 Maximum and Minimum Daily Average Wind Speed at Studied Cities 

Height(m) 50 80 100 120 

Wind speed (m/s) Min. Max. Min. Max. Min. Max. Min. Max. 

Basra 2 13.69 2.14 14.8 2.217 15.32 2.28 15.758 

Wasit 2.11 9.56 2.278 10.33 2.359 10.7 2.42 11 

Anbar 1.94 9.57 2.097 10.34 2.17 10.71 2.23 11.01 
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Figure 3.3 Variation of Wind Speed at Different Hub Heights in the city of Basra 
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Figure 3.4 Variation of Wind Speed at Different Hub Heights in the city of Wasit 
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Figure 3.5 Variation of Wind Speed at Different Hub Heights in the city of Anbar 
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3.5. Solar Potential in Iraq  

3.5.1. Solar Radiation on Horizontal Surface 

The daily amount of total solar radiation outside the atmosphere is calculated. By using 

sunshine duration data taken from Iraqi agromet department, the monthly average of daily 

global radiation on the horizontal surface is estimated for three locations in Iraq, based on 

equations 3.6- 3.10 [129]. 

The value of solar radiation outside of the atmosphere  (extraterrestrial radiation) can be 

calculated for each day and for different latitudes from the solar constant, and the solar 

declination using the following equation: 

                                  (3.6) 

where  is solar constant ( ),  is the inverse relative distance from 

Earth-Sun, and δ is solar declination angle (radian) which can be found from Eqs. 3.7 and 

3.8. 

                                                                                                (3.7) 

                                                                                          (3.8) 

where, n is number of days. For January 1
st
, n=1 and for December 31st, n=365.   varies 

between 23.45º ≥ δ ≥ -23.45º. 

The sunset hour angle  depends on the latitude and solar declination angle which is given 

by:   

                                                                                             (3.9) 

where is the latitude for the location. 
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The daylight hours N is given by: 

                                                                                                                         (3.10) 

Global solar radiation can be calculated from Eq. 3.11 

                                                                                                   (3.11) 

where  and  are regression constant for Angstrom that are taken as 0.25 and 0.5, 

respectively [130],  regression constant expresses the fraction of   reaching the earth 

on overclouded day (n =0), ( + ) gives the fraction of  reaching the earth on clear day, 

n is actual duration of sunshine duration (hour), ( ) is relative sunshine duration. 

The study showed that the latitude has effects in determining solar incidence angle, the sum 

of solar radiation, and daylight hours. By analyzing the calculated data for the cities, it was 

found that the summer day is long by about 11-14 hours and winter day is shorter by 

approximately 10 hours from average day as shown in Table 3.3. While the annual average 

of day hours (N) hour/day
 
is 4380 hours, the daily average global solar radiation Hcal is 19.1 

MJ/m
2
-day for Basra, 18.48 MJ/m

2
-day for Wasit, and 18.02 MJ/m

2
-day for Anbar, and the 

annual average of Hcal is 6975.6, 6743.7, 6578 MJ/m
2
 for Basra, Wasit, and Anbar 

respectively. Through comparison between monthly average of daily measured values 

(Hdata) and calculated values (Hcal), a very good congruence for all subject cities can be 

observed as shown in Figures 3.6. The maximum monthly average of Hcal values were in 

June and the minimum values were in December and January. 
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Table 3.3 Duration of Sunshine (Hours) for the Period of 2010-2014 in Basrah, 

Wasit, and Anbar 

Month 

Global sunshine duration 

Basra Wasit Anbar 

n* N** n N n N 

Jan 5.905 10.29 5.753 10.304 5.584 10.054 

Feb 6.8512 10.945 7.17 10.948 6.7584 10.796 

Mar 7.899 11.815 7.8 11.815 7.426 11.788 

Apr 8.264 12.752 8.091 12.741 8.4136 12.849 

May 9.182 13.531 9.045 13.515 9.014 13.737 

Jun 11.46 13.92 10.845 13.899 10.386 14.18 

Jul 11.261 13.735 10.994 13.718 10.289 13.972 

Aug 10.413 13.059 10.807 13.049 9.887 13.202 

Sep 9.865 12.154 9.977 12.154 8.925 12.176 

Oct 8.138 11.221 7.502 11.229 8.033 11.118 

Nov 6.345 10.446 6.422 10.463 6.789 10.238 

Dec 6.347 10.077 5.967 10.098 6.084 9.817 

* Actual duration of sunshine in day hour/day average for period 2010-2014 

** Daylight hours hour/day average for period 2010-2014 
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Figure 3.6. Solar Radiation on Horizontal Surface in the selected cities 
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3.5.2. Solar Radiation on Inclined Surface 

The amount of solar radiation on tilted surfaces is estimated using the average radiation on 

horizontal surface, extraterrestrial radiation, beam radiation, diffuse and reflected radiation. 

The optimum tilt angle (β) can provide the maximum average radiation. In this research, 

two cases are discussed; one is for tilt angle equal to the latitude (β= ) and the other is for 

tilt angle β which is obtained by subtracting the value of the solar declination angle from 

the value of the latitude (β= -δ). The tilt angle β is calculated for every day for the average 

period of the five years, and it was found that the tilt angle (β) estimated by the equation 

(β= -δ) achieves higher values than the values found with the estimation from the 

equation (β= .  

The total global solar radiation on tilted surface is the sum of beamed, diffused, and 

reflected radiation. 

                                                                                                       (3.12)  

where  is the total solar radiation on tilted surface, is the beam or direct radiation, 

is the diffuse radiation, and is the reflected radiation. 

                                                                                                       (3.13) 

where H is monthly mean daily global radiation, is monthly mean daily diffuse 

radiation,  is the ratio of daily average beam radiation on inclined surface to the average 

that on horizontal surface that can expressed in equation below:               

                                                             (3.14) 

where        

The ratio of monthly mean daily diffuse radiation to the monthly mean daily global 

radiation that can be expressed in equation below:     
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          For                    (3.15) 

KT is clearness index, which is the ratio of average global radiation to extraterrestrial 

radiation values, as expressed in Eq. 3.16 [131, 132]: 

                                                                                                                       (3.16)  

                                                                                                              (3.17) 

                                                                                                            (3.18)  

                                                                                                                (3.19) 

                                                                                                            (3.20) 

where is ground reflectivity and its value is 0.2. 

According to the equations above, Eq. 3.12 can be rewritten as: 

                                                                              (3.21) 

The average radiation on horizontal surface and β are used as input parameters in Eqs. 3.15, 

3.18 and 3.20. The calculated results of , and  were used in Eq. 3.21 to evaluate 

HT. In addition to these, extraterrestrial radiation was used in Eq. 3.16 to calculate clearness 

index. The incident radiation intensity on tilted surface varies from one month to another 

due to difference of sun inclination with seasons. 

Monthly average solar radiation on inclined surface at different tilt angels for the cities of 

Basra, Wasit and Anbar are plotted in Figures 3.7 and 3.8. The results indicate that the 

average of solar radiation intensity on tilted surface has increased significantly when 

compared to the intensity on horizontal surface. While Figure 3.7 is for the tilt angle of 

β= , Figure 3.8 is for β= -δ. Although the highest values of HT for Basra and Wasit occur 
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at September, it occurs at October for Anbar in the case of β= . In the case of β= -δ, the 

highest values of HT for Basra, Wasit and Anbar can be seen at June. 

 

Figure 3.7. Global Solar Radiation on Inclined Surface (at =) for the selected cities 

 

Figure 3.8. Global Solar Radiation on Inclined Surface (at =-δ) for the selected cities 
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CHAPTER 4 

ELECTICITY PRODUCTION FROM WIND AND SOLAR ENERGY IN IRAQ 

4.1. Introduction 

A hybrid system that consists of wind turbines and photovoltaic modules subsystems is 

proposed to investigate the potential to produce electricity, and the system is shown in 

Figure 4.1. Estimates and analyses of electricity production and costs in each system has 

provided for the three selected cities (Basra, Wasit, and Anbar). 

 

Figure 4.1. The Scheme of the Proposed Solar/Wind Hybrid Energy System 
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4.2. Electricity Production from Wind Energy 

4.2.1. Mathematical Model of Wind Energy 

A wind turbine is considered to produce electricity.  The wind speeds measured at 3m were 

obtained from the Meteorological Department and these values were extrapolated to four 

different hub heights (50 m, 80 m, 100 m, and 120 m). In this chapter, to estimate the 

electrical energy, four different wind turbines (WTs) were selected: 500 kW, 900 kW, 1300 

kW, and 2000 kW. Table 4.1 shows a review of the characteristics of the selected WTs. For 

each wind turbine, there is a different power output curve. Power curve depending on wind 

speed values can be given in Eq. 4.1 [133]. In this work, the power curve equation is 

obtained using methods of fitting curve as shown in Figure 4.2. This equation is used to 

estimate power generation at each calculated wind speed between cut-in and cut-out speeds 

for each WT. 

