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Preface

This book is aimed at expounding upon the topic of renewable energy, particularly
Photovoltaic (PV) solar cells, in Iraq and its neighboring counties. This book is
meant to dispel misconceptions and confusion surrounding the use of PV cells,
particularly the impact of weather conditions on performance. This book provides
important information for Iraqi decision makers, so that they may better understand
PV solar cells, their market, and how they provide electricity and preserve the natural
environment.

The information contained herein can help bridge the gaps in information regard-
ing PV utilization, assessment, and economics, particularly regarding Iraq and Gulf
Collaboration Council (GCC) countries. This book will also provide an excellent
reference for advocates of green and renewable energies, along with undergraduate
and graduate students.

Baghdad, Iraq Miqdam Tariq Chaichan
Sohar, Oman Hussein A. Kazem
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Introduction

Since 1991, Iraq has suffered from lack of electricity that affects the everyday life of
the Iraqi people. The call for renewable energies made on the street and to Iraqi
decision makers falls on deaf ears due to the country’s total dependence on fossil
fuels, of which Iraq is one of the largest producers worldwide. Most researchers and
scholars are unclear about the subject especially the use of photovoltaic cells to
produce energy on a quantitative level. Within the Iraqi government, most of the
decision makers are opposed to the use of this technology due to an acute shortage of
knowledge. This book will unravel the mystery surrounding the use of photovoltaic
cells and will stimulate readers to support the manufacture, production, and use of
photovoltaic cells in the interests of national security and energy independence.
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Chapter 1
Introduction

1.1 Introduction

The environmental pollution, climate change, and increasing demand for energy
across the globe need to have a very serious attention from all political, economic,
and technical aspects to avoid the collapse of the environmental and social systems
in various countries of the world. Electricity is considered the key element of
national and international development in the whole world. There may be sustain-
able energy resources in each country and appropriate solutions can be provided to
all challenges that hinder their utilization through the implementation of advanced
technologies that allow optimal use of these energies [1].

Many technological innovations have led the developments in the past few years
to face this global dilemma by increasing the efficiency of production systems,
reducing costs, and reducing emissions. The entire international energy agency
predicts that global energy demand will grow steadily in the near and distant future,
despite the volatility of oil and gas prices, the main source of energy in the world
with coal. This will generate a strain of countries importing these substances as
reflected on its citizens. The International Energy Agency has expected that the
energy demand growth will reach up to 1.6% a year or nearly 335 million barrels of
oil. The fastest-growing sectors in fossil fuel demand will be electricity generation
sector, followed by the transportation sector and the production of petrochemicals.
The need for coal and natural gas will grow by about 1.8% each, followed by oil at
about 1.4% [2].

The electric energy production is the largest contributor to global warming and
acid rain. The increased demand on electricity increases the need for the production
and use of fossil fuels which has caused already air pollution; large damages on
human health and the environment, such as acidic rain accompanied with global
warming; and other forms of pollution. These phenomena caused the contamination
of lakes, rivers, and forests, in addition to the destruction of crops and distort
monuments and buildings [3].

© Springer International Publishing AG, part of Springer Nature 2018
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The demand for energy in different continents is uneven growth. The world has
seen a sudden increase in energy demand in developing regions, particularly in Asia.
It is forecast that global demand in 2030 will increase by 66% compared to 2000 and
the share of Asia (excluding Japan) will be accounted for nearly 40% of the growth.
Figure 1.1 represents the World Energy Outlook for the year 2030 [4].

Global energy consumption has risen by 2.3% in 2013, compared with 1.8% in
2012. The main part of the increase in global consumption comes from countries
outside the OECD with about 51% of global oil consumption. The United States
recorded the largest increase in oil consumption in its history in 2013. As for China’s
oil consumption, it has grown with about 390,000 b/d for the first time since 1999.
The fastest increase in oil product demand in terms of size is for light distillate oil
products and refined products [5].

It is expected that Brent crude oil prices will return back to $ 100–$ 120 per barrel
in the next few years, although the price had fallen at the end of 2015 and beginning
of 2016 for below $ 35. The need for oil derivatives in the transport and industrial
sectors will continue. The large increase in international transportation needs and
industrial activities causes a high rise in the demand for oil and gas, which represent
the main sources of energy in the world [6].

Fig. 1.1 The World Energy Outlook map for the year 2030 [8]
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In addition to oil, the global consumption of natural gas has grown by 1.4%, and
the growth was higher than the average in the OECD countries with about 1.8% and
less than the average outside the OECD countries with about 1.1% [7]. Natural gas
production has grown globally up to 1.1%. Natural gas trade over the world grew by
1.8% in 2013. The global liquefied natural gas trades have revived, starting from
2013. Qatar is considered today as the biggest exporter of liquefied natural gas (32%
of world exports). Demand for natural gas trade between the regions has increased
rapidly; while it was 65 billion cubic feet per day in 2010, it will jump to 116 billion
cubic feet per day in 2035. At this rate, growth can be an increase of 77% higher than
the amount of the gas produced at the present time. One important question is
whether gas production can be increased to cover the demand. It is expected that
the crude oil production from traditional sources will be lowered with time.
In contrast, the liquefied natural gas production will increase rapidly, so the expected
emergence of a new source of liquid hydrocarbons that will meet the demands of a
long-term [8].

Oil produced from shale formations rich with hydrocarbonate is considered as
one of the fastest-growing trends now in the field of exploration and production
industry for oil and gas [1]. The shale oil forms from organic materials and stones
and clay composed, and because low permeability of these rocks is limited, the
hydrocarbons in the rock are not able to move easily through the rock, except over
millions of years (geological space of time) [9]. One of the main reasons for the delay
of the production of oil shale spread is the high-cost methods and technologies
extracted by horizontal drilling and a process known as hydraulic fracturing. During
the past years, the application of both techniques (horizontal drilling and hydraulic
fracturing) has been used safely to increase the economic value of the oil reservoirs
and shale gas. It is expected in the next decade the widespread of these two
techniques all over the world to raise oil and gas production to meet the rising global
demand for energy [10].

The oil, which is nonrenewable energy source, as a limited natural resource is
being depleted in continuous and elevated rate. The maximum rate of production in
any region has reached its peak to meet the demand and take advantage of the high
prices. Hubert (1956), an American geologist, was first to use the concept of peak oil.
He said that “oil production looks like a bell curve.” This includes the peak of the
curve extraction followed by a quick dip. Hubert had expected, according to his
model, that the United States would face a shortage of oil production in the 1970s,
and that is what actually happened [11]. We must understand that there is a complex
correlation between oil prices and the financial crisis. The growth of oil production
stopped due to its arrival to the summit of production coinciding with the fast
increase in prices. For the first time since 1970, many of the importing countries
forced to reduce their consumption of oil. Controversy still exists to this day whether
the oil quantities produced will decline irreversibly or they will return to the normal
pattern of growth [12].

Energy affairs can be considered in any country as a very important national
issue. The energy availability achievement in any country is essential for the
economic and social stability. The energy consumption per capita is used as an
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indicator to measure prosperity in any society. The oil prices impact many imported
energy countries, while the other producing countries plugging a part of its energy
demands from its present production [13]. The increase of fuel prices has exhausted
the imported countries’ budgets and influenced a direct impact on their economic
growth rate. Many renewable energy sources can replace fossil fuels, especially in
the field of electric power generation. As examples of these resources are hydraulic
power, nuclear power, and biofuels that come from a large base in the form of fuel
wood and agricultural and animal waste [6]. Comparison of global energy potential
is shown in Fig. 1.2.

1.2 Solar Energy

Solar energy is a carbon-free energy source that is available all over the world. Some
countries are within or close to the solar belt and have long sunny hours, causing
high insulation levels, making them in an ideal location to take advantage of solar
technologies. Figure 1.3 shows the range of solar irradiation around the world [14].
The weather conditions are important factors affecting the use of solar energy
applications. It is possible to take advantage of this energy which is available for
free and distributed on a large scale to improve social and economic conditions of the
people living in remote areas as well as those who live in cities. The sun power is
considered an attractive alternative because it is available and renewable resource
with the production of any contamination such as conventional fuel and can be used

Fig. 1.2 Comparing renewable and nonrenewable energy sources
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for heating and cooking [15]. There are aspirations to increase the use of this energy
to take a good place and to replace the current fossil fuels in large percentages,
especially since the core technology is already available and will continue its
modifications.

Solar energy can be used to generate electricity in two methods: concentrated
solar power (CSP) and photovoltaic [16]. CSP uses the concentrated sun’s rays to
generate heat and steam to rotate conventional turbines. Finding solutions linked the
generating capacity of the CSP plant with storage; CSP plants can generate electric-
ity that can be saved and used when needed for several hours after generation. A
photovoltaic solar energy transforms sunlight directly into electricity systems. The
demand for PV systems increased significantly since 2000 after the Germany, and
later in Spain, expanded their use [17]. There has been a great addition to the power
of polysilicon panels (to a large extent in China) accompanied with PV module
prices which fell by 75%. The solar power capacity has grown dramatically in recent
years, and its costs have decreased at the same time. PV technology can be used in
stand-alone systems for rural telephone stations, transmitting stations, high-speed
road emergency telephones, and cathodic protection. Also, this technology can be
used for operating water pumps that are used for drinking purposes, as well as
irrigation. The private and general sectors in any country have to spread and publish
the use of PV system culture [18].

The advantage of solar energy employment in remote areas will be high as most
of the residents of these areas need electrical power to meet their needs, which vary
from one user to another [19]. Solar power can be considered as the best solution for
these areas. The accreditation on technologies such as solar domestic water heating
and cooking will reduce the dependence on fossil fuels. The construction of large
plants to generate solar electricity will reduce the import of oil and gas
significantly [20].

Fig. 1.3 Global solar irradiation map [21]
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Iraq is a neighbor to the Red Belt that represents the most productive solar areas
and has the highest summer temperature. This privileged location and its great
advantage in producing electricity locally using solar energy will be presented in
detail in the coming chapters.

1.3 Wind Energy

Countries that have a coastline can use the wind energy as well as in the desert areas
with the availability of the required wind speed [22]. The investment in this sector
for the countries that have the wind data, and the areas that can construct the wind
turbines to use of wind energy successfully, must advance strongly. The success of
any new technology demands high educational and cultural programs to make
people realize the potential of renewable energy, especially wind power. The wind
power has a huge generation potential of electricity; it is a technology that can
compete traditional energy sources [23]. The wide spread of wind power depends
largely on the environmental conditions that may create some problems. Facing the
challenges of wind energy technology, such as high installation costs, the fluctua-
tions in its output, and the need to connect it to the electric grid, is a primary step for
widespread use of wind energy. Global interest has grown with wind energy
generation, and its own technology has been improved. The new technologies of
wind turbines can capture wind with high efficiency and become ready to work in
embedded areas which also spread the use of wind farms on a large scale. However,
these techniques are still having high installation costs which slow down its spread.
The wind turbine power stations reduce the carbon concentrations in the atmosphere.
It is a low-impact environment technology [24].

1.4 Hydro Energy

When there is an availability of hydroelectric resources, these resources must be
used wisely to produce cheap electricity. This renewable energy has the lowest rates
of greenhouse gas emissions compared with other sources of energy [25]. The water
in the reservoirs is used for the storage of energy that is used to generate electricity
when the demand on electricity increase and keep it in the tank when the demand
reduces [26]. Hydropower stations are currently available in various capacities with
largest production in the natural waterfalls and can be controlled easily and help to
reduce the dependence on oil and gas. These stations are built on waterfalls and have
the ability to permanently generate electricity, and the available power can be
equipped to remote populations who suffer from lack of the main network
[27]. This alternative energy, unfortunately, has less growth than other renewable
energies. Most predisposing sites for the construction of dams and stations had
already been sanctioned, and the expansion of the establishment of new ones is
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limited [28]. The establishment of dams affects the environment by isolating large
ecosystems or creeping it in a way that hurts migration of fish and causes the killing
of many kinds of animals. Dams also affect water quality and temperature.

1.5 Biomass Energy

Biomass is produced from raw materials such as biological woody biomass crop or
algae. Biomass consists of developing plants or the remnants of growing things,
which include trees and grasses, crops and agricultural wastewater plants, and
animal dung and biofuels such as ethanol, biodiesel, and other liquid biomass
[29]. Sun can be considered the source of wood and all other biomass; as long as
the wood is growing constantly, it can be a renewable source of energy, which is
available as long as the sun shines. Biomass is converted into liquid fuel through the
conversion process into gas for the production of syngas [30].

Biogas is one of the most common types that contain energy, and it makes
optimal use of natural resources valuable. It provides a clean gas (free of soot) to
meet the needs of cooking as well as bio-fertilizer-enriched fertility/productivity to
improve the agricultural land [31]. The biogas technology is one of the best options
that can take part of the fossil fuel dependence. The consumption of wood compen-
sation will facilitate the recycling of agricultural and animal waste and bio-fertilizers.
Biomass is clean and renewable and will contribute to the protection of the envi-
ronment and the sustainability of the ecosystem and the preservation of
biodiversity [32].

Biofuels can replace fossil fuels in transport sector. Many countries have pro-
grams for the production and use of biofuels and been working on the replacement of
certain ratios of fossil fuels by blending with biofuels. Statistics indicate that the
addition of biofuels, such as ethanol, which is popular in Brazil, with the gasoline,
will evolve up from 100 billion liters in 2010 to 190 billion liters in 2020 and to
300 billion liters in 2030 [33]. Biodiesel consumption has grown rising from
50 billion liters in 2010 and is expected to double this figure in 2020 and up to
300 billion liters in 2030. All available data confirms that the use of biomass and
waste in power generation will double more than once in 2030.

1.6 Geothermal Energy

Natural heat can be captured from below the earth’s surface and used to generate
electricity in geothermal application. This type of available energy has fixed rate and
reduces the storage concerns as the case with some other renewable energy sources
[34]. The areas near the harbor area of active volcanoes can pick up this kind of
power easily as these spaces in the Pacific regions and the Western United States. In
Iceland geothermal power plants produce about 25% of the country’s need of
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electricity. There is a way for the use of geothermal energy which is digging deeper
into the ground to mimic the design of water tanks, steam, and natural hot. This
technology can be developed as this energy has the ability of the solution to be
influential in terms of its enormous potential. Even today, there are few available
studies on the environmental research on the benefits and harms of this energy, but
many utility companies in Europe and the United States and Australia have invested
in this technology [35]. The development of drilling technologies with low costs that
can reach very deep into the ground with the cheaper price will increase investment
in this area. The cost of electricity generated from geothermal energy is considered
the biggest obstacle to the development of this technology at the present time. The
high cost of geothermal energy is competitive with other sources of electricity
currently.

1.7 Ocean Tidal and Wave Energy

The power generation from tides and ocean waves can be regarded as a promising
source of energy for the future. So far, there are many challenges associated with
how to store and transport this energy efficiently, which prevented this technique
from becoming a source of renewable energy [36]. In addition, the areas available to
produce the potential capable of generating this type of energy are present in some
locations around the world, especially in France, Canada, and Russia. However,
even at those sites, the construction costs are high; also, it should increase the
electricity production of tidal power stations efficiently. The first commercial
power station in the world is that which was constructed in the United Kingdom to
provide up to 26 gigawatts of electricity linked to the energy grid. This electricity is
considered enough to supply 5000 households in this country [37].

Among the primary renewable energy resources (solar, wind, hydropower, geo-
thermal, biomass, and ocean), solar energy offers exceptional potential for three
main reasons: First, the solar energy is always available and is not harmful to the
environment. Solar energy is noiseless, without movement, smoke, dust, and waste.
There is no any kind of physical risks with the use of this energy. Second, the
possibility of solar power generation is virtually unlimited and never runs out.
Finally, it is expected that the cost of solar power will compete with those produced
from traditional fossil fuel sources, which will be depleted within the next years [38].
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Chapter 2
Iraq

2.1 Introduction

Iraq, called officially the Republic of Iraq, is a parliamentary, federal republic
according to the Constitution of Iraq. This country consists of eighteen provinces;
the capital of Iraq is Baghdad. Iraq is overlooking the Arabian Gulf; it is one of the
West Asian countries; and this state is a member in the Arab League and in the
Organization of Islamic Countries. Iraq is an oil-rich country and one of the founders
of the OPEC. Iraq is considered as the cradle of the first civilizations in the world,
Sumer civilization, which included all the space between the Tigris and Euphrates
rivers and extended its borders to Syria and Persia (Iran today). Its authority
extended to the southeast region of Anatolia (now Turkey) also. The Iraqi civiliza-
tions of Mesopotamia connect ancient civilizations in Egypt and India. Iraq has been
home to many civilizations, the most important of the Sumerian, Babylonian,
Chaldean, Assyrian, Medes, Seleucids, the Parthian Empire, Empire and Romania,
and the Sassanids, and Manathira, the Caliphate, and the state of the Umayyad,
Abbasid state, and the Mongols, the Safavid state, and Afsharid Dynasty, and the
Ottoman Empire, then the British Mandate, and then the Kingdom of Iraq, at the end
the republic [1].

Arabian Gulf is the only seaport of Iraq to the world, and the length of the
seacoast of Iraq is about 58 km away. Iraq has several ports on the Persian Gulf, such
as Umm Qasr and the Faw port in the province of Basra, southern Iraq. The
estimated number of people in Iraq in July 2015 is up to 37,056,169 people. Iraq
has a large diversity of terrain. In northern Iraq, there are mountains, valleys, and
Hamrin Mountains; in the center and south, there is the fertile alluvial plain between
the Tigris and Euphrates rivers. In the west of Iraq, there is arid desert and Levant
desert. Iraq’s Tigris and Euphrates rivers, which the burst their banks originated all
the civilizations of Mesopotamia. There are natural marshes in southern Iraq, which
contain animals and environment that do not exist elsewhere in the world. These
marshes are Haur Al-Hammar and Haur Al-Hawizeh. This country contains a
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number of artificial lakes as Lake Tharthar and Lake Razazah and some other natural
lakes as Sawa Lake [2].

Iraq is the country of many of the prophets, most notably the Prophet Ibrahim,
Yunus, Ezekiel, Daniel and Uzair, Nahum, and Adam, Noah, Hud, and Saleh. This
land contains the body of Solomon and Ayoub. The pro-Islamic, Christian, and
Jewish novels confirm the existence of these prophets’ shrines. Shrines for many of
the leaders of the Muslims can be found in Iraq such as Imam Ali, Imam Hussein and
his brother Abbas, Al-Kazemyn imams, Al-Askarian imams, Imam Al-Mahdi, Imam
Abdul-Qadir Gilani, and Imam Abu Hanifa and many shrines of the children of
imams and Sahaba such as Salman the Persian and followers [3].

Iraqi modern border was painted mostly in 1920, when the Ottoman Empire was
divided by the Treaty of Sevres. Iraq was placed under the British mandate authority.
In 1921, it established a constitutional monarchy and became independent Kingdom
of Iraq from the British Mandate in 1932. In 1958, the monarchy was dropped, and
the Republic of Iraq was established. In 1968, the Arab Socialist Baath Party ruled
Iraq and continued governing it until 2003. After the invasion of the United States
and its allies in Iraq in 2003, Baath Party authority was collapsed, and parliamentary
elections were held in the multiplicity of 2005. The American presence in Iraq ended
in 2011 [4].

In 1980, Iraq went to war with Iran that lasted for 8 years from September
21,1980, until August 8,1988. In August 2, 1990, Saddam Hussein invaded the
State of Kuwait which caused the outbreak of the second Gulf War in 1991. The
United Nations has imposed strict economic blockade starting from August 6, 1990.
The Security Council continued to impose economic sanctions against Iraq and
accused Iraq of violating the obligations of the nineties. This unfair embargo on
Iraq caused humanitarian, environmental, and economic damages, as it caused the
destruction of the country’s economy and the decline in health and education level
and caused a humanitarian disaster because of a lack of food and medicine.

Iraq is considered as one of the main oil and natural gas suppliers and reservoirs
of the world. Due to its high wealth, its population increases steadily. The expected
rising of the population of Iraq is to reach approximately 64 million in 2050, while it
is about 32 million in 2010. The major concentration of the population of approx-
imately 75% lies in urban centers. Iraq suffers from discontinuous electricity supply
and increase difference between supply and demand. Iraq since two decades till now
suffers from a growing shortage of electrical energy due to the increasing rise in
demand (see Fig. 2.1). Iraq entered two severe wars (1991 and 2003) that destroyed
its underlying constructions. The reconstruction rates don’t work in the required
levels due to internal and external issues. Despite considerable increments in gener-
ating electricity capacity in recent years, electrical power plants fail to supply the
required demand for power due to limited production capabilities and numerous
defects due to deterioration [5].

Iraq’s economy depends heavily on oil. However, the oil is not the only supplier
of Iraq, like the rest of the Arab Gulf states. Iraq is a founding member of OPEC, and
it started exploration and export oil since 1925. The total proceeds of Iraqi oil exports
in 2000 were more than $ 20 billion. The Iraqi oil production before the US invasion
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to Iraq was at least two million barrels per day. The refining capacity of more than
500 thousand barrels per day by the largest number of oil refineries, compared to all
the Arab countries, is 12 refineries in 2000 [6].

The Iraqi hard oil reserves are about 112 billion barrels, making it the second
largest oil reservoir known in the world after Saudi Arabia. The estimated and fixed
reserves of Iraq are at about 150 billion barrels, making it the second of the world
after Saudi Arabia. Some experts expected the reserves in Iraq to exceed its coun-
terpart in the Gulf States after the completion of research and exploration in the rest
of Iraqi territory that has not received a geological survey in full for the day [7].

Iraq’s numerous wars over the past decades have caused it to be unable to use
modern technologies to drill oil wells, which improve the extraction of oil from
discovered reservoirs. Today, if Iraq uses these new technologies, it can extract the
future ability to more than 360 billion barrels. With the current rate of oil extraction
depending on the currently available abilites, Iraq can continue to extract oil for three
and a half centuries, because this country has enormous oil capacity, according to
analysts. From the 70 oil fields discovered in the oil sector, only 15 are exploited.
These fields currently need large sums of investment and reforms to increase its
exploitation and production [8].

The bulk of Iraq’s oil reserves is concentrated in Basra Province in the south,
where there are 15 fields consisting of 10 producing fields and 5 still waiting for
development and production. These fields contain oil reserves estimated at more
than 65 billion barrels or almost 59% the proportion of the total Iraqi oil reserves.
The oil reserves in the provinces of Basra, Maysan, and Dhi Qar together counted for
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about 80 billion barrels, which equal to 71% of Iraq’s total reserves. The estimated
oil reserves in Kirkuk, located in the middle of Iraq, about 13 billion barrels,
constitute for about 12% of the total Iraqi oil reserves [9].

The agricultural sector is an important part of the Iraqi economy because of the
richness of the land of Iraq to the water. The most important products are the seeds,
grains, dates, vegetables, and fruit. The agricultural areas concentrate around the
Tigris and Euphrates rivers and its branches in the country. However, the drought
that hit the central and southern Iraq because of the climate changes in the past two
decades has caused a dramatically decline in agriculture in Iraq [10].

The military actions and before it the unsuccessful policies of the Government of
the Baath Party (1968–2003) caused significant damages to the agriculture sector of
Iraq. Also, the unjust blockade imposed by the United Nations on Iraq and the use of
oil for food and medicine for the import of vegetables and fruits and agricultural
products caused in the delay of irrigation projects and reducing the area under
cultivation. This blockade was accompanied with long years of drought due to
unfavorable weather conditions. Experts predicted that Iraq would be importing
countries of agricultural products in the foreseeable future.

Despite the presence of many rivers, the fishing industry has been relatively
limited in Iraq. It depends heavily on marine species in the Arabian Gulf. The
amount of fish coughed in 2001 estimated to be up to 22,800 tons of fishing [11].

In Iraq, the mining industry has been confined to extract the relatively small
amounts of phosphate in western Iraq Akashat area and salt and sulfur near Mosul in
the middle. In the 1970s, the mining industry in Iraq strted to bear fruit. This industry
development was hindered by the Iran-Iraq war (1980–1988) and penalties of the
unfair siege and occupation in 2003.

Industries are diverse in Iraq and the Iraqi industry is characterized by quality
despite the age of the factories, machinery, and circumstances experienced by Iraq.
Among these industries are construction materials, petrochemical, tobacco, and
leather industry. There are plans currently understudy to support the domestic
industry and encourage the investments in this sector [12].

Iraq suffers from high environment pollution that is multiplied due to negligent
handling for decades. One clear manifestation of environmental pollution increase is
the salinity of millions of acres of land in the central and southern regions of Iraq,
which is always one of the most fertile areas, and its transformation into a barren land
unsuitable for agriculture. This pollution has intensified and grown because of Baath
Party government’s failed policies between 1968 and 2003. This government put
many wrong plans and policies. The marshes were drained and converted to
nonarable land, the trees were cut, and the forests were destructed in all parts of
Iraq. This government led Iraq to three cosmic wars that caused more pollution. In
the second Gulf War, the United States shot down thousands of tons of bombs, some
of which contain depleted uranium. The unfair blockade which lasted for more than
12 years caused a considerable pressure on the Iraqi environment and worsening
pollution that reached limits which began to directly threaten human, animals, and
plant life [13].
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Radioactive contamination is a high-impact pollution for soil, water, and air, so
its hazards are very large. During the first Gulf War in 1991, the contamination
caused by missiles loaded with tons of explosives, many of which were loaded with
depleted uranium used by the Allied forces, led to an increase in pollution, which
requires much attention because it involves radiological and chemical notification
with an impact spanning millions of years. Military operations of the allies in the
third Gulf War have caused third complete collapse of the infrastructure facilities of
water purification and wastewater treatment plants and disposal system and become
pumped directly into the Tigris River, including contaminated groundwater [14].

The industrial and household waste causes pollution that impacts significantly the
water and public health due to excessive waste. These pollutants are resulting from
various factories such as iron, aluminum, wood and plastic materials, or household
waste. The long-live of these pollutants cause hazards on public health, because it
contains organic materials can be subjected to rot and damage escalate foul odors
damage and be a help to the rapid multiplication of bacteria and fungi and insects
harmful environment. Small- and medium-sized cities produced daily thousands of
tons of waste. It is a very important issue to get rid of household waste which is the
duty of the official who preserves the level of health in all countries. The industrial
development must be programmed and take safety procedures into account to safe
the Iraq environment. The urban development and the growing population of
random and consumer demands have led to the increase of solid waste, including
exacerbating this problem and increasing their damage [15].

Nowadays, due to the increasing pollution that resulted from oil drawing out and
burning, the appeal for using renewable energy sources such as solar energy has
increased in Iraq. Solar energy is an important alternative to compensate the increase
of the energetic consumption of the planet. Iraq has long hours of sunshine that
exceeds 3000 h of solar radiance per year. The hourly solar intensity varied between
416 W/m2 in January and 833 W/m2 in June. Photovoltaics when exposed to light
are capable of producing electricity without any harmful effect to the environment.
PV can generate power for many years while requiring only minimal maintenance
and operational costs [16].