Table 4.1. Characteristics of selected wind turbines 

Characteristics 500 kW WT-1 900 kW WT-2 
1300 kW WT-

3 

2000 kW WT-

4 

Type 
EWT-DW 

52/54 
EWT-DW 52/54 Nordex-N60 Vestas-V100 

Number of blades 3 3 3 3 

Blade length (m) N/A N/A 29 49 

Rotor diameter (m) 52 or 54 51.5 / 54 60 100 

Variable Rotor Speed (rpm) 12 - 26 12 - 26 12.8 /19.2 N/A 

Swept area (m
2
) N/A N/A 2828 7854 

Nominal Power Output (kW) 500 900 1300 2000 

Cut-in wind speed (m/s) 2.5 3 4 3 

Rated wind speed (m/s) 10 13 15 12 

Cut-out wind speed (m/s) 25 25 25 22 

Survival wind speed (m/s) 59.5 59.5 / 52.5 70 N/A 

Price ($)* 100000[134] 900000 1300000 2000000 

*The specific costs of wind turbines are taken as 1000 $/kW, except the wind turbine with rated power 

of 500 kW. 
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                 (4.1) 

where  is the output power of WT at specific wind speed, is rated power of the 

WT, (v) is wind speed at the hub height, (a) is a regression constants, are 

cut-in, rated, and cut-out wind speeds, respectively. 
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Figure 4.2. Power Curves of Selected Wind Turbines 
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It is supposed that both 1300 kW and 2000 kW WTs produce more energy than the other 

WTs, but the results obtained showed that 1300 kW WT has low values than expected; 

because the cut-in wind speed for this WT is greater than the rest of WTs. That means the 

average wind speed must be higher for 1300 kW WT to generate power efficiently. 

The monthly average of daily power generation is calculated for each WT in different hub 

heights for Basra, Wasit, and Anbar as shown in Tables 4.2, 4.3, and 4.4. The results that 

are obtained show that Basra city has the highest values followed by Wasit while Anbar has 

the lowest values. For Basra, the highest power generation was in June while the lowest 

values were in December and January. In the case of Wasit, the highest values were in June 

and July while the lowest values were in November and December. For Anbar, the highest 

values were in June while the lowest values were in October and November. 
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Table 4.2 Monthly Average Power Production (kWh) in the Different Types of Wind Turbines for Calculated Speed with 

Different Hub Heights in the City of Basra 

Mon. 

500kW 900kW 1300kW 2000kW 

50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 

Jan 1889 2467 2766 3020 2038 2655 2979 3259 1812 2445 2802 3119 6581 8596 9649 10556 

Feb 2623 3353 3725 4039 2828 3634 4053 4412 2666 3578 4071 4500 9165 11777 13126 14276 

Mar 3459 4346 4789 5142 3755 4760 5276 5714 3679 4889 5523 6067 12126 15308 16916 18268 

April 3459 4343 4788 5147 3759 4766 5283 5722 3709 4915 5547 6090 12159 15361 16982 18344 

May 4024 4966 5423 5807 4411 5543 6117 6603 4509 5886 6598 7203 14217 17748 19500 20953 

Jun 10263 11157 11421 11582 12777 14952 15914 16650 15032 17931 19276 20348 38116 42295 43836 44808 

Jul 8407 9432 9856 10141 10375 12171 13005 13672 12110 14545 15681 16596 30896 35287 37114 38458 

Aug 5708 6887 7437 7862 6377 7876 8621 9241 6922 8799 9739 10525 20425 24895 27011 28707 

Sep 4479 5528 6050 6485 4932 6178 6808 7339 5174 6698 7478 8138 15945 19849 21776 23368 

Oct 2710 3457 3837 4158 2928 3755 4184 4551 2760 3703 4211 4652 9489 12154 13526 14694 

Nov 1467 1954 2208 2426 1599 2106 2375 2607 1351 1868 2136 2381 5164 6822 7696 8452 

Dec 1888 2459 2754 3005 2040 2653 2974 3251 1824 2458 2843 3156 6598 8593 9636 10532 

Total/yr 50375 60349 65052 68814 57818 71048 77589 83020 61548 77716 85906 92777 180881 218686 236768 251415 
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Table 4.3 Monthly Average Power Production (kWh) in the Different Types of Wind Turbines for Calculated Speed with 

Different Hub Heights in the City of Wasit 

Month 
500kW 900kW 1300kW 2000kW 

50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 

Jan 1774 2304 2576 2813 1938 2511 2810 3068 1780 2409 2727 3010 6254 8104 9061 9879 

Feb 1818 2374 2661 2906 1967 2564 2877 3147 1738 2404 2772 3069 6350 8301 9321 10198 

March 2286 2927 3255 3534 2469 3180 3551 3868 2319 3125 3547 3916 7982 10275 11472 12497 

April 1606 2109 2370 2594 1751 2289 2571 2815 1558 2069 2424 2683 5635 7390 8308 9097 

May 2642 3368 3737 4049 2862 3669 4088 4445 2745 3650 4139 4564 9272 11876 13215 14353 

Jun 4609 5667 6177 6603 5048 6326 6973 7518 5239 6830 7644 8332 16281 20272 22245 23877 

Jul 4595 5659 6186 6610 5077 6342 6980 7516 5354 6904 7694 8363 16378 20300 22220 23798 

Aug 2999 3785 4182 4496 3273 4157 4611 4997 3182 4233 4774 5240 10552 13343 14753 15938 

Sep 2543 3247 3605 3908 2758 3539 3945 4291 2629 3525 3992 4400 8932 11458 12758 13862 

Oct 1748 2283 2560 2796 1909 2484 2786 3046 1754 2370 2683 2962 6161 8038 9014 9852 

Nov 869 1177 1343 1484 968 1297 1472 1625 778 1168 1363 1547 3031 4135 4713 5212 

Dec 1100 1443 1625 1782 1213 1599 1802 1977 1136 1574 1740 1925 3844 5102 5750 6314 

Total/yr 28589 36342 40277 43573 31234 39958 44465 48314 30211 40261 45500 50012 100672 128595 142830 154877 
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Table 4.4 Monthly Average Power Production (kWh) in the Different Types of Wind Turbines for Calculated Speed with 

Different Hub Heights in the City of Anbar 

Month 
500kW 900kW 1300kW 2000kW 

50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 

Jan 929 1240 1406 1551 1035 1379 1561 1719 888 1223 1484 1670 3214 4376 4990 5511 

Feb 1857 2401 2682 2921 2017 2616 2929 3198 1857 2532 2898 3226 6481 8446 9464 10334 

Mar 2390 3003 3300 3553 2640 3357 3724 4036 2617 3404 3812 4199 8450 10681 11798 12732 

Apr 2178 2780 3088 3348 2408 3081 3429 3725 2380 3127 3498 3825 7760 9907 10995 11913 

May 1965 2560 2866 3126 2134 2771 3103 3390 1919 2571 2937 3263 6911 8967 10038 10956 

Jun 3165 3996 4416 4770 3430 4368 4851 5263 3330 4436 5021 5525 11108 14113 15646 16941 

Jul 2552 3253 3590 3869 2779 3554 3955 4297 2674 3530 3994 4398 8960 11426 12684 13749 

Aug 1583 2096 2362 2590 1726 2264 2548 2793 1538 2034 2325 2588 5583 7338 8260 9056 

Sep 705 984 1135 1268 804 1096 1252 1389 753 912 1041 1138 2511 3484 4009 4461 

Oct 508 720 835 937 583 811 934 1041 540 714 765 823 1770 2534 2926 3284 

Nov 336 491 578 653 397 567 660 742 347 513 590 675 1123 1710 2022 2298 

Dec 688 931 1061 1179 750 1018 1160 1285 603 891 993 1121 2315 3178 3639 4053 

Total/yr 18856 24456 27320 29765 20703 26880 30105 32877 19446 25886 29360 32451 66186 86159 96471 105288 
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4.2.2. Cost Analysis for Wind Energy 

Cost analyses are made for each scenario of WTs using Levelized Cost of Electricity 

(LCOE) method. LCOE is a detailed analysis method that predicts costs by assessing 

discount rate, escalation ratio, the cost of auxiliary equipment, the lifetime of the system. 

The following equations explain the mathematical calculations of cost analysis for WTs: 

        (4.2) 

where  is the capital cost of WT ($),  is the capital cost of auxiliary equipment 

considering it 15%,  is the civil work and installation cost which is considered being 

10%,  is cost of operation and maintenance,  is the annual power generation 

(kWh/year) from WT. CRF is capital recovery factor that can be expressed as in equation 

4.3 [135]. 

                                                          (4.3) 

where (i) is discount rate which considered being 10%, (l) is system lifetime which 

considered being 25 years.  