2.2 Iraq Geography

The understanding of the importance of Iraq and its complex role in determining the
current events in the region and the world needs to study the importance of its
location as indicated by many experts in the administration of the US Army Military
Academy. Iraq is located between latitudes 29� 50 and 37� 220 N and the longitudes
38� 450 and 48� 450 E, thus forming the eastern edge of the Arab states (Fig. 2.2). Iraq
borders the Islamic Republic of Iran to the east, Turkey to the north, the Persian Gulf
to the southeast, Saudi Arabia and Kuwait to the south, and the Hashemite Kingdom
of Jordan and the Syrian Arab Republic to the west. The total area of Iraq is 320,438
square kilometers. Iraq is made up of topography such as the basin and the Great
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Plains in Mesopotamia in the Tigris and Euphrates rivers surrounded by mountains
in the north and east and desert areas in the south and west. The desert represents
more than 40% of its land area, while the mountain sails sometimes rise to about
3550 meters above sea level. About 26% of the total area of Iraq is cultivable, as
shown by many statistics [17].

According to statistics from the Ministry of Planning of Iraq, the population in
July 2011 was 302,399,572 people at a growth rate of 2.399%. The most densely
populated city of Iraq is the capital Baghdad, which has a population of 5.751
million. Figure 2.3 shows the distribution/ population density (based on figures
and estimates for 2002). About 97% of Iraqi land is barren with little rainfall and
irregularity. The high rates of evaporated transpiration that exceed rainfall cause
endurance in most parts of the country. During the seasons, the temperature changes
significantly (from 10 �C to 40 �C), and this variation appears in the desert areas

Fig. 2.2 Iraq’s shaded relief map
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during the day. Iraq historically has been an agricultural country and is dependent on
irrigation from rivers and waterways in much of its territory. Also, in the northern
parts where there are mountains, foothills, and Jazeera desert, it still depends highly
on rain-fed agriculture for grain and sheep production. Figure 2.4 shows the physical

Fig. 2.3 Iraqi population density map

Fig. 2.4 Physical land division of Iraq (%)
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land division of Iraq. The arable land accounts for about 26.4% of the total area of
Iraq and is about 120,000 square kilometers. There are lands in the northern region of
Iraq with a total area of about 40,000 km and the rest of the irrigation areas in the
Mesopotamian plains. Table 2.1 represents the types of terrain, landforms, and
rainfall [18].

2.3 Iraq Metallurgical Conditions

The description of the climate of Iraq must be done with great care because of its
topographic diversity. The northern and northeastern regions of Iraq, which are
mostly mountainous in composition, are dominated by the Mediterranean climate.
In the other parts, which represent most of Iraq, the prevailing climate is semi-
equatorial semiarid continental. Summer in Iraq is very hot and dry, with no clouds
or rarely exist. The summer season lasts for more than 4 months, while winter is
typically characterized by its mild to cool temperatures with precipitation common-
place. Tables 2.2 and 2.3 illustrate the yearly and monthly rates of regular solar
radiation and air temperatures for several Iraqi stations for the period from 1982 to
2013 [19].

Iraq is considered from the countries of high levels of solar exposure radiation.
The daily averaged fallen solar radiation ranged from 850 W/m2 at summer to
450 W/m2 at winter. Almost all of Iraq has potential areas for establishing large-
scale solar utilities. Figure 2.5 shows the daily average for solar exposure in Iraq.
Solar energy exposure period in Iraq is available for a long period; Table 2.2
indicates the monthly and yearly rates of the actual day solar radiance (h/day) [20].

In the southwestern half of the country, the mean annual rainfall is less than
100 mm, and it increased to about 140 mm in the center near Baghdad and to about
200 mm east of Sinjar in the north, west of Mandali, and east of Baghdad. The
400 mm rainfall rate passes through Mosul, Erbil, Khanaqin, and Mandali. At the
northeast the rainfall increases gradually to about 1000 mm in the Zagros Mountains.
However, there is great variation in rainfallfrom year to year especially in the region
getting less than 400 mm of rain per year [21]. The majority of Iraq experiences
either dry or semidry climate characterized by less than 150 mm of rain per year and
high evaporation rates except for the mountainous regions of the north and northeast.
Rainfall is very seasonal and occurs in the winter from December to February, except
in the north and northeast of the country, where the rainy season is from November

Table 2.1 Types of terrain,
landforms, and rainfall
(mm) in Iraq [31]

Types of terrain/landform Area km2 % Rainfall

Plains 132,500 30 50–200

Undulating/terrain land 42,000 10 250–450

Mountains 92,000 21 400–1000

Deserts 168,552 39 50–200

Total 435,052 100
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to April. The surface water levels in Iraq’s reservoirs, lakes, and rivers are dimin-
ished to critical levels. The inferior management of aquifers and their recharge has
impacted the level and quality of groundwater supplies [22]. The outside borders
precipitation falling count for more than half of Iraq water. This issue makes Iraq
exposed to hazards and climate change due to storage projects in Turkey, Syria, and
Iran. Discharge rates in the Tigris and Euphrates rivers, Iraq’s primary sources of
surface water, have already fallen to less than a third of normal capacity and are
expected to drop further in the coming years. Table 2.3 manifests for the maximum
temperature rates for several Iraqi stations for the period from 1982 to 2013, while
Table 2.4 declares the minimum temperature rates for the same stations at the same
period [23].

The weather in summer is high, and the average for July varies from 38 �C to
43 �C in Baghdad. The temperatures throughout the country are similar except in
some mountain areas. The average temperature for the hottest summer months is
between 43 �C and 50 �C for June, July, and August. The average monthly
temperature of the minimum temperature in January is 1 �C in the Western Sahara
and the northeastern mountain regions and up to 8 �C in the central part of the
country, which represents the plain of the river. The lowest temperatures recorded in
Iraq in the last 30 years ranged between�14.5 �C in the northern desert and�8 �C in

Fig. 2.5 The daily average solar insulation for different locations in Iraq
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the central part of the country (the river plain) [24]. Iraq can be divided into the
following agroecological zones:

• Arid lowland region: This area represents the areas with a long summer season of
about 9 months and the rate of rainfall in these areas more than 200 mm in winter.
These areas are characterized by hot summers (extreme temperatures sometimes
exceeding 43 �C).The winter season extends for 2 months. The temperatures in
the coldest days of winter are around 4 �C. The appearance of dust storms is
common in the summer and some heat waves that raise the temperature to 50 �C.
During the winter some cold waves occur where temperatures drop to �8 �C. In
general the humidity is low except in the southern region near the sea. Evapora-
tion of free water surfaces up to 10 mm per day and annual evaporation of about
2100 mm [25].

• Semiarid lowland region: This area includes the hills in the northeast with a
rainfall between 200 mm and 400 mm. In this region, the summer is hot and dry
with a maximum temperature of 43 �C, and the maximum temperature recorded
in the past years reached 49 �C. The minimum temperatures range between 30 �C
and 32 �C. Winter in this region is moderate, and the minimum temperature
reaches 1 �C, and the maximum temperature is 14 �C. The lowest temperatures
recorded in December and January were around �11 �C. Rain falls during winter
and spring in November to April, but there is a huge disparity in quantities and
seasons from year to year. Relative humidity in these areas is between 12% and
15%. In summer, high winds are common in these areas [26].

• Sub-humid upland and mountain region: This area includes the area of the Zagros
Mountains within the borders of Iraq and some valleys as well as part of the
foothill area. The main annual rainfall ranges from 400 mm to 1100 mm. The
summer of these areas is hot, and the winter is cold. The highest months of the
year are the months of July and August, with the average temperature reaching
43 �C and sometimes rising during the heat waves to 50 �C. The average
temperature for the month of July is about 22 �C. In the winter, the monthly
lowest temperature in the coldest days of January reaches 10 �C, and the
minimum temperature recorded in this area was �11 �C [27].

• Hot subtropical desert region: This region has a warm subtropical climate. In
very cold winter, frosts occur, and temperatures are low enough. In summer,
temperatures are high enough. Relative humidity varies from absolute desert to
Mediterranean desert [28].

• Subtropical Mediterranean region: This region is characterized by subtropical
temperatures. During winter, frost occurs, and the temperatures are low enough.
In summer, the atmosphere is hot enough but not too hot. The humidity in this
region is similar to that of the wet Mediterranean regions [29].

Iraq is strongly affected by high subtropical pressure in summer and winter
because it is affected by the low-pressure system that runs through Iraq from west
to east and determines rainfall and snow in mountainous areas in the north. The high
air pressure migrates north in the summer and shows its direct effects on the desert
areas across North Africa and the Arabian Peninsula [30]. In the winter, periodic
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low-pressure systems are the dominant. High and low meteorological pressures
determine wind movement, which is an important climatic variable in the northern
region. For most of Iraq, the Al-Shamal wind (the Arabic translation of north) is the
predominant wind pattern. Very dry air is caused by wind from the north and
northwest and spreads across the entire country and inhibits cloud growth and thus
reduces rainfall throughout the year. In the summer months, the average daily wind
speed is higher than 10 knots causing the rise of dust and sometimes causes
sandstorms. Weather conditions in winter cause the winds to be faster but often
repeated much less [31]. The Al-Shamal winds dominate most of Iraq, and at a speed
of about eight to ten knots on average, although much faster wind speeds were
registered sometimes, as the wind speed exceeds 50 knots locally. Al-Shamal winds
are the dominant in the winter and are characterized by speeds of 25–30 knots,
blowing from the north or northwest. Al-Shamal winds cause dust and sandstorms,
which are relatively common in Iraq and occur two or three times a month in winter.
On the other hand, Al-Shamal which blows for a continuous period of 3 to 5 days is
linked to the suspension of pressure systems on the Strait of Hormuz, leading to
higher pressure from the north and low pressure on the Arabian Gulf. This wind
system is the most formed but with a frequency less than a few times during the
winter season. From these Al-Shamal winds, severe sandstorms are generated when
winds reach 25 knots for several days [31].

In the beginning of the summer and winter seasons, there is a different wind
system called Al-Sharki in Iraq, which means the eastern wind in Arabic. The wind,
which is humid, blows from the south or southeast and is popular in June, which is
usually the worst month of the year due to the frequency of Al-Sharki and Al-Shamal
winds in central Iraq. Al-Sharki winds are associated with the passage of
low-pressure systems over the country. They are warm winds, and dry air moves
before the front. Table 2.5 represents the monthly and yearly rates for wind veloc-
ities. Table 2.6 gives the percentages of the repetition of the governing wind.
Table 2.7 illustrates the humidity distribution in Iraq for the period from 1982 to
2013 [32, 33].

All these variable meteorological conditions make Iraq exposed to a variety of
climatic or weather hazards such as:

2.3.1 Drought

Iraq suffered from continuous drought during the period from 1984 to 1990, and the
same was repeated in 1999/2000. Currently, environmental conditions have
improved somewhat. That drought is a major concern for the people of Iraq. Iraq
is an agricultural country, and the importance of water for agriculture cannot be
denied. Drought also affects the hydrological conditions of the Euphrates and Tigris
rivers, which are fully dependent on irrigation. It also reduces rain-fed agriculture
and cultivated areas year after year. Drought is associated with the impact of
low-pressure systems migrating from Europe and high-pressure systems coming
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from Siberia during the winter months. The low rainfall during the rainy season in
winter and spring is strongly related to the high-pressure system coming from
Siberia. The stronger this Siberian high pressure, the lower the impact of the western
depression and the arrival of the internal areas of Iraq more difficult [34, 35].

2.3.2 Flooding

Floods are a potential risk during two season (winter and spring) periods. Every year,
flooding is expected in the Tigris and Euphrates valley during spring due to the
melting of snow and increased rainfall each year. The amount of snow falling in the
northern highlands and the intensity and duration of spring rainfall in the northern
half of the country determine the extent of these floods. The timing of this event
varies from year to year, but it is expected to occur in March or April, the most
humid months of the year. The possibility of a temporary and limited-time flooding
can be achieved at much shorter intervals and pose a separate risk and occur in winter
and spring. Such flooding can be predicted and may occur anywhere, usually lasting
a few hours (Fig. 2.6) [36].

Table 2.6 The percentage of the repetition of the governing wind direction for Iraqi stations
(day/year) for the period from 1982 to 2013

Station

The governing wind direction

NE E SE S SW W NW N Calm

Sulaymaniyah 14 7 8.7 12.7 3.9 10.1 3.6 7.9 32.1

Arbil 4.0 14.9 8.4 7.9 8.8 10.4 4.9 4.3 36.4

Kirkuk 10.7 6.1 4.9 4.5 2.4 13.3 4.8 4.7 48.6

Mosul 4.6 9.3 5.1 6.3 2.1 18.9 13.6 13.5 26.6

Najaf 3.9 3.3 5.3 2.7 2.9 7.8 25.3 35.3 13.5

Khales 2.8 0.9 1.9 9.8 6.3 11.0 35.2 8.2 23.9

Baghdad 9.1 5.2 3.5 2.3 3.8 16.6 31.4 13.8 14.3

Al-Hella 0.4 0.9 0.6 1.0 9.2 5.3 35.1 33.7 13.8

Al-Diwaniyah 1.9 0.4 5.6 2.1 8.3 1.7 40.3 27.1 12.6

Al-Hay 2.1 6.6 4.4 2.4 1.7 21.2 37.9 9.1 14.6

Al-Samawa 1.1 4.4 2.1 3.0 1.0 10.7 56.5 5.8 15.4

Al-Amara 1 2.8 0.7 2.5 2.4 11.8 37.4 30.9 10.5

Al-Nasiriyah 1.0 2.1 1.3 0.8 3.1 8.1 53.9 21.5 8.2

Al-Basra 1.9 5.1 3.0 1.4 2.2 12.1 60.0 5.3 9.0

Al-Rutba 4.4 5.0 5.5 7.2 9.0 22.1 20.2 9.3 17.3
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2.3.3 Dust Storms

The risk of dust storms comes from the availability of dry and fragmented soil that is
not coherent, with high-speed winds during the year. Dust and sandstorms are an
imminent danger throughout Iraq, and its causes must be addressed. The presence of
poor vegetation in the southern deserts, in addition to the severe decrease in the
supply of silt, causes the increase of sand. Even in Iraq’s high-humidity areas,
adjacent to the Euphrates and Tigers rivers, the soil fragmentation and drought

Fig. 2.6 Water body distribution on Iraq area
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have become a problem due to poor irrigation practices, causing desertification to
increase on the expense of agricultural land [37]. Dust storms are clear evidence of
soil fragmentation and erosion and the high level of desertification in the country.
When the dust storm rises above, very tiny particles remain suspended in the air as
airborne and transported for long distances. Larger particles are deposited faster.
This phenomenon causes the local movement of sand dunes that go beyond agricul-
tural land and pastures. The occurrence of sandstorms can be considered a phenom-
enon that represents the final stage of the desertification process [38, 39].

Iraq has suffered three devastating wars in two decades, in addition to drought,
causing a new dust bowl. Now, a large part of the irrigation water is being lost by
Iraq to the benefit of its neighbors in the highlands of Turkey, Syria, and Iran, as well
as land from overgrazing and plowing. The decrease in the rate of water flowing into
the river and the drying of the marshes (the stupid step taken by the Baath govern-
ment in 1988) caused the deterioration of the irrigation infrastructure, the shrinking
of the irrigated area, and the increase of the dry lands in Iraq. As a result, the Fertile
Crescent, the cradle of civilization, turned into a dust bowl [40]. Dust storms occur
with an unprecedented frequency in the last century. In July 2009, a dust storm lasted
for several days in what was described as the worst storm in Iraq throughout its
history. This storm headed east to Iran and caused the closure of government offices,
private offices, schools, and factories. In spite of all this, this new bowl is still small
compared to the dusty containers in northwest China and Central Africa (Sahara).
However, this does not prevent this new development from disturbing Iraq and its
neighbors [41].

2.4 Iraq Electricity Conditions

Electricity entered Iraq in 1917 as it erected the first electric machine in the building
“Khan Dallah.” It was a limited electrical power diesel engine of 200 VDC
(DC) each. Diesel engines were installed after that in different parts of Baghdad
City, including Al-Sarai area to enlighten Al-Serail and Al-Qishleh buildings, Sariat
Al-Majidiyah to illuminate the hospitals in the Bab Al-Moatham, and Karada
Mariam to flare camps as Sl-Huneidi and Al-Rasheed camp later. In the same year
(1917), the first street in the city of Baghdad, “Al-Rasheed Street,” was lighted. In
1918 the authorities at that time worked to enlighten the buildings and homes for the
people who ask for electricity. The demand of electric power increased, while the
distribution ability was limited for a certain amount [42].

The competent authorities of the then erected three steam engine units with 3.3
KV generating power each generated alternating current (AC) in Alqatr terminal,
and the wires were extended under the ground. Many switching equipment were
monument in each of the Alaboukhanh and Al-Majidiyah hospital to feed consumers
who were using DC (+400) volts to alter the power lines to AC 3.3 KV lines. The
network of Baghdad was enlarged by transport electricity to the other side of
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Baghdad (Al-Karkh) by passing the wires by cables under water (near the
Al-Shohadaa Bridge) [43].

In 1927, columns were erected to carry the electrical wiring for lighting the streets
of Al-Jaafyr and Allawi Hilla. In 1931, the Sharafiya station was established. This
station was initiated using two Swiss-made Brown Boveri generators with a power
of 2.5 MW each. The station was consisted of two boilers in the first and second
terminal. And it was opened on Monday, the first of May 1933. In 1937 a third unit
was erected; it was English-made (Parson) with “5”MW power with the third boiler.
The fourth Swiss-made (Brown Boveri) unit with capacity of 60 MW was
established, and the fifth and sixth units were English-made (Parson) with the
capacity of 12 and 5 MW through 1950–1952. The overall capacity of the plant in
1955 reached 41 MW [41].

In 1955, the enlightenment company was nationalized, and the limited wattage of
the city of Baghdad was called for the first of October as Baghdad power station.
This station was associated with the Ministry of Communications and Works. In
1958, the National Electricity Board was established, which took over the possession
and operation of all the generating stations and transmission lines and substations
that were constructed by the Board of Reconstruction established [44].

In 1964, Baghdad Electricity Enterprise was merged with the National Electricity
Enterprise, and both were replaced by the Baghdad Electricity Department. In 1975,
the Public Electricity Corporation was established to include all varieties of elec-
tricity. In 1987, the Public Electricity Corporation was canceled and became the
General Establishment for Electricity Distribution, Baghdad Chamber of the Minis-
try of Industry and Minerals. In 1999, the Electricity Authority was established. In
2003, the Ministry of Electricity was established [45].

After 2003, and after the unjust blockade by the United Nations on Iraq was
stopped, Iraq was able to export oil without limitations. Also, there was a rise in
world oil prices; all of this caused a high level of income of the Iraqi people. The
incomes rising caused an increase of the electricity consumption for home appli-
ances and fuel due to the rapid growth of the fleet of vehicles and industry. It is
crucial to catch up and keep pace with the growing demand for electricity for the Iraq
National Development. A lack in electricity supplies can be seen, and it is the main
obstacle to development in Iraq. Today, the stations produce electricity power more
than ever, but electricity services are still inadequate to meet the need. The cutoff of
the power supply is a daily basis, and the use for diesel backup generators on a large
scale is a necessity. The construction of modern electrical systems with abilities to
generate and supply enough electrical power is an immediate priority. Iraq needs
additional power counted for more than 70% of the net electricity generation
capacity today to meet the demand in full. With the exception of hydroelectric
power, the use of renewable energy sources is very limited or nonexistent and
without the potential of Iraq [46].

In spite of the large increase in electrical capacity in the last few years (the height
of the net daily production in 2011 was about 70% higher than in 2006), it is still far
from sufficient to meet demand. The net available energy at its peak in 2011 was
about 8 GW while the estimated net capacity needed to meet the peak demand
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exceeded 15 GW, resulting in the need for about 7 GW more than the capacity
available (an increase of about 70%). This is before taking into account the increase
in demand, which is likely to happen when the power supply becomes more reliable.
The immediate priority for the electricity sector in Iraq is to build additional
generating capacity and ensure that it has adequate supplies of fuel. The last part
must be easy for Iraq because it is an oil-producing country [47, 48].

About 90% of the Iraqi families depend partly on their own generators in an
attempt to fill some of the gap between supply and demand of electricity. The private
generators mean either the family generator or the common generator working on the
neighborhood level. The generated electricity from these sources is difficult to
quantify, but it can be estimated that in 2011 the common generators in central
Baghdad alone produce what worth 3 terawatts compared to 37 terawatts for the
consumption of which came from the network. A 2009 study estimated that about
900 megawatts were produced by private generators. The private generators cur-
rently play an important role in reducing the electricity supply deficit, as well as
given the flexibility to provide electricity access to rural areas [11, 49]. However,
despite the common generators receiving a government fuel support, they provide to
consumers supplies much higher than the electricity network on some days. The
citizens of the neighborhoods are paying electricity by 10 to 15 times more from the
owners of these generators. This contributes to diesel generators increasing the local
air pollution significantly, as well as being a costly method of processing power. In
2011, even with the use of private generators, fitted average electricity to end users
was limited by about 11–19 h a day (from all sources) with varying amounts across
the country [50, 51].

The weather conditions add an additional challenge for Iraq, as the electricity
demand is seasonal with peak value in the summer months, due to rising tempera-
tures in most parts of the country. During the summer, peak demand for electricity
can be expected to reach levels around 50% above the average level of demand,
thereby, increasing the gap between the network electricity supply (which operates at
maximum capacity) and the demand [52, 53].

The existing generation and distribution of electricity infrastructures need the
rehabilitation and modernization, as well as rapid expansion, to be able to meet the
growing demand for electricity. More than 47% additional capacity was added since
2000, which is equal to more than half the nominal generation capacity before 1990.
The recent increased production capacity to improve the overall efficiency of the
sector has helped, but it is still required less than the required and less than the
international standard level, also [55]. The constant and major concern in the
electricity sector in Iraq is to meet the demand for power generation with reliable
and continuous supply [54, 55].

Iraq has very good solar resources. Despite the best solar radiation in the Middle
East is in the far south (in Saudi Arabia and Yemen), for example, the average solar
radiation in Iraq is similar to that in North Africa. Iraq also has some history of
research in solar energy (which was reduced dramatically during the decades of wars
and sanctions) [56]. Today, solar research activities are sponsored by the Ministry of
Higher Education and Scientific Research, the Ministry of Electricity, and the
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Ministry of Science and Technology. Many research projects are being implemented
by the Iraqi government university groups, such as the preparation of solar radiation
data, a project to provide telecommunications stations in remote areas using solar
energy, and a feasibility study for the application of PV systems for pumping water
from wells to cultivate remote areas [57].
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Chapter 3
Status of Renewable Energy in Iraq

3.1 Introduction

Due to the increase in the population and the increase in demand for energy in
general and electric power in particular in addition to the fluctuation of oil prices
accompanied by the possibility of depletion and increase the complaint of the impact
of emissions from the burning of fossil fuels, all eyes for serious and direct thinking
in the use of renewable energies, especially solar and wind that can be used in
generating electricity in huge capacities [1–4].

Iraq, a member of the Organization of the Petroleum Exporting Countries
(OPEC), covers more than 430,000 square kilometers, although the exact figure
varies from one source to another. This disparity depends, for example, on whether
all land and water are included. Iraq has a coastline of only 58 kilometers along the
Arabian Gulf coast (see Fig. 3.1) [5]. Four major geographical regions have been
recognized [6–9]. They are briefly described as follows:

• The northeast highlands: Covering these highlands up to 20% of Iraq’s territory
and extending south of the Mosul-Kirkuk line northward to the southern Turkish
and northern Iranian borders. These highlands are mountain ranges up to 3600
meters high.

• The desert plateau: Wide plain and scattered areas of sand representing about
40% of the territory of Iraq and located in the west and southwest of the Euphrates
river. In this area there is a network of watercourses that are seasonally formed in
the valleys near the Euphrates river border.

• Highlands: Is a transitional area located between the desert plateau and highlands
and is located between the Euphrates north of the Tigris and Tigris north of
Samarra. This region is part of the natural area representing the extension of the
composition that extends from Turkey and Syria. This area represents about
10 percent of Iraq’s territory.
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• The Gharini plain: This plain is formed as a delta produced by the Gharin Tigris
and Euphrates rivers for thousands of years and represent about 30% of the
territory of Iraq. This area starts north of Baghdad and extends to the Gulf.

The population of Iraq is in the rise and has increased from 14 million in 1980 to
32 million in 2010. As the population continued to increase at this pace, it is
expected to increase to about 64 million in 2050 [10]. The actual density of the
population varies from the western desert region of Anbar province, where the
distribution of the population to the area of 5 inhabitants/km2, escalating this
distribution in the fertile lowlands in the province of Babylon to more than
170 inhabitants/km2. Most of the population is concentrated (almost 75% of the
population) in urban centers (cities) [11]. The population growth rate in Iraq rose
from 2.75% in 1980–1985 to 3.23% in 1995–2000, and then it declined to 2.72% in
2000–2005. This rate is expected to reach 1.09% in 2045–2050 [12].

There are many raw materials available in Iraq from multiple geographical
sources. Most of them have wide geologic distribution that allows for a degree of
flexibility in site selection. There are many raw materials still not exploited opti-
mally. Oil is the most important raw material on which the Iraqi government’s
budget depends. Iraq’s oil reserves are estimated at 115 billion barrels. Undiscovered
oil reserves are more than stable, so Iraq is the second largest reserve in the world
after Saudi Arabia. These estimates indicate that the Iraqi oil reserves up to 300 bil-
lion barrels. Oil production in 2009 amounts to 2,399,000 b/d as shown in Fig. 3.2a.

Natural gas is currently burned directly in Iraq because of its exits naturally with
oil, yet it can be considered the second important raw materials if it was used wisely.

Fig. 3.1 Map of Iraq and
border nations (From: www.
cia.gov on 17 December
2011)
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Natural gas can revive the Iraqi economy. The fixed reserves of Iraqi gas are about
1.3 trillion cubic meters, which means that Iraq has 8.1% of the world’s fixed
reserves of natural gas. Iraq occupies the tenth position in the world among countries
rich in natural gas with this level of reserves. There are many other raw materials
such as sulfur, phosphate, and white clay, but they have less importance and their
share in the Iraqi economy is very low. Natural gas production in 2009 was
1,880,000,000 m3 as shown in Fig. 3.2b [12].

In Iraq the problem does not exist in finding new resources of energy because it is
considered one of the richest oil countries [13]. But Iraq suffers from the growing
shortage in fulfilling the demand on electrical energy due to increasing rise in
demand levels (see Fig. 3.3). The electrical power generation stations fail to comply
with it because of its limited production capacities and plenty defects due to its
oldness. In recent days thinking aimed towered renewable energy and specifically
solar energy as most nation did [12].