The following equation can be used to estimate the cost of operation and maintenance for 

the whole lifetime of the system [135]:  

                                    

(4.4) 

where (Com) cost of operation and maintenance for the first year, (e) is escalation rate which 

considered being 4%.  
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For estimating the capacity factor (Cf) for each WT, which is the annual average power 

generated divided by the annual rated electrical power, can expressed as in the following 

formula:  

                 (4.5)          

where EWT is the annual generated power from WTs, ER is the annual rated electrical power 

that can be expressed by: 

 

The results of the analysis were shown in Tables 4.5, 4.6, and 4.7, where the electricity 

production,  of WTs, and LOCE were estimated. The maximum energy production 

obtained in Basra was 7.66 GW/year from 2000 kW WT at the hub height of 120 m, 

followed by Wasit with 4.72 GW/year at the hub height of 120 m from 2000 kW WT. The 

minimum value was in Anbar with 0.57 GW/year from 500 kW WT at the hub height of 50 

m. 

The highest values for the capacity factor  were 48%, 30%, 21% for Basra, Wasit, and 

Anbar respectively from WT that has 500kW rated power at the hub height 120m. The 

maximum cost of energy was in Anbar from 1300 kW WT at 50m hub height with 27.97 

$/kWh, while the minimum cost was in Basra from 500 kW WT at 120m hub height with 

0.606 $/kWh. 
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Table 4.5 Annual Energy Production, Capacity Factors and Levelized Cost of Electricity for Selected Wind Turbines at Different 

Hub Heights for Basra 

WT 500 kW 900 kW 1300 kW 2000 kW 

Hub 

Height 
50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 

Total P. 

[GW/yr] 
1.53 1.84 1.98 2.10 1.76 2.16 2.36 2.53 1.87 2.37 2.62 2.83 5.51 6.66 7.21 7.66 

Cf [%] 0.35 0.42 0.45 0.48 0.22 0.27 0.30 0.32 0.16 0.21 0.23 0.25 0.31 0.38 0.41 0.44 

Celectric  

[$/kWh] 
0.828 0.691 0.641 0.606 6.493 5.284 4.839 4.523 8.809 6.977 6.312 5.845 4.612 3.815 3.524 3.319 

 

Table 4.6 Annual Energy Production, Capacity Factors and Levelized Cost of Electricity for Selected Wind Turbines at Different 

Hub Heights for Wasit 

WT 500 kW 900 kW 1300 kW 2000 kW 

Hub 

Height 
50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 

Total P. 

[GW/yr] 
0.87 1.11 1.23 1.33 0.95 1.22 1.35 1.47 0.92 1.23 1.39 1.52 3.07 3.92 4.35 4.72 

Cf [%] 0.20 0.25 0.28 0.30 0.12 0.15 0.17 0.19 0.08 0.11 0.12 0.13 0.18 0.22 0.25 0.27 

Celectric  

[$/kWh] 
1.458 1.147 1.035 0.957 12.012 9.390 8.439 7.767 17.929 13.456 11.909 10.835 8.282 6.484 5.838 5.385 



86 

 

Table 4.7 Annual Energy Production, Capacity Factors and Levelized Cost of Electricity for Selected Wind Turbines at Different 

Hub Heights for Anbar 

WT 500 kW 900 kW 1300 kW 2000 kW 

Hub 

Height 
50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 50m 80m 100m 120m 

Total P. 

[GW/yr] 
0.57 0.74 0.83 0.90 0.63 0.82 0.91 1.00 0.59 0.79 0.89 0.99 2.01 2.62 2.93 3.20 

Cf [%] 0.13 0.17 0.19 0.21 0.08 0.10 0.12 0.13 0.05 0.07 0.08 0.09 0.11 0.15 0.17 0.18 

Celectric  

[$/kWh] 
2.219 1.711 1.531 1.405 18.185 14.006 12.505 11.451 27.969 21.014 18.528 16.764 12.642 9.711 8.673 7.946 



88 

 

4.3. Electricity Production from Solar Energy 

4.3.1. Mathematical Model of Photovoltaic Panels 

In this study, a system of PV modules is proposed to produce electricity. For installation of 

PV modules a land with an area of 10 100 m
2
 for each selected city has been assumed. The 

PV modules must be facing the sun all the daytime to obtaine the maximum amount of 

solar incident radiation; because of that, the PV modules that installed on tilted surface or 

with tracking system received solar radiation more than that installed on a horizontal 

surface. Table 4.8 shows the monthly average of the tilt angle for the cities: Basra, Wasit, 

and Anbar. The tilt angle of the proposed system is calculated in the previous chapter for 

the selected cities. 

Table 4.8 Monthly Average of Calculated Tilt 

Angle (Degree) of PV Module for Selected Cities 

in Basra, Wasit, and Anbar 

Basrah 

(β=φ-δ) 

Wasit 

(β=φ-δ) 

Anbar 

(β=φ-δ) 

51.14 53.86 54.31 

43.62 46.34 46.79 

32.88 35.60 36.05 

20.80 23.52 23.97 

11.48 14.20 14.65 

7.21 9.93 10.38 

9.19 11.91 12.36 

16.99 19.71 20.16 

28.30 31.02 31.47 

40.14 42.86 43.31 

49.34 52.06 52.51 

53.39 56.11 56.56 
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When installing the PV modules, there must be proper distance between the rows to avoid 

the fall of shadow over the adjacent PV modules. That mean shadow is another factor that 

has effects on the received solar radiation. Therefore, in our calculations, the shadow angle 

is estimated using Eq. 4.6. 

                                                                                       (4.6) 

where  is the distance between the rows, β is the tilt angle, L is the length of the module, 

and =90- β. 

Two different types of PV modules are selected. They are: the Panasonic-VBHN330SJ47 

module with rated power 330W and Kyocera-KD315GX-LPB module with rated power 

315W. Table 4.9 shows the specifications for both types. The number of each type of PV 

module, which can be installed on the chosen land, depends on the dimensions of the 

module, the dimensions of the land, tilt angle and angle of the shadow. From the 

calculations, the numbers of Panasonic modules (PV1) were 333, 306, 306 and the numbers 

of Kyocera modules (PV2) were 245, 231, 224 for Basra, Wasit, and Anbar respectively. 
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   Table 4.9 Solar Modules Specifications 

Specifications Panasonic (PV1) Kyocera (PV2) 

Module type VBHN330SJ47 KD315GX-LPB 

Manufactured type  Monocrystalline polycrystalline 

Max. power (Pmax) [W] 330 315 

Max. power voltage (Voc) [V] 69.7 49.2 

Max. power current (Isc) [A] 6.07 8.50 

Open circuit voltage (Vmp) [V] 58 39.8 

Short circuit current (Imp) [A] 5.7 7.92 

Length [mm] 1590 1662 

Width [mm] 1053 1320 

Depth [mm] 35 46 

Weight [kg] 19 27.5 

Efficiency [%] 19.7 16 

Thermal Characteristics: Temp. Coefficient 

Voc [V/°C] -0.174 -0.177 

I sc [A/°C] 1.82×10
-3

 5.10×10
-3

 

Price [$] 455 [136] 399 [137] 

 

The power that can generated from the PV module can expressed as follow: 

                                         (4.7) 

where NP is PV module efficiency, ND is the performance ratio of the system that is 

between (0.5-0.9), A is the module area (m
2
), and G is average solar radiation that incident 

on tilt modules (kWh/m
2
). 

Table 4.10 shows the monthly average power from PV modules for the selected cities. The 

results showed that the Panasonic modules (PV1) have generated more power than Kyocera 

(PV2). The highest monthly average power generation values were in Basra. There was a 
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variation in generating power through the months. The maximum values were in June, 

while the minimum values were in January. It was observed that Anbar achieved high 

average power generation from June to December. 

Table 4.10 Monthly Average Power Generation (kWh) from Photovoltaic 

Modules in Selected Cities 

Month 
Basra Wasit Anbar 

PV1 PV2 PV1 PV2 PV1 PV2 

Jan 452.04 353.94 401.72 322.74 398.85 310.72 

Feb 503.88 394.53 470.58 378.06 454.30 353.92 

Mar 554.30 434.01 504.43 405.25 483.41 376.60 

Apr 570.36 446.59 513.66 412.67 523.68 407.96 

May 620.53 485.87 552.49 443.87 558.21 434.87 

Jun 729.39 571.10 645.17 518.32 627.41 488.77 

Jul 692.81 542.46 627.31 503.97 603.39 470.07 

Aug 647.85 507.26 605.60 486.53 571.46 445.19 

Sep 647.56 507.03 592.22 475.78 557.81 434.56 

Oct 559.39 437.99 497.07 399.34 586.60 456.98 

Nov 482.68 377.94 428.50 344.25 606.40 472.41 

Dec 499.53 391.12 423.16 339.96 576.41 449.05 

Total/yr. 6960.32 5449.84 6261.93 5030.74 6547.92 5101.10 

 

4.3.2. Cost Analysis for Solar Energy 

Cost analyses are made for each type of PV modules using Levelized Cost of Electricity 

(LCOE) method. The following equations explain the mathematical calculations of cost 

analysis for PV modules: 
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                  (4.8) 

where  is the capital cost of PV modules ($),  is the capital cost of auxiliary 

equipment which considered being 15%,  is the civil work and installation cost which 

considered being 10%,  is cost of operation and maintenance,  is the annual 

power generation (kWh/year) from PV modules, CRF is capital recovery factor and it can 

be calculated by using Eq. 4.3.  