3.2 Renewable Energies in Iraq

Iraq’s geographical location has largely determined the climatic conditions in most
parts of the country with desert climate. It is very dry, cold in winter, and very hot in
summer, with little rain falling in the winter season [14]. The proximity of the location
of Iraq from the countries of the solar belt makes it receive high intensity of radiation
sufficient to run solar plants to generate electricity in an excellent manner. Iraq also has
a number of specifications that make it possible to use other types of renewable
energies in variable regions of the country to produce electricity [15]. In the coming
paragraphs, we will briefly outline the renewable energies in Iraq and the possibilities
of benefiting from them to produce electricity commercially [16].

Fig. 3.2 Production of (a) oil and (b) natural gas
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3.3 Solar Energy in Iraq

Iraq is known for its bright sun for long hours, as the weather data showed that Iraq
has about 3300 h of brightness radiation annually in Baghdad. The solar radiation
intensity per hour ranges from 416 W/m2 in January to 833 W/m2 in June. Solar

Fig. 3.3 Solar radiation lines for other months of Iraq [25]
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brightness hours in most countries of the world and even in Spain, which is one of
the developed countries in the use of solar energy, cannot, in any way, compete with
Iraq. Studies on the use of solar energy in Iraq began in 1973 after the energy crisis
that occurred after the October 1973 war. Many studies have been completed to
reach equations that can represent the density of solar energy in Baghdad and other
cities [17]. At the time, most of the theoretical and practical studies in this area
focused on the study of solar water heaters and refrigerators using solar energy.
Studies and theoretical research began with the construction of theoretical models,
such as the mathematical and numerical representation of solar water heaters.
The Iraqi studies in this regard showed a good agreement between the practical
and theoretical results [18, 19]. Subsequent studies have been looking at finding
acceptable ways to improve the efficiency of solar applications in generating power
and introducing variables and weather factors. Iraqi researchers studied the possi-
bility of using high-concentration solar energy in the production of hydrogen for
energy purposes, as this gas is considered an energy transporter and has a clean
burning [20]. The researchers also studied theoretically and experimentally using the
Trombe walls in the Iraqi winter environment [21, 22]. Several successful studies
have been carried out using the industrial salt gradient pond and using it for energy
stored in various applications such as heating greenhouses for agricultural purposes
and increasing the productivity of solar distillates bound to the solar pond [23].

Solar radiation data is one of the most fundamental demands for the use of solar
energy applications in an optimal economic way. Iraqi researchers have considered
measuring and recording solar energy data in all Iraqi areas as one of the key issues
for assessing the benefits of this energy in Iraq [24]. Many of these researchers used
the latest mathematical relationships that link temperature, humidity, and solar
radiation period. The results of these studies and measurements showed a good
accuracy in the provision of solar radiation data for each area of Iraq. Relation-
ships were found for three areas in Iraq. Figure 3.3 represents an annual and monthly
solar radiation map for the radiation period from 24 stations in all Iraqi territory [25].

The Iraqi experiment in using photovoltaic cells (PV) began in an unsuccessful
manner. Photovoltaic cells were used to illuminate street lights. The experiment
failed due to the use of low-efficiency solar cells, and maintenance of these cells was
nonexistent, causing the accumulation of dust on them (Iraq is characterized by the
rise of dust for several days every month) [26]. These factors have caused popular
unsupported for the use of photovoltaic cells throughout Iraq. Today, photovoltaic
cells have shy uses and little power in processing electricity for individual residues,
pumping water for agricultural purposes, and using it for telecommunication systems
in areas that are difficult to access the power grid [27].

The basic specifications of solar radiation in Iraq can be summarized as follows:

• In the southern region, the annual change varies by about 200%, ranging from
13 MJ/m2 in December and January to 27 MJ/m2 in June and July. In the northern
regions, the change is about 300% from 7 MJ/m2 in December and January to
23 MJ/m2 in June. In the central regions of Iraq, the annual change is about 250%
and represents the average annual change of the northern and southern regions.
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• There is a strong decline in the intensity of solar radiation from north to south, as
it increases in winter and decreases in the summer. There is a more consistent
distribution of solar radiation throughout Iraqi territory in the summer (June to
August).

• The eastern-western descending is considered small and lies in the appraisal error.
• Data measured by meteorological stations in large cities and towns receive less

radiation from areas away from cities due to pollution, so real radiation can be
considered to be slightly more than the measured values included in the data [13].

3.3.1 Photovoltaic (PV) Systems

The uniformdistribution of solar radiation throughout Iraqmakes use of PV technology
suitable for use throughout the country to produce electricity. Photovoltaic electricity
generation technology is also suitable outside the grid in the case of power plants in
rural desert areas. Which is effective in reducing the capacity of these cells are the high
temperature of the air and the accumulation of dust and pollutants. The weather is
soaked in Iraq and sometimes causes a lack of visibility due to dust storms.

3.3.2 Solar Concentrated Power Stations (CPS)

The concentration of solar energy in Iraq can be considered very suitable for the
operation of power plants with the concentration of solar radiation. The establish-
ment of such stations to improve the use of the electric power supply due to the high
temperature was studied in detail. Studies have shown that the use of solar water
heater systems by individuals has begun to increase locally.

Before undertaking a major project, it is necessary to study thoroughly the factors
affecting the applications of photovoltaic systems and/or CPS systems. The effi-
ciency and reliability of these systems depend on several factors such as orientation
(latitude and longitude), weather and environmental conditions (solar intensity,
temperature, humidity, wind, dust, rain, pollution, etc.), and the technology used.

3.4 Wind Energy in Iraq

Several studies and research works have been carried out to assess wind energy in
different regions of Iraq. Twenty-three stations were set up and operated for measure-
ments and analysis. The measurements showed that the daily model of wind speed is at
its maximum value in the middle of the day and also in the early morning hours.
Maximum wind speed values ranged between 5 m/s and 10 m/s. The measurements
also showed that wind speed in summer is higher than its winter records. The increase
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in the demand for electricity in summer can be considered a positive issue when
considering the establishment of wind farms as the load of cooling and electrical
ventilation increases in summer compared to the demand in the winter [27].

Iraq can be divided into three areas of wind: In the first area, accounting for 48% of
the area of Iraq, the wind speed is between 2 m/s and 3 m/s. The second region
represents 35% of the area of Iraq, and the wind varies in this region between 3.1 m/s
and 4.9 m/s. The third region represents 8% of the area of Iraqwith relatively highwind
speed more than 5 m/s. Field measurements and cities stations measurements showed
that the energy density in the wind regions is: in Al-Emarra about 174 W/m2,
Al-Nekhaib about 194 W/m2, Al-Kout about 337 W/m2, Aana about 353 W/m2, and
Al-Naseria about 378 W/m2. The average energy about 287.2 W/m2 can be
obtained [13].

3.5 Biomass Energy in Iraq

Biomass refers to solid biomass (consisting of organic matter and inorganic matter),
biogas (mainly methane and carbon dioxide, resulting from bacteria forming anaer-
obic digestion of solid biomass; this biogas is used burned for heat and energy
production), and liquid waste (a liquid fuel produced by a mass of biomass and now
used in transportation); municipal waste is the waste that is expended by houses,
shops, and public offices and is burned in heat and energy plants [28, 29].

Sugarcane and maize can be considered the most successful biomass types that
can be used to produce biodiesel. Also, there are dates and other types of cane
(growing in the marshes) that can be used in the production of bioethanol. These
plants mentioned above are grown abundantly in Iraq and in large quantities. One of
the obstacles to the quantitative and commercial production of Iraqi biofuels is the
suffering of the agricultural sector in this country from neglect for decades, and to
date the agricultural system are working with old technology, and the lack of
agricultural credit and the deterioration of the overall situation of irrigation systems
and infrastructure. All of these obstacles have caused biomass energy to be neglected
despite its economic benefits [30, 31].

Despite the richness of Iraq in biomasses, unfortunately, this important source
remains much neglected by the successive Iraqi governments. The abundance of oil
and natural gas production, with easy access to financial returns, are the main reasons
for neglecting the focus on taking advantage from biomass. However, this neglect
did not prevent Iraqi researchers from studying the economic benefits, methods of
manufacturing, and the environmental benefits from all types and forms of biomass.
The Iraqi researcher studied the use of bioethanol and methanol in the operation of
compression ignition and spark-ignition engines. These studies have concluded the
promising potential and benefits of adding ethanol and methanol to all diesel and
gasoline to improve combustion quality and reduce emissions. The use of ethanol or
bio-methanol can reduce the high sulfur content of Iraqi diesel (about 10,000 ppm)
and improve the octane number of gasoline [31, 32].
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3.6 The Electricity Conditions in Iraq Today

Iraq was exposed during the period from July 14, 1958 onward to several successive
coups followed by several successive wars since 1980. All these alarming situations
and rapid changes have affected the electricity sector as is the case with other sectors.
Iraq’s electricity infrastructure was badly damaged during the Gulf War of 1991 and
suffered from lack of funding and investment and the lack of equipment and spare
parts for power plants under sanctions and an unjust blockade. The electricity sector
suffered once again after the US invasion in 2003 and the ensuing occupation of the
country. Also, the acts of war and the fighting of terrorist groups have caused a
serious damage to the electricity system, whether generating or transmission lines or
transformers. Iraq needs more investment in the electricity sector due to increased
population growth [30]. The need to increase electricity production and provide it for
the largest possible space is not only to cover the daily shortage of processing but
also to support economic development. According to Ministry of Electricity adver-
tisement, peak demand for electricity in 2008 amounted to 12,000 MW of electricity,
while the Ministry of Electricity and all operating stations could only provide more
than 6000 MW. If this gap between production and demand continues, the deficit is
likely to grow to around 25,000 MW by 2020. It is worth mentioning that Iraq’s
renewable energies have not yet contributed to the energy generated by any propor-
tion other than the production of electricity from dams [32].

The Ministry of Electricity contracted with many companies to build new power
plants. The main image of these contracts is the reliance on oil and natural gas as fuel
for these plants. Table 3.1 represents the new contracted stations and the fuel used
with its source. In recent days after the invention of large ambushes for NG and
directions to be used as fuel for power generation, many new plants have been
contracted to work with diesel and NG. Table 3.2 represents stations and location of

Table 3.1 New stations and its capacities with the used fuel

Location Capacity MW Fuel

Shat Al-Arab 125 � 6 Fuel oil/Al-Basra refinery

Al-Khairat 125 � 6 Fuel oil/Al-Basra refinery

Al-Anbar 125 � 4 Fuel oil/Carbala refinery

Al-Naseriya 125 � 4 Fuel oil/Al-Naseriya refinery

Al-Doura/location 3 125 � 6 Fuel oil/Al-Doura refinery

Al-Doura/location 2 125 � 4 Fuel oil/Al-Doura refinery

Nineveh 125 � 6 Fuel oil/Al-Kasak refinery

Al-Dewaneia 125 � 4 Two units of gas and two unit of fuel oil

AL-Qudus 125 � 2 Fuel oil/gas at future

Al-Amara 125 � 2 Fuel oil/Al-Amara refinery

Wasit 125 � 2

Al-Samawa 125 � 4 Fuel oil/Al-Samawa refinery

Al-Mansouriya 125 � 2 Gas from Al-Mansouriya field

Al-Najaf 125 � 4 Two units of gas and two units of fuel oil
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these new power plants, which operate on two fuels (liquid diesel and NG) [31]. The
new power plants seem to be consuming fossil fuels, and they still have the same
environmental hazards to health and air quality.

The demand/supply gap in Iraq is more than 183.33% on average, while the gap
in developed countries is less than 150%. As the economy of Iraq is one of the
growing economies, especially with the increase in oil prices and the start of this
country to export natural gas starting from 2017, it is expected to increase the
average per capita consumption of electricity. The Iraqi electricity sector needs
large investments to meet the growing demand for electricity. International statistics
estimate the amount spent on the electric power sector at US $ 80 billion for the
period 2003–2017. Despite the huge value of the numbers, the crop was reduced due
to administrative corruption in the body of the Iraqi state and the wrong practices of

Table 3.2 New power generation stations using NG

No. Project Location Fuel used Capacity

1 Al-Garaf station Thee Qar Fuel oil/NG 125 MW

2 Al-Garaf steam station Thee Qar Natural gas 300 MW

3 Al-Khairat steam station Karbala Fuel oil/NG 300 MW

4 The North steam station Al-Mosel Fuel oil/NG 300 MW

5 The North steam station Al-Anbar Crude oil/fuel oil/NG 300 MW

6 Shat Al-Arab Basra steam station Al-Basra Fuel oil/NG 300 MW
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many citizens and their blatant disregard for the system. In addition to what the
terrorists have done to destroy the infrastructure of stations and transmission and
distribution lines in the areas they controlled for the period from 2014 until 2017.

The generation of electric power produced from conventional thermal power
plants and hydroelectric power plants increased from 12.86 billion kilowatt hours
in 1980 to 34.6 billion kilowatt hours in 2008. For the same period, electricity
consumption (net generation, electricity import, electricity exports, and electricity
losses) increased from 10.167 to 33.5 billion kWh. The installed electric power
increased from 1.3 in 1980 to 7.2 GW in 2008, as shown in Fig. 3.4.
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Chapter 4
Solar Photovoltaic Technology Principles

4.1 Introduction

Throughout the years, nonrenewable sources of energy have been, and still remain,
the world’s number one source of energy. According to a BP review [1, 2], fossil
fuels satisfy about 86% of the world’s energy consumption as of 2014, with nuclear
energy contributing 4.4%, leaving the shares of hydropower and other renewables at
about 6.8% and 2.5%, respectively, i.e., less than 10% of the total world’s energy
requirements are satisfied by renewable sources. Figure 4.1 compares between the
renewable and non-renewable energies [3, 4].

Nonrenewable energy sources, no matter how “plentiful,” are finite and, when
compared to their renewable counterparts, are fairly limited. The fact that so little of
the world’s energy demands (i.e., less than 10%) are satisfied with the most abundant
resources on Earth is alarming, not only due to the resulting waste of energy potential
but the loss of the cost-effectiveness of utilizing such resources (lack of fuel costs,
longer system life cycle resulting in lower maintenance costs, technological
advancements from research into such areas raising national and global scientific
levels, overall cost and resource savings that could be rerouted to further goals in
academic, social, and other fields, etc.). Additionally, emissions (greenhouse gases
like CO2, other air pollutants such as nitrogen and sulfur oxides, etc.) and waste
(radioactive waste from nuclear energy, waste produced by factories and coal�/oil-
burning power plants, etc.) produced by such resources harm the environment as
well as every living thing within it, especially with the large amount of waste
disposal issues present worldwide and the further implications caused by these issues
(global warming, ozone layer depletion, smog production, etc.). But, with the advent
of renewable and “clean” energy, such threats can be minimized and eventually
eliminated through set initiatives that incentivize moving to clean energy in addition
to raising awareness of the benefits of switching to these resources [5–10].

In order to exploit the potential of solar energy, however, one of two technologies
must be utilized: concentrated solar power (CSP) or photovoltaics (PVs). In simple
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terms, CSP systems convert solar energy into solar thermal energy concentrated onto
a small area to produce heat, which is then converted to electricity via an engine or
turbine, whereas PV systems convert solar energy into DC electricity through
semiconductor cells.

What the previously mentioned statistics don’t show is the continuously increas-
ing growth in the utilization of solar energy in both forms, both on the global and
local scales, only it is not as significant on a global scale as it is in certain individual
countries as of yet [11–13]. For example, in 2004, the solar PV and CSP global
capacities were at 3.7 GW and less than 0.5 GW, respectively, as opposed to
177 GW and 4.4 GW, respectively, in 2014, thanks to technological advancements,
the resulting cost reductions, and the general shift in tone from both companies and
nations when it comes to renewable energy in general, and solar energy in particular
[5]. Additionally, major projects have also made their mark, such as the Topaz Solar
and Desert Sunlight PV power plants (each having 550 MW capacities and in the
United States) or the Ivanpah CSP plant (377 MW and in the United States) on the
global scene.

Principles of photovoltaic taught at universities are presented in this chapter. In
addition, a discussion of the effects of solar radiation and different elements on
photovoltaic systems is provided to understand the principles, design, operation, and
performance of these systems. This chapter begins with a discussion about solar
radiation, insolation, elements that affect solar radiation, and insolation on tracking
surface, stationary surface, and horizontal surface.

The later part of this chapter discusses photovoltaic (henceforth PV) history,
structure, types, performance parameters, operation, and design. In addition, a
discussion on the elements that affect PV is present. By the end of this chapter, a
clearer image on PV operation and performance to the reader will be established.

Fig. 4.1 Comparing renewable and nonrenewable energy sources [3, 4]
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The following subtopics will be explored: solar energy radiated from the sun, the
radiation observed by the atmosphere and collector (PV), PV electrical production,
and finally the power received by the electrical load.

4.2 Insolation and Solar Radiation

It is safe to define solar radiation as a beam produced/emitted by the sun. The
maximum amount of this radiation, also known as “flux density,” to reach the
surface of the Earth is about 1 kW/m2 in a wavelength band from 0.3 μm to
2.5 μm. This is referred to as a shortwave radiation which contains the visible
spectrum. Whereas, the radiation energy fluxes that are emitted by the Earth occur
in an infrared wavelength band from 5 μm to 25 μm, with same order of radiation of
1 kW/m2 and is referred to as longwave radiation. The solar radiation is divided into
two categories; “extraterrestrial solar radiation” and “global solar radiation”
[1, 2]. The term “extraterrestrial” is used for solar radiation outside the atmosphere
or in space. The extraterrestrial solar radiation, Gextra, is given by

Gextra ¼ Io 1þ 0:034 cos
2πd
365

� �� �
ð4:1Þ

where Io is the solar constant, 1367 W/m2, and d is the number of days.
Solar radiation in space has a much higher energy density than those that reach

Earth, and the reason is the ability of the Earth’s atmosphere to absorb a fraction of
solar radiation. This absorption is occurring in upper atmosphere which only absorbs
radiation with frequencies above 1000 THz (300 nm) initiating photo-ionization,
which leads to photochemical reactions and ultimately heating up the air. The ozone
layer, near 25 km altitude, absorbs most of these radiations and is, the layer,
astonishingly opaque to ultraviolet. Even though various mechanisms cause the
generation of solar radiation, the main reason considered is the black body type.
Planck’s law represents the energy per unit volume per unit frequency interval inside
a hollow isothermal black body as shown in Eq. (4.2):

dW

df
¼ 8πh

c3
f 3

exp hf =kTð Þ � 1
J:m�3:Hz�1 ð4:2Þ

Energy flus (same as power, P) is:

dP

df
/ f 3

exp hf =kTð Þ � 1
WJ:m�2:Hz�1 ð4:3Þ

In terms of wavelength, dPdλ / λ�5

exp hf =kTλð Þ�1 WJ.m�2 per m of wavelength interval,

global solar radiation is generally described as the “total solar radiation that reaches
the Earth’s surface.” The global solar radiation on a tilt surface is composed of three
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components [3, 4], which are “direct solar radiation” (GB), “diffuse solar radiation”
(GD), and “reflected solar radiation” (GR), as shown in Fig. 4.2.

From Fig. 4.1, the global radiation which falls on a tilt surface is given by,

GT ¼ GB þ GD þ GR ð4:4Þ
However, on a horizontal surface GR ¼ 0 and therefore, the amount of global

solar radiation is given by

GT ¼ GB þ GD ð4:5Þ
The amount of global solar radiation is contingent on the “sky clearness index,”

KT, which is given by

GT

Gextra
¼ KT ð4:6Þ

where the value of KT ranges between 0 and 1. Here, if the sky is overcast, then little
amount of solar radiation is received and vice versa [2].

The amount of solar radiation to be scattered by clouds and impurities in the sky is
named diffuse solar radiation. The “diffuse solar radiation index” KD is given by,

GD

GT
¼ KD ð4:7Þ

The reflected solar radiation is estimated by using

GR ¼ GTρ ð4:8Þ
where ρ is the “ground albedo” and it is usually of values 0.1, 0.2, and 0.3 for soil,
sand, and grass, respectively.

Solar energy is the “amount of solar radiation multiplied by time.” Therefore, the
daily global solar energy on a horizontal surface is the “average of the daily global

Fig. 4.2 Radiation components of solar energy on a collector with tilted surface
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solar radiation multiplied by the length of the solar day” which is the time from
sunrise to sunset. The “solar day length” (So) is calculated by using

So ¼ 2
15

cos �1 � tan L: tanDECð Þ ð4:9Þ

where L is the “latitude” and DEC is the “declination angle.” Based on the solar day
length, the “extraterrestrial solar energy” (Eextra), “global solar energy” (ET), “beam
solar energy” (EB), and “direct solar energy” (ED) can be determined by multiplying
Gextra, GT, GB, and GD with So, respectively.

4.3 Insolation

4.3.1 Geometry of the Sun

Insolation is defined as the “power density of the solar radiation.” Whereas, solar
constant has been defined, in Sect. 4.2, as the “insolation on a surface that faces the
sun outside earth’s atmosphere.” The solar constant’s value is approximately
1360 W\m2. In addition, it is suitable to describe surface solar constant as “the
value of insolation on a surface that, at sea level, faces the vertical sun on a clear
day.” The value of this “constant” is around 1000 W\m2 or “one sun.” The insolation
is smaller at non-vertical situation of the sun and because of the larger air mass that
solar rays must pass through.

The insolation depends on [1]:

1. The level of transparency of the atmosphere
2. Relative orientation of the surface with respect to the sun

The main sources of errors are:

1. The assumption that throughout the year, the period between successive sunrises
remains constant, which is inaccurate, so the “equation of time” is implemented
for correction, which will be discussed in Sect. 4.3.2.

2. The implementation of “mean local time” which is different from civil time (the
time measured at the center of each time zone) in different formulas.

Error sources 1 and 2 could be easily rectified through introduction of the
concept of “time offset” (see Sect. 4.3.2).

3. Considering the geometry of the situation and using it in the formulas reduce the
accuracy. This is an error due to diffraction of the light, which occurs as resultant
of presence of the atmosphere, where the sun’s visibility remains when it is fairly
below the geometric horizon. This leads to the geometric sunrise to be after the
apparent one and the apparent sunset to be later. To rectify this error, a solar
zenith angle at sunrise and sunset of 90.833 should be implemented instead of the
geometric 90.
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4. The assumption of a perfectly transparent atmosphere during collection of the
insolation data. This is inaccurate as meteorological conditions majorly alter the
amount of useful sunlight.

Latitude (L ) represents the south to north location of a point on the Earth, while
longitude (LOD) represents the west to east location of a point on the Earth through
the measurement of angular distance from the Greenwich meridian (or Prime merid-
ian, where longitude is 0) along the equator.

However, many angles can describe the position of the sun in the sky, such as
“hour angle” (HA), “angle of declination” (DEC), “solar altitude” (SOLAL), “solar
azimuth” (SOLAZM), “solar zenith angle” (SOLZN), and “solar incidence angle”
(SOLIN). The definition of zenith angle is “the angle between the local vertical and
the line from the observer to the sun,” and the azimuth angle is “the azimuth from
north of the sun’s beam projection on the horizontal plane clockwise positive.” This
is a topocentric system, where the observer is at the origin of the coordinates. Two
different points of view have been implemented: a “geocentric system” (origin at the
center of Earth) and a “heliocentric system” (origin at the center of the sun). Both
SOLZN and SOLAZM are functions of the day of the year (d ), the local time of day
(t), and the latitude of the observer (L ) in our top-centric system (Fig. 4.3).

Observe that the time, t, in the formulas is not the same as the time in our watch.
The difference in these times is described as the time offset which is formed of two
components; one of them is the difference due to the equation of time (EOT) and the
other owing to the longitude of the place of interest from that of the center of the time
zone [5].

Time of the day represents the “hour angle” (HA), which was generally used by
astronomers in the past, who mostly worked at night, and so counting a new day
from noon rather than from midnight is the preferred method. They defined the hour
angle as

Fig. 4.3 Solar zenith angle
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HA � 360
24

t � 12ð Þ Degree t in h; 24� h clockð Þ ð4:10Þ

HA � 2π
86400

t � 43200ð Þ Radians t in h; 24� h clockð Þ ð4:11Þ

The solar declination (DEC), by the latitude of the sun, represents the day of the
year or “season.”

DEC ¼ 23:44 sin 360
d � 80
365:25

� �� �
degrees, ð4:12Þ

The solar zenith and azimuth angles are calculated using [6]

cos SOLZN ¼ sin DEC: sinLþ cosDEC: cos L: cosHA ð4:13Þ
tan SOLAZM ¼ sinHA

sin L: cosHA� cos L: tanDEC
ð4:14Þ

where L is the latitude of the observer.
To determine SOLAZM, we must take tan�1 (tan SOLAZM). It is important to

notice that tan�1 (tan SOLAZM) is not necessarily equal to SOLAZM. For instance,
consider the angle 240� whose tangent is 1.732. The inverse tangent (tan�1) of 1.732
when calculated via calculator or a computer is 60� which is due to such devices that
yield the principal value of tan�1 SOLAZM which, by definition, lies in the range
from �90� to 90�. Therefore, the alternative formula to determining the solar
azimuth is

cos 180� SOLAZMð Þ ¼ � sinL: cos SOLZN � sin DEC
cos L: sin SOLZN

ð4:15Þ

At both sunrise and sunset, SOLZN ¼ 90�; thus, cos (SOLZN) ¼ 0. From
Eq. 4.13,

cosHAR ¼ cosHAS ¼ � tanDEC: tan L ð4:16Þ
where HAR,S is the hour angle at either sunrise or sunset. The “hour angle” (HAR) at
sunrise, is negative, while the HAS, at sunset, is positive.

HAR ¼ �HAS ð4:17Þ

4.3.2 Time Offset and Zones

The “local mean solar time” depends on the observer longitude which varies by 1 h
for every 15� of longitude which makes it an impractical measure of time. This use of
time zones, 1 h or 15� wide, circumvents this difficulty. Since the time is the same
regardless of the location of the observer in each region, the time suddenly changes
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by 1 h at the boundary of the area. Hence, for any time zone, the center meridian is a
multiple of 15�; the first zone is squarely centered on the zeroth meridian that of
Greenwich, where the time there is referred to as “Greenwich Mean Time” (GMT)
(or, to astronomers, “universal time” (UT)).

The term “standard time” represents the zone time (such as, for instance, PST, for
Pacific Standard Time, the �8 time zone centered at 120� W) [7].

The “true solar time” (ttrue) at any given longitude (LOD) can be calculated using

ttrue ¼ tlocalmean þ toffset ð4:18Þ
where tlocal and ttrue are expressed in hours and minutes, but toffset is in minutes only,

toffset ¼ EOT� 4LODþ 60tzone min; ð4:19Þ
where LOD is the longitude in degrees (east >0, west<0), tzone is the number of hours
of the local time zone referred to the UT (east >0, west <0), and EOT is the equation
of time (in minutes). The equation of time is the difference between the mean time
and the apparent solar time and can be expressed mathematically as:

EOT
¼ 2:292 0:0075þ0:1868cosDD�3:2077sinDD�1:4615cos2DD�4:089sin2DDð Þ

ð4:20Þ
where the angle DD ¼ 2π(d � 1)/365 is in radians (Fig. 4.4).