For estimating the cost of operation and maintenance for the lifetime of the PV system can 

be used the following equation [135]:  

                                                                                    (4.9) 

where cost of operation and maintenance is for the first year,  is discount rate which 

considered being 10%,  is escalation rate which considered being 4%.  

To estimate the capacity factor ( ) for the PV modules, the annual average power 

generated divided by the annual rated electrical power, using the following formula:  

                                                                                    (4.10)         

where EPV is the annual average power generated from PV modules, ER is the annual rated 

electrical power.    

The results of the annualized cost analysis, as shown in Table 4.11 which includes the 

electricity production,  of PV modules and LOCE were estimated. The maximum energy 

production was obtained in Basra as compared with Wasit and Anbar, where the annual 

energy was 211.82 MW/year from Panasonic modules, followed by Anbar with 199.31 

MW/year from Panasonic modules. The minimum value was in Wasit with 153.068 

MW/year from Kyocera modules.  
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Table 4.11 Annual Energy Production, Capacity Factors and Levelized Cost of Electricity 

from Photovoltaic Modules for Selected Cities 

Cities Basra Wasit Anbar 

PV PV1 PV2 PV1 PV2 PV1 PV2 

EPV [MW/year] 211.828 165.86 190.528 153.068 199.31 155.27 

Cf [%] 0.220 0.172 0.198 0.159 0.207 0.161 

Celectric [$/kWh] 9.09 7.49 9.28 7.65 8.87 7.31 

 

The highest values for the capacity factor  were 22%, 20.7%, 19.8% for Basra, Anbar, 

and Wasit from Panasonic modules, respectively. While the maximum cost of energy is 

occurred for Wasit in the case of Panasonic modules (9.28 $/kWh), the minimum one is for 

Anbar in the case of Kyocera modules (7.31 $/kWh).  

4.4. Electricity Production from Wind/Solar Hybrid System 

In this section, a hybrid system consisting of the PV modules subsystem and WTs 

subsystem is proposed with all suggested scenarios that are considered in previous sections. 

Performance predictions and economic evaluation for this hybrid system are analyzed. 

4.4.1. Performance of Wind/Solar Hybrid System 

Analyzing and comparing the PV/WT hybrid system with the WT system alone and the PV 

system alone found that there is a significant increase in the energy production in the hybrid 

system when compared with the alone system of WTs or PVs. 

The results, as shown in Figures 4.3, 4.4 and 4.5, revealed that the maximum energy 

production was obtained in Basra as compared with Wasit and Anbar, where the annual 

energy was 7.8 GW/year from (2000kW WT at 120m +PV1), followed by Wasit with 4.9 

GW/year from (2000kW WT at 120m +PV1). The minimum value was in Anbar with 0.72 

GW/year from (500kW WT at 50m +PV2).  
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Figure 4.3 Total Power Production from Wind/Solar Hybrid System in Basra (PV1 case: 

Panasonic PV modules PV2 case: Kyocera PV modules) 

 

Figure 4.4 Total Power Production from Wind/Solar Hybrid System in Wasit (PV1 case: 

Panasonic PV modules PV2 case: Kyocera PV modules) 
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Figure 4.5 Total Power Production from Wind/Solar Hybrid System in Anbar (PV1 case: 

Panasonic PV modules PV2 case: Kyocera PV modules) 

4.4.2. Cost Analysis for Wind/Solar Hybrid System  

Cost analyses for PV/WT hybrid system were determined by using Levelized Cost of 

Electricity (LCOE) method. The following equations explain the mathematical calculations 

of cost analysis for the hybrid system: 

        (4.11) 

where  is the capital cost of auxiliary equipment that is considered being 15%,  is 

the civil work and installation cost that is considered being 10%,  is cost of 

operation and maintenance,  is the annual power generation (kWh/year) from PV/WT 

hybrid system, CRF is capital recovery factor that can be calculated by using Eq 4.3. For 

estimating the cost of operation and maintenance for the lifetime of the hybrid system the 

following equation can be used [135]:  



96 

 

                                            (4.12) 

where  is the cost of operation and maintenance for the first year,  is discount rate 

which is considered being 10%,  is escalation rate which considered being 4%.  

The results, as shown in Tables 4.12, 4.13, 4.14, presented that the cost was getting 

between 0.02-0.43 $/kWh. The minimum cost of energy was in Basra from (500kW WT at 

120m +PV2) with 0.02 $/kWh, while the maximum cost was in Anbar from (1300kW WT 

at 50m +PV2) with 0.43 $/kWh. The costs of the proposed renewable energy systems i.e. 

WTs and PVs modules systems were high. While the results of the PV/WT hybrid system 

was obviously competitive comparing with alone WTs system and PVs system. A hybrid 

system maximizes the power output and minimizes the costs of energy. 

Table 4.12 Levelized Cost of Electricity for All Considered Cases in Basra 

Hub 

Height 

500kW WT 900kW WT 1300kW WT 2000kW WT 

+PV1 +PV2 +PV1 +PV2 +PV1 +PV2 +PV1 +PV2 

50m 0.033 0.027 0.124 0.120 0.161 0.159 0.087 0.086 

80m 0.028 0.023 0.103 0.099 0.131 0.128 0.073 0.071 

100m 0.027 0.021 0.095 0.092 0.119 0.117 0.067 0.066 

120m 0.025 0.020 0.089 0.086 0.111 0.108 0.063 0.062 

 

Table 4.13 Levelized Cost of Electricity for All Considered Cases in Wasit 

Hub 

Height 

500kW WT 900kW WT 1300kW WT 2000kW WT 

+PV1 +PV2 +PV1 +PV2 +PV1 +PV2 +PV1 +PV2 

50m 0.052 0.044 0.211 0.208 0.30 0.301 0.152 0.151 

80m 0.043 0.035 0.171 0.168 0.235 0.234 0.121 0.119 

100m 0.039 0.032 0.156 0.153 0.212 0.210 0.109 0.108 

120m 0.037 0.030 0.145 0.142 0.195 0.193 0.101 0.10 
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Table 4.14 Levelized Cost of Electricity for All Considered Cases in Anbar 

Hub 

Height 

500 kW WT 900 kW WT 1300 kW WT 2000 kW WT 

+PV1 +PV2 +PV1 +PV2 +PV1 +PV2 +PV1 +PV2 

50m 0.072 0.06 0.291 0.293 0.423 0.432 0.225 0.224 

80m 0.059 0.049 0.237 0.236 0.339 0.342 0.176 0.175 

100m 0.054 0.045 0.216 0.215 0.306 0.308 0.159 0.157 

120m 0.05 0.041 0.201 0.199 0.282 0.283 0.146 0.145 
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CHAPTER 5 

HYDROGEN PRODUCTION POTENTIAL FROM WIND/SOLAR HYBRID 

SYSTEM IN IRAQ 

 

5.1. Introduction 

This chapter presents description the proposed hybrid system that consists of wind turbines 

subsystem, photovoltaic modules subsystem, and electrolyzers to investigate the potential 

of produced hydrogen as shown in Figure 5.1. Estimating and analyzing of hydrogen 

production and costs in each scenario of the hybrid system has provided for the three 

selected locations (Basra, Wasit, and Anbar). 

 

5.2. Hydrogen Production from Solar/Wind Hybrid System 

The electrolysis method is chosen to produce hydrogen. Electrolysis considered promising 

and an effective method to produce hydrogen from renewable sources, where using 

electricity for the separation of water molecules into hydrogen and oxygen. The reaction 

takes place in an electrolyzer unit as shown in Eqs. 5.1 and 5.2. The produced hydrogen 

must be stored.  

Anode:                                       2H2O → O2 + 4H
+
 + 4e

-
                             (5.1) 

Cathode:                                    4H
+
 + 4e

-
 → 2H2                                             (5.2) 
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PV Modules 

           

Figure 5.1 (a) the Scheme of the Proposed Stand-alone Solar/Wind Hybrid Energy System 

for Hydrogen Production (b) The Scheme of the Proposed Solar/Wind Hybrid 

Energy System for Hydrogen Production with Selling the Excess Energy to the 

Grid. 
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Proton exchange membrane (PEM) electrolyzer is selected to integrate with the hybrid 

system. Because of its operating at low temperature (50-80 ⁰C), it has high current density, 

low ohmic losses although the high-pressure operation due to a very thin membrane of the 

electrolyte, high purity hydrogen production (99.999 %) due to the solid structure of 

polymer electrolyte membrane, and its ability to integrate directly with renewable sources 

such as solar and wind energy. 