4.3.3 Insolation on a Sun-Tracking Surface

Daily average insolation is

< p >¼ 1
T

ðtS
tR

PS:dt W:m�2 ð4:21Þ

If we assume, unrealistically, that the solar power density (PS) is constant from
sunrise to sunset, the average insolation (<p>), in terms of the hour angle, is

< p >¼ 1
π
HAS:PS W:m�2 ð4:22Þ

At the equinoxes, DEC ¼ 0, and, therefore, HAS ¼ π/2, and

< p >¼ 1
2
PS � 500 W:m�2 � 43:2MJ:m�2:day�1 ð4:23Þ

54 4 Solar Photovoltaic Technology Principles



4.3.4 Insolation on a Stationary Surface

A surface with tilt or elevation, β, azimuth, ζ, has an instantaneous insolation (P),
which is

P ¼ PS cos β: cos SOLZN þ sin β: sin SOLZN: cos SOLAZM � ζð Þ½ � ð4:24Þ
As shown in Fig. 4.5, the elevation angle is always taken as positive. It is

noteworthy to mention that it is important to assay the sun shining whether on the
front or back surface. If it is shining on the front, then the yields have in a negative
sign in the second term inside the brackets.

P ¼ 1
T

ðtS
tR

Pdt ¼ 1
2π

ðHAS

HAR

PdHA ð4:25Þ
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4.3.5 Insolation on Horizontal Surfaces

For horizontal surfaces β ¼ 0, Eq. 4.24 is reduced to

P ¼ PS cos SOLZN ð4:26Þ

Consequently,

P¼ 1
2π

ðHAS

HAR

PS cos SOLZN

¼PS

2π
sinDEC:sinL HAS�HARð Þþ cosDEC:cosL sinHAS� sinHARð Þ½ � ¼PS

2π
cosDEC:

cosL 2sinHASþ2HAS tanDEC: tanLð Þ¼PS

π
cosDEC:cosL sinHAS�HAS:cosHASð Þ

ð4:27Þ
At the equinoxes, DEC ¼ 0, HAS ¼ π/2, therefore

< P >¼ PS

π
cos L ð4:28Þ

At the equator, regardless DEC, HAS ¼ π/2, therefore

< P >¼ PS

π
cosDEC ð4:29Þ

4.4 Solar Cell and Photovoltaic

PV is a semiconductor device that directly converts light energy into electricity and
is commonly known as “solar cell.” A common micro-application is the solar cell-
powered small calculator. PV systems of larger size, which are more complicated,
provide higher electricity for cities and industrial applications. This device is one of
the most promising means and an energy source that provides to our energy-
intensive standard of living while not contributing to global warming and pollution.

4.5 Photovoltaic Technology: A Brief History

In a solar cell or PV cell, the semiconductor absorbs the energy of the photons, from
sunlight, which are then through the movement of electrons is converted to voltage.
The electricity produced is direct current (DC), due to the unidirectional flow of
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these electrons across the cell. This technology is in fact old, where in the late 1830s
the photovoltaic effect was discovered, and in 1883 it was first produced by Charles
Fritts [8]. Einstein won the Nobel Prize in 1921 after presenting an explanation of the
related photoelectric effect [9]. In 1954, a big breakthrough occurred in solar energy
field where the first crystalline silicon solar cell was developed. Four years later, the
technology was implemented to power a space satellite. The good news was that the
cell performed well in outer space; NASA did not expect it to remain operational for
an additional number of years, and the satellite continued to send data to the Earth
even when it was not needed. This event helped spread the popularization of solar
cells. In the mid-1970s, there was a shift in interest and the search for more
sustainable energy sources resulting from the OPEC’s oil crisis. Hence, more
attention and money are being diverted to reach cheaper innovation and better
solar cells. As a result of the high-rush and massive budgets were devoted for R &
D in photovoltaic field, the first amorphous silicon cell was developed by Carlson
and Wronski [10, 11].

The amorphous silicon solar cells were fundamentally cheaper material than
standard crystalline silicon which caused an excitement in the field. This material
is also used for the thin film transistors that drive modern flat-panel displays. They
have been produced on massive scale and cheaply over the years causing a signif-
icant reduction in the price of flat panels. The same situation is occurring for solar
cell prices.

In the 1980s, the efficiency of solar cells was developed and enhanced. Many
types of solar cells were introduced. In the 1990s, solar cells were produced on a
large scale with efficiency above 10%. Materials such as Ga-As and other elements
of groups III and V of the periodic table such as CdTe, CuInSe2, and TiO2

desensitized, and finally the two largest producers of crystalline, polycrystalline,
and amorphous silicon solar cells were used in the formation of these cells. At
present, the price of solar cells continues to decline, and the third generation of new
solar cells is being vigorously explored [12–17].

The National Renewable Energy Laboratory (NREL) has awarded, in August
2008, a PV energy device that converts 40.8% from the light absorbed by the cell
into electricity, the world’s first standard solar energy efficiency. This can be
considered the highest proven efficiency of any system to date [18, 19].

The power generation potential of PV systems is unlimited, and along with its
environmentally friendly nature, it can be considered a long-term reliable source of
energy for the ever-expanding industrialized world. PV technology is a suitable
candidate to achieve renewable energy goals, by meeting the goal of reducing
emissions of carbon dioxide (Fig. 4.6).

Recently, rapid increases of globally installed PV systems have occurred, with a
growth rate of about 30% for 8 consecutive years. In 2003, the total installed
capacity of PV system around the world reached 1242 MW, and data attained in
2007 showed an outstanding growth rate of 62% over that of the previous year, with
2826 MW. In 2007, the global photovoltaic industry generated revenues of US $
17.2 billion, the bulk of which was Germany, which installed 1328 MW and 47% of
the global market. Spain’s PV market has grown above 48% to 640 MW. For the
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United States, it has increased the share of photovoltaic power by 57% with more
than 220 MW of installed power and represents about 8% of the global market.
The United States became the No. 4 country in the world’s main market after Japan.
The above four countries collectively account for 86% of the world’s PV market
[20–23]. In 2009, Germany, Spain, Japan, and the United States installed an
estimated 9.8, 3.5, 2.6, and 1.6 GW, respectively [24].

4.6 Photovoltaic Materials

Semiconductors form solar cells – most importantly silicon (Si) material. What
makes semiconductor’s electronic properties special is their tendency to conduct
or insulate depending on their composition. Semiconductors (in yellow) are used for
PV materials. The phosphorous and boron are the most impurities used in silicon
solar cell doping. The main type of solar cell available today is the silicon-based
technology. However, there are different types of solar cells such as cadmium
telluride (CdTe) or copper indium diselenide or gallium arsenide (Fig. 4.7).

Silicon is an element from a group of four semiconductors, which its crystal is
shaped as a diamond lattice. Figure 4.9 shows that each silicon atom uses four
valence electrons placed in an identical position to each other, and every atom has
four nearest neighbors. Silicon is used for manufacturing most solar cells. The bond
in the Si is formed by four electrons to the nearest neighbors (as the red bonds in
Fig. 4.8 represents). Silicon is a semiconductor responsible for the integrated circuit
that made the modern computers possible [24].

Most of the current PV market uses silicon technology; Fig. 4.9 illustrates the
difference between crystalline silicon and amorphous silicon. Crystalline silicon

Fig. 4.6 PV cumulative installations [24]
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technology represents an ideal hairstyle like a swan. As for crystallized silicon, there
are tension and broken bonds and can be likened to an ugly duck. Physical defor-
mations cause electronic defects and result in lower performance of solar cells.

4.6.1 Band Theory

There are three types of materials, according to band theory, which are differentiated
by their electronic structure: “insulators,” “conductors,” and “semiconductors.” In
fact, band theory models the behavior of electrons in solids by postulating the
existence of energy bands, continuous ranges of energy which electrons may
occupy, and gaps, which they may not. It successfully explains many physical

Elements in SemiconductorsH Si

Li

Na

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga

Al

B C N O

S Cl Ar

F Ne

He

PSi

Ge As Se Br Kr

XeITeSbSnInCdAgPdRhRuTcMoNbZrYSrRb

Cs

Fr Ra

La Ce Pr

PaThAc

Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

LrNoMdFmEsCfBkCmAmPlNpU

Ac

Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Mg

Be

1 14 2

4 5 6 7 8 9 103

11 12 13 14 15 16 17 18

36

54

55 56 57

57

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

58 59 60 61 62 63 64 65 66 67 68 69 70 71

72 73 74 75 76 77 78 79 80

87 88 89

81 82 83 84 8685

53

3534333231302928272625242322212019

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

Fig. 4.7 Periodic table

B
5 6 7 8 9 10

13 14 15 16 17 18

36

54

80 81 82 83 84 8685

53

353433323130

48 49 50 51 52

Zn Ga

Al

B C N O

S Cl Ar

F Ne

PSi

Ge As Se Br Kr

XeITeSbSnInCd

Hg Tl Pb Bi Po At Rn

5 6 7 8 9 10

13 14 15 16 17 18

36

54

80 81 82 83 84 8685

53

353433323130

48 49 50 51 52

Fig. 4.8 Silicon crystal

4.6 Photovoltaic Materials 59



properties of solids, such as optical absorption and electric resistivity. For the
conductor, the “valence band” (Ev) is above conduction, creating free electrons
ready to generate electricity. In the insulator, the two bands are far from each
other, and the charge will be very hard to be gotten from the bottom (valence) to
top band (“conduction band” Ec) [1]. There is what known as a “band gap” that
represents a gap between the valence and conduction bands for the semiconductor,
and sometimes it is denoted as “energy of the gap” (Eg). The “Fermi energy” (Ef) is
also shown for the insulator and semiconductor. The ground state of a noninteracting
fermions system (like one made up of electrons here) is constructed by starting with
an empty system and adding particles one at a time, in a row filling up the lowest-
energy unoccupied quantum states. The Fermi energy is the level (if there is one)
where half of the states are occupied with electrons.

4.6.2 Semiconductor Energy Bands

The semiconductors are classified as shown in Fig. 4.10 into:

1. n-type
2. p-type
3. Intrinsic

Fig. 4.9 Amorphous and crystalline silicon comparison [4]
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The semiconductors that conduct electricity are types 2 and 3:

• By alloying semiconductor with an impurity also known as doping
• Carriers removed from valence band or carriers located in conduction band

4.6.3 The Intrinsic-Type Semiconductor

The intrinsic or pure semiconductor contains the right number of electrons to fill
valence band. Consequently, the conduction band is empty. The pure semiconductor
acts like an insulator because the electrons in full valence cannot move.

4.6.4 The N-Type Semiconductor

An atom from group 5 impurity is added to silicon melt from which crystal is grown
so that the current is carried by the negatively charged electrons.

• The valence band filled by 4/5 of outer electrons.
• 1/5 left is then put into conduction band. These impurity atoms are called

“donors.”

The electrons move within conduction band; therefore, crystal becomes a
“conductor.”

4.6.5 The P-Type Semiconductor

Group 3 added to melted silicon and acts as positively charged particles by making
the current carried by missing electron holes to:

Fig. 4.10 p-types, n-type, and intrinsic semiconductor
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• Doping creates lack of electrons in the valence band which needs four out of three
outer electrons.

• Missing electrons, also known as holes, are used to carry current.

The existing charges are called the majority carriers. The existing charge carriers
in n-type are “electrons.” The existing charge carriers in p-type are “holes.”

4.7 Creating a Junction

The semiconductor junctions can be classified into four main types:

• p-n
• p-i-n
• Schottky barrier
• Heterojunction

Each has a built-in potential. By putting two similar semiconductors together, we
can create devices. The device is called a “junction” and there are four different
types. Each type has a built-in potential (a built-in voltage) associated with them [6].

P-i-n and p-n junctions represent the first two types of intersections (the band gap
and the coupling band) are shown in Fig. 4.11. Electrons cannot exist in the band
gap, although semiconductors are not ideal. In the case of heat balance at room
temperature, some cases appear in this band gap. The steel line represents the “Fermi
level” and can be expressed by a fluid composed of electrons that are poured into the
bucket (gap), and the filling point is the Fermi level. The Fermi level should remain

Fig. 4.11 “p-n” and “p-i-n” junctions
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flat when dealing with semiconductors, especially when two different semiconduc-
tors are combined. This is what creates the bending of these bands (both the
conduction and the valence teams).

So, in the p-n junction, there are the n and p layers. The Fermi level is extremely
low in the p-type as the gap is pulled to the valence band. In semiconductor of the
n-type, the Fermi level is very high and pulled toward the conduction band. As trying
to keep Fermi level flat, there will be an enormous bending of the conduction and
valence bands when they are combined. The bending creates the voltage and the
electric field observed when putting two dissimilar (n and p) semiconductors
together. The energy between the conduction band in the n and the p layers is the
built-in potential.

As strong electric field is contained in the junctions, this field forms in the
following steps:

• When two semiconductors contact to from n-type, the electrons near interface
transfer over to p-type, compose a positive charged area.

• The p-type holes transfer to n-type forming a negatively charged area.
• Because holes and electrons exchange their positions, there will be formed a

barrier of a middle potential where the charges will not transfer.
• No more holes or electrons will flow through these potentially created barriers.
• The electric field forces the holes and electrons to line up in opposite directions

resulting in no net current and equilibrium to be occurred.
• At the p-side, when applying a positive voltage will lead to reduce the height of

the barrier, it is called “forward bias” that will cause an increase of the PV current.
• In contrast, when the barrier height is increased, it is called “reverse bias” that

causes decreases in the PV current and reduces it to a very small value (Fig. 4.12).