Four types of PEM electrolyzers with different rated power are selected. The numbers of 

units of each electrolyzer are selected where the overall rated power are being equal, i.e. 

one unit of electrolyzer with rated power of 860 kW (1 860 kW), two units of electrolyzer 

with rated power of 430 kW (2 430 kW), four units of electrolyzer with rated power of 

215 kW (4 215 kW), and 18 units of electrolyzers with rated power of 48 kW (18 48 

kW). Table 5.1 reviews the specifications of the selected electrolyzers.  

 

Table 5.1. Specifications of Selected Electrolyzers 

Electrolyzer 48 kW 215 kW 430 kW 860 kW 

Model ZDQ-10 HG-50 HG-100 HG-200 

H2O consumed [ml/hour] N/A 41667 83334 166668 

kWh consumed per hour 48 215 430 860 

H2 gas produced [m
3
/hour] 10 50 100 200 

Price [$] 198000 [138] 398995 [139] 598995 [139] 798995 [139] 

 

The electric energy that was obtained from PV/WT hybrid system in the previous chapter is 

supplied to the electrolyzer to produce hydrogen. The PV/WT hybrid system is suggested 

to connect to electrolyzers in many cases as following: 
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 Hybrid system consists of 500 kW WT with different hub height (50 m, 80m, 100m, 

120 m), PV1 (Panasonic 330W), and electrolyzers with rated power of (18 48 kW, 

4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 500 kW WT with different hub height (50 m, 80m, 100m, 

120 m), PV2 (Kyocera 315W), and electrolyzers with rated power of (18 48 kW, 

4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 900 kW WT with different hub height (50 m, 80m, 100m, 

120 m), PV1 (Panasonic 330W), and electrolyzers with rated power of (18 48 kW, 

4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 900 kW WT with different hub height (50 m, 80m, 100m, 

120 m), PV2 (Kyocera 315W), and electrolyzers with rated power of (18 48 kW, 

4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 1300 kW WT with different hub height (50 m, 80m, 

100m, 120 m), PV1 (Panasonic 330W), and electrolyzers with rated power of 

(18 48 kW, 4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 1300 kW WT with different hub height (50 m, 80m, 

100m, 120 m), PV2 (Kyocera 315W), and electrolyzers with rated power of (18 48 

kW, 4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 2000 kW WT with different hub height (50 m, 80m, 

100m, 120 m), PV1 (Panasonic 330W), and electrolyzers with rated power of 

(18 48 kW, 4 215 kW, 2 430 kW, 1 860 kW). 

 Hybrid system consists of 2000 kW WT with different hub height (50 m, 80m, 

100m, 120 m), PV2 (Kyocera 315W), and electrolyzers with rated power of (18 48 

kW, 4 215 kW, 2 430 kW, 1 860 kW). 

The amount of hydrogen that was produced for each of the above cases with each hub 

height and every type of electrolyzer is calculated. 

The monthly average of hydrogen production is evaluated for two different hub heights (50 

m and 120 m) of considered lowest rated power turbine (500 kW) and highest rated power 
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turbine (2000 kW) of the hybrid system for each of the selected cities. For the proposed 

scenarios can be concluded the following: 

1. For Basra, for the hybrid system that considered the scenario of [500 kW WT (50 m, 

120 m) + PV1 + electrolyzer] found that the (18 48 kW) electrolyzer is produced 

hydrogen all months of the year, the highest amount of hydrogen was in the summer 

season, as shown in Figure 5.2a. At 120 m hub height, the production is increased due 

to increasing of power that received from the hybrid system. The maximum amount of 

hydrogen was in June with 91 m
3
H2, 105.33 m

3
H2 for 50 m and 120 m hub heights, 

respectively. For the (4 215 kW) electrolyzer that considered integrating with the 

hybrid system in the same scenario, the production of hydrogen was less, while the 

(2 430 kW) electrolyzer has worked only a few months during the year from May to 

August at 50 m hub height and from March to September at 120 m hub height. The 

(1 860 kW) electrolyzer has not worked at all.  

The second scenario of [500 kW WT (50  m, 120 m) + PV2 + electrolyzer] same as in the 

first scenario the electrolyzer most productive of hydrogen was (18 48 kW), as shown in 

Figure 5.2b, but with amount less than in the previous scenario with 87.33 m
3
H2, 97.33 

m
3
H2 for 50 m and 120 m, respectively. 

The third scenario of [2000 kW WT (50 m, 120 m) hub heights + PV1 + electrolyzer], for 

this scenario all the electrolyzers have worked and the produced hydrogen is increased in 

all cases of electrolyzers, as shown in Figure 5.2c. The maximum amount of hydrogen 

production was at (18 48 kW) and (4 215 kW) electrolyzers with 180 m
3
H2, 200 m

3
H2 

respectively. 

The fourth scenario of [2000 kW WT (50 m, 120 m) + PV2 + electrolyzer], same as in the 

third scenario but with a slight decrease in the amount of hydrogen production, as shown in 

Figure 5.2d. The maximum value of hydrogen production was 200 m
3
H2 at 120 m hub 

height with (4 215 kW) electrolyzer. 
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2. For Wasit, the scenario of [500 kW WT (50 m, 120 m) + PV1 + electrolyzer] found that 

the (18 48 kW) electrolyzer has worked all months of the year, the maximum amount 

of hydrogen was in June and July with 40.67 m
3
H2, 40.65 m

3
H2 at 50 m hub height and  

58 m
3
H2, 56.77 m

3
H2 at 120 m hub height. For the (4 215 kW) electrolyzer produced a 

little amount of hydrogen through the year with a maximum amount of 25.81 m
3
H2 at 

50 m hub height, and minimum amount around 0-1.61 m
3
H2 in the winter’s months, 

while the scenario with 120 m hub height the maximum amount was 46.67 m
3
H2. The 

(2 430 kW) electrolyzer has worked only in July in the scenario of 50 m hub height 

with only 3.33 m
3 

of H2 and has worked for four months during the year in the scenario 

of 120 m hub height. The (1 860 kW) electrolyzer has not worked at all, as shown in 

Figure 5.3a  

The second scenario of [500 kW WT (50 m, 120 m) + PV2 + electrolyzer] same as in the 

first scenario the electrolyzer most productive of hydrogen was (18 48 kW), as shown in 

Figure 5.3b, but with amount less than in the previous scenario because the power received 

from PV2 be lower than those in PV1. 

The third scenario of [2000 kW WT (50 m, 120 m) + PV1 + electrolyzer], for this scenario 

all the electrolyzers have worked and the produced hydrogen increased in all cases of 

electrolyzers. The maximum amount of hydrogen production was at (18 48 kW) and 

(4 215 kW) electrolyzers with 166 m
3
H2, 178.33 m

3
H2 respectively, as shown in Figure 

5.3c. 

The fourth scenario of [2000 kW WT (50 m, 120 m) + PV2 + electrolyzer], same as in the 

third scenario but with a decrease in the amount of hydrogen production, as shown in 

Figure 5.3d. The minimum value of hydrogen production was around 0-6.45 m
3
H2 at 50 m 

hub height with (1 860 kW) electrolyzer. 

3. For Anbar, the scenario of [500 kW WT (50 m, 120 m) + PV1 + electrolyzer] found 

that the (18 48 kW) electrolyzer has worked all months of the year, the maximum 

amount of hydrogen was in June with 28 m
3
H2 at 50 m hub height and 41.67 m

3
H2 at 
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120 m hub height. For the (4 215 kW) electrolyzer produced a little amount of 

hydrogen through the year with a maximum amount of 11.67 m
3
H2 at 50 m hub height, 

while the scenario with 120 m hub height the maximum amount was 26.67 m
3
H2. The 

(2 430 kW) electrolyzer has worked only in two months in the scenario of 50 m hub 

height with only 3.23 m
3 

of H2 and has worked for four months during the year in the 

scenario of 120 m hub height. The (1 860 kW) electrolyzer has not worked at all, as 

shown in Figure 5.4a.  

The second scenario of [500 kW WT (50 m, 120 m) +PV2+electrolyzer] same as in the first 

scenario the electrolyzer most productive of hydrogen was (18×48 kW) electrolyzer, as 

shown in Figure 5.4b. But, the amount produced less than in the previous scenario due to 

the fact that the power received from PV2 is lower than that in PV1. 

The third scenario of [2000 kW WT (50 m, 120 m) +PV1+electrolyzer], for this scenario 

the most productive electrolyzers were (18 48 kW) and (4 215 kW), as shown in Figure 

5.4c. The maximum amount of hydrogen production was 93.67 m
3
H2 for 18 48 kW 

electrolyzer at 50 m hub height and 133.33 m
3
H2 for 4 215 kW electrolyzer at 120 m hub 

height. 

The fourth scenario of [2000 kW WT (50 m, 120 m) +PV2+electrolyzer] is the same as in 

the third scenario but with a decrease in the amount of hydrogen production, as shown in 

Figure 5.4d. The minimum amount of produced hydrogen was in (1 860 kW) electrolyzer 

where it has not worked most months of the year. 

As a result of comparing the monthly average of hydrogen production for the hybrid system 

that considered highest and lowest rated power wind turbines (500 kW, 2000 kW) working 

at two hub heights (50 m, 120 m) for each selected city. Found that the maximum amount 

of produced hydrogen was in Basra followed by Wasit and Anbar. The best scenario was 

[2000 kW WT at 120 m hub height + PV1+ (4 215 kW) electrolyzer] for Basra, while for 

both Wasit and Anbar, the best scenario was [2000 kW WT at 120 m hub height + PV1 + 

(18 48 kW) electrolyzer]. 
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It can be concluded that the hybrid system with the low rated power electrolyzer can 

generate hydrogen more than the higher rated power electrolyzer because the last one needs 

to more energy on the contrary of the low rated power electrolyzer that can operate at low 

energy. Because of that, the (18 48 kW) electrolyzer for the proposed scenarios produced 

hydrogen more than of the (1 860 kW) electrolyzer. 

Tables 5.2, 5.3 and 5.4 show the operating hours for each electrolyzer in the scenario of 

[500 kW WT at 50 m + PV1 + electrolyzers] and [2000 kW WT at 50 m + PV1 + 

electrolyzers] for Basra, Wasit and Anbar respectively, it is obviously that the operating 

hours for all electrolyzers are increased with the increasing of the rated power of wind 

turbine. These tables can help to determine the optimal size of the electrolyzer units. 
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Figure 5.2 Variation of monthly hydrogen production in Basra (PV1 case: Panasonic PV modules PV2 case: Kyocera PV modules) 
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Figure 5.3 Variation of monthly hydrogen production in Wasit (PV1 case: Panasonic PV modules PV2 case: Kyocera PV modules) 
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Figure 5.4 Variation of monthly hydrogen production in Anbar (PV1 case: Panasonic PV modules PV2 case: Kyocera PV modules) 



109 

 

Table 5.2 Operating hours for each electrolyzer in the scenario of [500 kW wind turbine at 50 m+PV1+electrolyzers] and [2000 

kW wind turbine at 50 m+PV1+electrolyzers] in Basra 

Electrolyzer 
18*48 kW 

y1* y2 y3 y4 y5 y6 y7 y8 y9 y10 y11 y12 y13 y14 y15 y16 y17 y18 

500 kW 8424 6648 4584 3432 2640 1968 1464 1152 840 624 360 0 0 0 0 0 0 0 

2000 kW 8688 8592 8184 7680 7224 6600 6048 5304 4680 4248 3792 3504 3336 3168 2856 2688 2448 2256 

Electrolyzer 
           4*215 kW 

y1 y2 y3 y4 

500 kW 3072 840 0 0                   

2000 kW 7440 4728 3264 2304                   

Electrolyzer 
 2*430 kW 

y1 y2 

500 kW 840 0                     

2000 kW 4728 2304                     

Electrolyzer 
1*860 kW  

y1  

500 kW 0                      

2000 kW 2304                      

* y = the electrolyzer 
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Table 5.3 Operating hours for each electrolyzer in the scenario of [500 kW wind turbine at 50 m+PV1+electrolyzers] and [2000 

kW wind turbine at 50 m+PV1+electrolyzers] in Wasit 

Electrolyzer 
18*48 kW 

y1 y2 y3 y4 y5 y6 y7 y8 y9 y10 y11 y12 y13 y14 y15 y16 y17 y18 

500 kW 7032 4464 2832 1584 840 432 240 120 24 24 0 0 0 0 0 0 0 0 

2000 kW 8232 7536 6624 5928 5064 4368 3864 3432 2928 2400 2160 1824 1536 1344 1080 888 768 648 

Electrolyzer 
             4*215 kW 

y1 y2 y3 y4               

500 kW 1200 24 0 0               

2000 kW 5520 2928 1464 648               

Electrolyzer 
 2*430 kW 

y1 y2                 

500 kW 24 0                 

2000 kW 2928 648                 

Electrolyzer 
1*860 kW 

y1                  

500 kW 0                  

2000 kW 648                  
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Table 5.4 Operating hours for each electrolyzer in the scenario of [500 kW wind turbine at 50 m+PV1+electrolyzers] and [2000 

kW wind turbine at 50 m+PV1+electrolyzers] in Anbar 

Electrolyzer 
18*48 kW 

y1 y2 y3 y4 y5 y6 y7 y8 y9 y10 y11 y12 y13 y14 y15 y16 y17 y18 

500 kW 5928 2784 1536 648 264 192 120 48 48 0 0 0 0 0 0 0 0 0 

2000 kW 7560 6456 5184 4056 3144 2640 2136 1800 1584 1176 1032 792 624 576 432 336 264 216 

Electrolyzer 
              4*215 kW 

y1 y2 y3 y4               

500 kW 480 48 0 0               

2000 kW 3576 1608 600 216               

Electrolyzer 
2*430 kW 

y1 y2                 

500 kW 48 0                 

2000 kW 1608 216                 

Electrolyzer 
1*860 kW 

y1                  

500 kW 0                  

2000 kW 216                  
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The annual hydrogen production is illustrated in Figures 5.5, 5.6 and 5.7. The maximum 

value was in Basra that obtained from [2000 kW WT at 120 m hub height + PV1 + 

(4 215 kW) electrolyzer], the annual hydrogen production for this scenario achieved 

49150 m
3
H2/year. Followed by Wasit with 35620 m

3
H2/year from [2000 kW at 120 m 

hub height +PV1 + (18 48 kW) electrolyzer]. While the minimum amount of hydrogen 

production produced in Anbar in the case of using only with the turbine having rated 

powers of 2000 kW and with 1300kW at 120 m hub height. 

As aforementioned, four electrolyzers with different rated power are considered to 

integrate with the PV/WT hybrid system to investigate the hydrogen production in the 

selected cities. Results can be summarized as follows: 

1. The scenario of PV/WT hybrid system with (18 48 kW) electrolyzer: this scenario 

was the best scenario, where the hydrogen production values almost the highest values 

in all cases. 

2. The scenario of PV/WT hybrid system with (4×215 kW) electrolyzer, which 

produced high values of hydrogen production, follows the (18×48 kW) electrolyzer. The 

amount of hydrogen production increased with increasing the rated power of the wind 

turbines and the increasing in the hub heights. 

3. The scenario of PV/WT hybrid system with (2 430 kW) electrolyzer: hydrogen 

production is decreased in this electrolyzer because it needs to more power than the 

previous electrolyzers do. The maximum value of produced hydrogen was 43100 

m
3
H2/year, 26800 m

3
H2/year, 15500 m

3
H2/year from [2000 kW WT at 120 m hub 

height + PV1] for Basra, Wasit, and Anbar respectively. 

4. The scenario of PV/WT hybrid system with (1 860 kW) electrolyzer: despite the 

high rate of hydrogen production in this type of electrolyzer (200 m
3
/hour), it has 

produced only a few quantities because it has not worked in most of the considered 

scenarios due to necessity of high energy. 
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Figure 5.5 Annual hydrogen production for considered cases in Basra 

(PV1 case: Panasonic PV modules PV2 case: Kyocera PV modules) 
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Figure 5.6 Annual hydrogen production for considered cases in Wasit 

(PV1 case: Panasonic PV modules PV2 case: Kyocera PV modules) 
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Figure 5.7 Annual hydrogen production for considered cases in Anbar 

(PV1 case: Panasonic PV modules PV2 case: Kyocera PV modules) 

5.3. The Cost Analysis of Hydrogen Production from Solar/Wind Hybrid System 

The costs of hydrogen production for all cases of the hybrid system are calculated by 

counting the annual cost of electric energy that obtained from the PV/WT hybrid system 

and consumed by electrolyzer, as well as taking into consideration the annual cost of the 

electrolyzer, operation and maintenance cost of the electrolyzer, and annual hydrogen 

production. Levelized cost of hydrogen (LCOH) can be expressed by the following 

equation: 

                                    (5.3) 
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Where LCOH1 is levelized cost of hydrogen for stand-alone hybrid system,  is the 

annual hydrogen production,  is the annual cost of electrolyzer, Celectric is the annual 

cost of electric energy,  is the operation and maintenance cost of the electrolyzer. 

The annual cost of electrolyzer can be calculated from the following equation: 

                    (5.4) 

Where  is the cost of electrolyzer with considering the lifetime of the hybrid system, 

CEZ is the cost of the electrolyzer. 

In order to estimate the cost of hydrogen, the following assumptions are proposed: 

 The lifetime of the electrolyzer system (l) =10 years. 

 Discount rate (i) = 12%.  

 Escalation ratio (e) of the electrolyzer system = 4%. 

 

The cost of electrolyzer must be multiplied by CRF, as expressed by the following 

equation: 

                                        (5.5) 

The annual cost of electric energy that consumed by electrolyzer is calculated by 

counting the power of electrolyzer that consumed per hour, and the annual operation 

hour of the electrolyzer multiplied by the electric cost from the hybrid system, 

expressed as:                      

                             (5.6) 

where PEZ is the power of electrolyzer. 

The following equation is used to calculate the operation and maintenance costs of 

electrolyzer: 

                                 (5.7) 

                                            (5.8) 

where Cfirst is the operation and maintenance costs of electrolyzer for the first year. 
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Another case for analyzing the cost of hydrogen is considered which assumed that 

excess energy is sold to the grid for 0.10 $ per kW to reduce the cost of hydrogen 

production, as expressed by the following equation: 

                     (5.9) 

where LCOH2 is the levelized cost of hydrogen considered the exporting of excess 

energy from the electrolyzer to the grid, CGrid is the excess energy from the electrolyzer. 

5.3.1. Results and Discussions 

The cost calculations of hydrogen production are applied for each proposed scenario in 

all selected cities. The results are given in the Tables 5.5, 5.6 and 5.7. The obtained 

results can be summarized as follows: 

i. The PV/WT hybrid system that integrated with 18 electrolyzers that have rated 

power 48 kW: in this scenario, the costs of hydrogen production are estimated using 

(18 48 kW) electrolyzer with the hybrid system that consists of different WTs rated 

power at four different hub height and two types of PV modules. The calculations of 

costs are applied for each selected citis.  

The minimum value of hydrogen production cost was 1.577 $/m
3
H2 from [2000 kW 

WT at 120 m hub height+PV2] in Basra because it had a high amount of produced 

hydrogen of 47660 m
3
H2/year and low value of electricity cost. The maximum value of 

hydrogen production cost was 14.165 $/m
3
H2 [500 kW WT at 50 m hub height+PV2] in 

Anbar. 

ii. The PV/WT hybrid system that integrated with four electrolyzers that have rated 

power 215 kW: in this scenario, The costs of hydrogen production were estimated 

using (4 215 kW) electrolyzer with the hybrid system that consists of different 

WTs rated power at four different hub height and two types of PV modules, this 

scenario achieved low costs for hydrogen production. The minimum value of 

hydrogen production cost was 0.851 $/m
3
H2 [2000 kW WT at 120 m hub height + 

PV1] in Basra because it has a high amount of produced hydrogen of 49150 

m
3
H2/year, while the maximum value of hydrogen production cost was 27.331 

$/m
3
H2 from [500 kW WT at 50 m hub height+PV2] in Anbar. 

iii. In this scenario, the costs of hydrogen production are estimated using PV/WT 

hybrid system that integrated with two electrolyzers which have rated power 430 
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kW (2 430 kW electrolyzer). The minimum value of hydrogen production cost was 

0.768 $/m
3
H2 from [2000 kW WT at 120 m hub height + PV1] in Basra where it has 

an amount of produced hydrogen of 43100 m
3
H2/year.  

iv. In this scenario, the costs of hydrogen production are estimated using PV/WT 

hybrid system that integrated with one electrolyzers that have rated power 860 kW 

(1 860 kW electrolyzer). The high power that needs to produce hydrogen is the 

reason why this electrolyzer did not work in most of the proposed cases. The 

minimum value of hydrogen production cost in this electrolyzer was 0.754 $/m
3
H2 

from [2000 kW WT at 120 m hub height+PV1] in Basra where it has amount of 

produced hydrogen of 29600 m
3
H2/year. 

The costs of hydrogen production decreased with the increasing of WTs rated power 

and the increasing of hub height. The cost of hydrogen production of the hybrid system 

which consists of PV1 modules is less than of the hybrid system that consists of PV2 

modules due to it produces hydrogen more than the system with PV2.  Nevertheless, 

when the system with a 2000 kW WT is considered, the less value of hydrogen 

production cost varies between the scenario that considered PV1 modules and the 

scenario that considered PV2 modules because the produced hydrogen increased and the 

cost of electricity in the system with PV2 is lower than in the system with PV1. 

By comparisons of the costs of hydrogen production for the four types of electrolyzers 

for all considered scenarios were given in Tables 5.2, 5.3, 5.4, notice that (4 215 kW) 

electrolyzer achieved low costs for produced hydrogen because the quantity of 

hydrogen production was high and the cost of electrolyzers was lower than the others. 

Although the (18 48 kW) electrolyzer produced amounts of hydrogen more than the 

other electrolyzers; because of its low rated power but the (4 215 kW) electrolyzer 

achieved low costs in most scenarios because of its capital cost less than of the (18 48 

kW) electrolyzer. 

For the second case of Levelized cost of hydrogen (LCOH2), the cost of hydrogen 

production decreased because the excess energy from electrolyzer sold to the grid. 
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Table 5.5 Levelized cost of hydrogen [$/m
3
H2] in Basra 

W
T

 

H
u

b
 

H
ei

g
h

t 

LCOH 

(18 48 kW) (4 215 kW) (2 430 kW) (1 860 kW) 

+PV1 +PV2 +PV1 +PV2 +PV1 +PV2 +PV1 +PV2 

5
0

0
 k

W
 

5
0

 m
 LCOH1 4.710 4.855 3.631 3.784 6.240 6.392 - - 

LCOH2 4.707 4.852 3.612 3.764 6.171 6.323 - - 

8
0

m
 LCOH1 3.920 4.030 2.923 2.941 4.306 4.282 - - 

LCOH2 3.918 4.027 2.906 2.924 4.254 4.232 - - 

1
0

0
m

 

LCOH1 3.641 3.763 2.565 2.630 3.671 3.648 - - 

LCOH2 3.639 3.761 2.550 2.615 3.625 3.604 - - 

1
2

0
 m

 

LCOH1 3.485 3.560 2.347 2.389 3.201 3.225 - - 

LCOH2 3.483 3.558 2.333 2.375 3.161 3.185 - - 

9
0

0
k

W
 

5
0

 m
 LCOH1 4.570 4.681 3.360 3.402 4.558 4.784 24.249 36.093 

LCOH2 4.567 4.679 3.344 3.386 4.511 4.735 23.697 35.275 

8
0

m
 LCOH1 3.738 3.784 2.579 2.639 3.286 3.391 12.300 14.658 

LCOH2 3.736 3.782 2.566 2.626 3.249 3.352 11.975 14.271 

1
0

0
m

 

LCOH1 3.438 3.467 2.271 2.308 2.860 2.875 9.302 9.288 

LCOH2 3.436 3.465 2.260 2.296 2.826 2.841 9.040 9.031 

1
2

0
 m

 

LCOH1 3.236 3.256 2.060 2.092 2.653 2.664 9.277 9.264 

LCOH2 3.234 3.254 2.050 2.082 2.620 2.631 8.998 8.989 

1
3

0
0

k
W

 

5
0

 m
 LCOH1 4.535 4.620 3.176 3.210 3.878 4.070 9.588 9.577 

LCOH2 4.532 4.618 3.163 3.196 3.842 4.032 9.380 9.374 

8
0

m
 LCOH1 3.636 3.682 2.413 2.439 2.739 2.773 5.008 5.294 

LCOH2 3.634 3.679 2.402 2.428 2.711 2.745 4.886 5.165 

1
0

0
m

 

LCOH1 3.307 3.350 2.136 2.149 2.367 2.373 3.477 3.466 

LCOH2 3.305 3.348 2.126 2.139 2.342 2.348 3.392 3.383 

1
2

0
 m

 

LCOH1 3.119 3.131 1.931 1.954 2.105 2.120 3.018 3.101 

LCOH2 3.116 3.129 1.922 1.945 2.083 2.098 2.942 3.023 

2
0

0
0

 k
W

 

5
0

 m
 LCOH1 2.020 2.029 1.144 1.144 1.103 1.110 1.116 1.126 

LCOH2 2.014 2.023 1.135 1.135 1.087 1.093 1.083 1.091 

8
0

m
 LCOH1 1.747 1.747 0.965 0.964 0.874 0.871 0.868 0.862 

LCOH2 1.740 1.740 0.956 0.954 0.860 0.858 0.839 0.834 

1
0

0
m

 

LCOH1 1.646 1.646 0.897 0.897 0.807 0.808 0.794 0.796 

LCOH2 1.638 1.638 0.887 0.887 0.794 0.794 0.766 0.767 

1
2

0
 m

 

LCOH1 1.580 1.577 0.851 0.849 0.768 0.767 0.754 0.752 

LCOH2 1.571 1.568 0.841 0.840 0.754 0.753 0.725 0.723 
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Table 5.6 Levelized cost of hydrogen [$/m
3
H2] in Wasit 

W
T

 

H
u

b
 

H
ei

g
h

t 
LCOH 

(18 48kW) (4 215kW) (2 430 kW) (1 860kW) 

+PV1 +PV2 +PV1 +PV2 +PV1 +PV2 +PV1 +PV2 

5
0

0
 k

W
 

5
0
 m

 LCOH1 8.561 8.961 11.372 12.031 213.595 213.557 - - 

LCOH2 8.556 8.955 11.318 11.975 211.770 211.797 - - 

8
0
m

 LCOH1 6.665 6.841 6.501 6.687 30.665 30.634 - - 

LCOH2 6.661 6.837 6.468 6.654 30.361 30.339 - - 

1
0
0
m

 LCOH1 5.973 6.180 5.384 5.553 23.876 26.810 - - 

LCOH2 5.969 6.176 5.357 5.526 23.621 26.529 - - 

1
2
0
 m

 LCOH1 5.576 5.682 4.742 4.947 17.938 19.527 - - 

LCOH2 5.572 5.679 4.717 4.922 17.736 19.311 - - 

9
0

0
k

W
 

5
0
 m

 LCOH1 8.542 8.890 9.654 10.065 43.581 43.570 - - 

LCOH2 8.538 8.885 9.611 10.021 43.203 43.204 - - 

8
0

m
 LCOH1 6.707 6.855 5.952 6.136 20.133 20.119 - - 

LCOH2 6.703 6.851 5.925 6.109 19.929 19.921 - - 

1
0

0
m

 LCOH1 6.013 6.137 5.078 5.434 13.222 15.897 - - 

LCOH2 6.010 6.134 5.054 5.408 13.082 15.728 - - 

1
2

0
 m

 LCOH1 5.600 5.652 4.364 4.585 10.322 11.839 - - 

LCOH2 5.597 5.649 4.344 4.563 10.209 11.708 - - 

1
3

0
0
k

W
 

5
0

 m
 LCOH1 8.980 9.262 9.531 9.653 31.773 31.774 - - 

LCOH2 8.976 9.258 9.493 9.616 31.515 31.526 - - 

8
0

m
 LCOH1 6.839 6.969 5.830 5.865 12.866 12.860 - - 

LCOH2 6.836 6.966 5.807 5.842 12.748 12.745 - - 

1
0

0
m

 LCOH1 6.042 6.169 4.886 4.963 8.813 9.437 - - 

LCOH2 6.039 6.166 4.865 4.942 8.729 9.348 - - 

1
2

0
 m

 LCOH1 5.606 5.646 4.201 4.294 7.113 7.294 - - 

LCOH2 5.603 5.643 4.184 4.277 7.043 7.223 - - 

2
0

0
0

 k
W

 

5
0
 m

 LCOH1 3.142 3.158 1.947 1.967 2.087 2.090 3.290 3.283 

LCOH2 3.140 3.155 1.939 1.959 2.067 2.070 3.203 3.198 

8
0
m

 LCOH1 2.540 2.545 1.513 1.508 1.526 1.524 1.914 1.936 

LCOH2 2.537 2.542 1.506 1.501 1.510 1.508 1.862 1.883 

1
0
0
m

 LCOH1 2.333 2.340 1.371 1.370 1.341 1.349 1.532 1.558 

LCOH2 2.330 2.337 1.364 1.363 1.326 1.334 1.491 1.516 

1
2

0
 m

 LCOH1 2.195 2.193 1.267 1.271 1.231 1.227 1.359 1.365 

LCOH2 2.191 2.189 1.260 1.263 1.217 1.214 1.321 1.327 
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Table 5.7 Levelized cost of hydrogen [$/m
3
H2] in Anbar 

W
T

 

H
u

b
 

H
ei

g
h
t 

LCOH 

(18 48 kW) (4 215kW) (2 430 kW) (1 860kW) 

+PV1 +PV2 +PV1 +PV2 +PV1 +PV2 +PV1 +PV2 

5
0

0
 k

W
 

5
0
 m

 LCOH1 12.983 14.165 26.151 27.331 106.994 106.945 - - 

LCOH2 12.975 14.156 26.047 27.229 106.342 106.331 - - 

8
0

m
 

LCOH1 10.044 10.594 13.789 14.788 53.596 71.334 - - 

LCOH2 10.038 10.588 13.729 14.726 53.205 70.832 - - 

1
0
0

m
 LCOH1 8.826 9.443 10.760 11.125 42.906 42.866 - - 

LCOH2 8.821 9.437 10.712 11.077 42.567 42.542 - - 

1
2
0

 m
 LCOH1 8.193 8.475 9.240 9.498 35.778 35.740 - - 

LCOH2 8.188 8.470 9.197 9.456 35.477 35.451 - - 

9
0

0
k

W
 

5
0
 m

 LCOH1 12.762 13.612 22.308 23.124 107.937 107.944 - - 

LCOH2 12.755 13.605 22.219 23.038 107.236 107.281 - - 

8
0

m
 

LCOH1 9.980 10.462 11.549 12.163 36.582 36.577 - - 

LCOH2 9.974 10.456 11.501 12.115 36.306 36.314 - - 

1
0
0

m
 LCOH1 8.868 9.184 9.677 9.806 27.602 27.594 - - 

LCOH2 8.864 9.179 9.636 9.765 27.378 27.380 - - 

1
2
0

 m
 LCOH1 8.192 8.410 8.062 8.239 27.537 27.527 - - 

LCOH2 8.187 8.406 8.027 8.204 27.295 27.294 - - 

1
3

0
0
k

W
 

5
0
 m

 LCOH1 13.565 13.948 19.584 20.809 44.492 44.532 - - 

LCOH2 13.559 13.943 19.516 20.740 44.235 44.291 - - 

8
0

m
 

LCOH1 10.404 10.588 11.093 11.809 28.128 28.144 - - 

LCOH2 10.399 10.584 11.053 11.767 27.932 27.957 - - 

1
0
0

m
 LCOH1 9.259 9.451 9.677 9.938 25.024 25.032 - - 

LCOH2 9.254 9.447 9.639 9.901 24.832 24.848 - - 

1
2
0

 m
 LCOH1 8.461 8.617 7.823 7.904 18.993 18.996 72.365 72.368 

LCOH2 8.457 8.613 7.793 7.875 18.839 18.849 71.355 71.396 

2
0

0
0

 k
W

 

5
0
 m

 LCOH1 4.732 4.818 3.240 3.264 3.773 3.807 8.872 8.868 

LCOH2 4.729 4.815 3.227 3.252 3.741 3.775 8.677 8.678 

8
0

m
 

LCOH1 3.707 3.734 2.382 2.405 2.680 2.674 3.992 3.986 

LCOH2 3.704 3.732 2.372 2.394 2.654 2.649 3.899 3.895 

1
0
0

m
 LCOH1 3.332 3.373 2.114 2.126 2.349 2.356 3.419 3.412 

LCOH2 3.330 3.370 2.105 2.116 2.324 2.331 3.332 3.327 

1
2
0

 m
 LCOH1 3.110 3.111 1.869 1.888 2.005 2.035 2.721 2.714 

LCOH2 3.106 3.108 1.862 1.880 1.985 2.014 2.652 2.647 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1. Conclusions 

This thesis deals with two renewable energy systems (wind turbines and photovoltaic 

modules). Many scenarios were proposed to investigate the potential of renewable 

energies (solar, wind, and hydrogen energy) for three different locations in Iraq. The 

energy obtained from solar and wind energy system has been exploited to produce 

hydrogen. 

From this study, it can be concluded the following: 

1. The southern and middle regions of Iraq have more potential in the wind and solar 

energy than the western and northern regions. According to calculations carried out 

in this study, Basra (southern Iraq) has annual average solar radiation of 19.11 

MJ/m
2
 on a horizontal surface, 4380 h of daylight hours per year, and daily average 

wind speed that estimated at 50 m was 6.32 m/s. 

2. The photovoltaic/wind turbine hybrid system can be achieved uninterrupted energy 

with lower costs, unlike the system that consists of a single renewable energy such 

as wind turbine system alone or solar panels system. 

3. The disparity in the amounts of energy that can be generated from renewable 

energies (wind, solar) during the seasons of the year, from the results, summer is 

more appropriate because of the increasing in wind speed and solar radiation. 

4. Energy production can increase with increasing the efficiency of solar panels, rated 

power of wind turbine, and hub height. 

5. The costs of power generation and hydrogen production can be reduced by selecting 

the optimum size of the hybrid system. 
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6. In order to increase the amount of electrical energy and hydrogen, the numbers of 

the photovoltaic modules and wind turbines in the hybrid system can be increased. 

6.2. Recommendations 

Iraqi cities suffer from an insufficient energy and power outage, on the other hand, 

renewable energy to produce energy and meet the shortfall is available. The research 

and continuous efforts striving to reduce the costs of energy that produced from 

renewable energies to compete against conventional fuels.  

The researcher recommends that the Iraqi government should be the supporter and 

encourage the researchers to conduct more searches to identify the increasing potential 

of renewable energy; Iraq must be among the interested countries with this clean energy 

and opens the door for investment and exploitation of the sustainable energies that are 

available in the country. 
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