Fig. 4.12 Barriers charges
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4.8 The Generation of Electron-Hole Pairs with Light
and the Solar Spectrum

Figure 4.13 shows a graph of the wavelengths of the photons of the solar spectrum
flow reaching the Earth. The solar spectrum outside the atmosphere has visible
waves at its expected peak of black body radiation at 6000 K (sun’s surface
temperature). A portion of the solar spectrum that flows through the atmosphere is
lost when it is absorbed by water vapor and carbon dioxide [7]. Solar energy consists
of different frequencies representing wavelengths. If these wavelengths were gath-
ered in one wavelength, the solar cells that are depending on the current technology
will have more than 95% efficiency. However, what actually happens is that there are
different wavelengths, and only a fraction of the PV module can absorb.

When the photon falls on the surface of the solar cells, it absorbs it and the
photon’s energy either turns into heat that increases the temperature of the cell or
goes to produce the electron from the BV to get it sent to the CP. In this way, a hole
will be left behind in BV, which will enhance the absorption process and increase
drilling by electron pairs. As the part of the solar spectrum involved in this process is
a small part, so the flow of photons converted by solar cell to electron will be about
2/3 of the total flow (Fig. 4.14).

Fig. 4.13 Solar spectrum [25]
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4.9 P-N Junction Electric Currents under External Bias

Figure 4.15 shows the “I-V characteristics” (or curve) for a p-n junction [6],
recording the current and applying a voltage from negative to positive. At night
(dark conditions), the current is not quite zero, and it starts to push electrons over to
create a better current. When illuminated, the current is created immediately [1].

Fig. 4.14 Generation of
electron-hole pairs
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Fig. 4.15 Typical “I-V characteristics”.
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The output current of p-n junction is

I ¼ IL � Io eqV=kT � 1
h i

ð4:30Þ

• IL ¼ current generated by light
• q ¼ “electric charge”
• V ¼ voltage
• k ¼ “Boltzmann’s constant” ¼ 1.3807 � 10�23J/K
• The electrical current will follow through the diode (or PV) and when the circuit

is “open circuit (I ¼ 0). However, when the PV circuit is short circuit, the current
passes through the electrical load (V ¼ 0).

It is worth to mention here:

1. The open circuit voltage,

Voc ¼ kT

q
ln

IL
Io

þ 1

� �
ð4:31Þ

2. No power is generated under short and open circuit, but

Pmax ¼ VmaxImax ¼ FF:VocIsc ð4:32Þ
For the silicon PV technology, the “fill factor” (FF) represents a measure of the

real I-V characteristic. The value of p-n junction must be greater than 0.7 to make the
solar cell effective. The filling factor decreases by increasing the cell temperature.

4.10 Solar Cell Modeling

Figure 4.16 shows an electrical representation of the solar cell. It is represented as an
equivalent circuit with a current source connected in parallel to the diode junction. It
fits directly outside the current source with the light intensity absorbed by the cell.
The solar cells are inactive during the dark and act as a diode. It produces neither
current nor voltage [5]. When light hits solar cells, it generates a diode stream. The

G

D

IL

ISH

I

RSH

RS

V+
_

Fig. 4.16 Equivalent circuit
of solar cell
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diode (D) determines the I-V properties of the cell. String resistance (Rs) represents
the resistance within each cell, while the extrusion resistance is negligible because it
has a large resistance value.

In an ideal solar cell, it is assumed that RS ¼ 0 and RSH ¼ infinity. The net current
of the cell could be found by improving Eq. 4.30 as follows:

I ¼ IL � Io eq VþIRSð Þ=nkT � 1
h i

ð4:33Þ

The photo current (IL) depends on reference first and second temperatures, T1 and
T2, respectively, and it is given by,

IL ¼ IL T1ð Þ þ Ko T � T1ð Þ ð4:34Þ
where

IL T1ð Þ ¼ ISCT1,nom G=Gnomð Þ ð4:35Þ
Ko ¼ ISCT2 � ISCT1ð Þ= T2 � T1ð Þ ð4:36Þ

where G is the “present solar radiation” and Gnom is the “solar radiation at the
reference test.”

The “saturation current” of the diode Io is given by,

Io ¼ IoT1 T=T1ð Þ3=ne

qvqT1

nk 1
T�

1
T1

� �
ð4:37Þ

where,

IoT1 ¼ ISCT1=e

qvqT1

nk 1
T�

1
T1

� �
ð4:38Þ

The series resistance of a solar cell is given by,

RS ¼ � dV

dIVOC
� 1
XV

ð4:39Þ

where,

XV ¼ IoT1

q

nkT1
e
qvOCT1
nkT1 ð4:40Þ

Figure 4.17 shows a typical I-V characteristic of a solar cell at a certain ambient
irradiation, G, and fixed cell temperature conditions [6]. The load characteristic is a
straight line for a resistive load with slope I/V ¼ 1/R. The PV power delivered to the
electrical load is proportional to the value of resistance.

Figure 4.17 shows that the cell operates in the M-N region of the curve if the load
is small, acting as a constant current source approximately equal to the short circuit
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current. In the case of large loads, the cell operates in the P-S regions of the curve and
behaves as a constant voltage source which is approximately equal to the voltage of
the open circuit.

Isc is the short circuit current, which represents the maximum current generated by
a PV panel. This current is produced only when V ¼ 0, at the short circuit condition.
Voc is the open circuit voltage, which represents the diode’s voltage drop when the
PV panel current is zero. Voc indicates the PV panel’s voltage when there are no
light; it is expressed mathematically by:

VOC ¼ nkT

q
ln

IL
Io

� �
¼ V t ln

IL
Io

� �
ð4:41Þ

where V t ¼ mkTC
q is known as the thermal voltage and T is the absolute cell

temperature.
The “maximum power point is at the operating point A in which the power

dissipated in the resistive load is at its maximum value” and is given by Eq. 4.32.
The maximum efficiency of a solar cell is the “ratio between the maximum power
and the incident light power” and is expressed as:

η ¼ Pmax

Pin
¼ ImaxVmax

AGa
ð4:42Þ

where A is the “area” of the PV module and Ga is the radiation.

4.11 The Solar Cell, Module, and Array

In semiconductor the extraction of the generated electric current is done through
contacts to the front and rear of cell. The extensively spaced thin strips, or also
known as fingers, are created so that light is permitted through. These fingers supply
current to the larger bus bar. The cell is covered with an “antireflection coating”
(ARC) to minimize light reflection from the top surface. The ARC is made up of a
thin layer of dielectric material [24] (Fig. 4.18).

Fig. 4.17 I-V characteristic
curve of a solar cell
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The volt and half produced by one solar cell is not enough to run many applica-
tions, which require increased voltage, so the cells are connected in a series. A few
strings of cells can be connected in parallel to increase the current generated. These
bonded cells and their electrical connections are assembled between the upper layer
of the glass or transparent plastic and at a lower level than the plastic metal. The cells
are connected to an external frame to increase mechanical strength and provide a
way to install the unit. This package is called a PV panel or a PV module. The energy
generated from one unit is not enough to make enough energy for many loads, so a
number of PV units can be connected in parallel, series, or both, to form rows of
panels sufficient to increase output current and/or voltage.

4.12 Photovoltaic Systems

The operational requirements determine the classification, composition, and func-
tionality of the PV systems and also determine how the equipment is connected to
other power sources and electrical loads. Photovoltaic systems are classified into
separate and connected systems. Figure 4.19 shows stand-alone photovoltaic sys-
tems that operate without being connected to an electrical grid and are of the same
size designed to generate specific electrical loads from DC or AC [3–26]. As shown
in Fig. 4.20, these systems may have their primary power coming from the PV arrays
only. If a diesel engine generator or wind generator is used as a backup power
source, this system is referred to as a hybrid system, as shown in Fig. 4.21 [27].

The coupler system can be considered as the simplest type of independent PV
system. However, the direct coupler system does not include batteries. Therefore, the
system operates only in the morning where the hours of sunlight make these systems

Fig. 4.18 Solar cell
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suitable for common applications such as water pumps, ventilation fans, and small
circulation pumps for solar water heating systems. Matching electric load resistance
to maximum output power is an important issue when designing direct coupling
systems. To take advantage of the maximum power output of the photovoltaic
system, use a DC to convert to DC, or the so-called maximum power point tracker
(MPPT). Most PV systems use batteries to store generated energy, making these
systems safer and their output current more stable.

The energy generated by photovoltaic modules depends mainly on the intensity
of the solar radiation to which the panels are exposed. The amount of energy that is
received depends on the inclination angle of the PV unit installed. So, the energy
generated by the PV system increases when the panels track the sun. These systems
were used in Europe and resulted in relatively high radiation gains in high brightness

Fig. 4.19 Stand-alone PV system

Fig. 4.20 Grid-connected PV system
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days. A large proportion of direct radiation can cause gains of up to 50% in bright
summer days, whereas in the winter these gains reach 300% compared to fixed wall
systems [28]. Sun tracking causes a higher increase in system productivity during the
summer and absolute gains in the winter.

4.13 Design and Optimization of Photovoltaic Systems

Solar photovoltaic (PV) and hybrid systems play a major role in the electric
provisioning of electrical sectors in rural, isolated, and desert area. For the hybrid
systems, electricity production majorly depends on auxiliary sources such as diesel
and natural gas generators. Combinations of different energy sources form these
hybrid systems such as PV/battery, wind/battery, wind/PV/battery, wind/PV/diesel/
battery. . . .

However, the main criterion for the design of the PV/battery system is its ability
to meet the required electrical load with a high level of security. In the literature
many optimal methods of PV/battery systems are mentioned. The design and control
of photovoltaic systems can be divided into three categories: intuitive, numerical
(simulation) techniques, and analytical techniques, as well as there are the individual
methods, as shown in Fig. 4.22 [29].

Fig. 4.21 “Hybrid PV/wind/diesel generator” system
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4.13.1 Intuitive Technique

The intuitive technique is defined as “a simplified calculation of the size of the
system carried out without establishing any relationship between the different sub-
systems or taking into account the random nature of solar radiation.”

When the requirement is to design a photovoltaic power system, the first step is to
estimate the energy demand and loads required by multiplying the capacity of each
individual device by the average number of hours of use. Twenty percent of the
output must be added, which represents the losses caused by the wires [28], the DC
conversion to AC, the panels dirtiness, etc. The description of loads, whatever the
AC or DC, should be included in a worksheet showing the current load, daily work
cycle, weekly work cycle, energy conversion efficiency, nominal voltage systems,
and AMP/hr. load. As for the devices that are frequently used, the designer must
develop alternatives to energy conservation, identify large and/or variable loads, and
determine whether they can be eliminated or changed to work from another power
source. As an example, LED lamps should replace incandescent lamps. Because this
light provides higher levels of light with much lower energy consumption, which is
exactly what meant by the concept of the energy efficiency. Therefore, the operating
voltage and current of a separate PV system must be selected based on the required
loads. If the system voltage is equal to the largest load voltage, these loads can be
directly related to the system output, although it is recommended that the current in
the source be less than 20 and not exceed 100 amperes for any part of the system.
Maintaining the recommended levels allows the use of standard and normally
available electrical equipment and wires safely.

When loads require AC power, a study of available inverter characteristics should
precede the selection of DC system voltage [3]. The optimal inventor should be
selected to meet the load requirements and maintain a constant current below 100A,
indicating the importance of this selection and its implications for the cost and
performance of the system as well. The best procedure is to deal with the power

Fig. 4.22 PV system
design techniques
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and efficiency of units operating in high voltages, usually a 48 V unit is more
efficient than a 12 V unit. Precise information about the inventors to be used,
availability, cost, and capabilities available from many manufacturers must be
obtained before deciding which system to use. It is worth mentioning that the
basis in subsystems is storage as the PV module has to be larger storage with
increased voltage. For example, a 24 V system contains two sets of photovoltaic
modules that are connected to the system’s configuration, although the high voltage
needs an operational low current to produce the same energy. Therefore, the high
voltage leads to the need for larger wire size, increasing the cost and increasing the
volume of switches, connectors, and valves. It can be said that the information
already available on components, cost, and switches is of great importance in the
design of a high-quality PV system [4].

The calculations of the variable parameters of the stand-alone system shown in
Fig. 4.23 require the assistance of some formulas as the following:

PPV ¼ EL

ηSηinvPSH
Sf ð4:43Þ

where EL represents the daily energy consumption, PSH is the peak sun hours, ηinv
and ηS are the efficiencies of the system components, and Sf is the safety factor that
represents PV cell temperature losses and the compensation of resistive losses
[30–33].

On the other hand, the battery capacity can be calculated by

CWh ¼ EL � DAutonomus

VBDODηB
ð4:44Þ

where ηB is the battery efficiency, and VB is the battery voltage, while DOD is the
permissible depth of discharge rate of a cell. Besides, the energy of a PV array can be
calculated using the solar radiation intensity and ambient temperature:

EPV tð Þ ¼ APVEsun tð ÞηwireηPVηinv ð4:45Þ
where APV is the PV array’s area and Esun is the solar energy. ηwire and ηPV represent
the wires’ efficiency and the PV conversion and inverter conversion, respectively.

PV module

Storage battery

Charge
controller &

MPPT
DC/AC
inverter

Load

Fig. 4.23 Typical PV system components
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However, the temperature has an impact on the conversion efficiency of a PV panel
evaluated by:

ηPV tð Þ ¼ ηPVRef
1� βT Tc tð Þ � TCRefð Þ½ � ð4:46Þ

where ηpvRef and βT are the “reference PV module conversion” and “temperature
coefficient” efficiencies, respectively. Tcref and Tc are the “reference cell” and “cell”
temperatures, respectively. The panel temperature is calculated using the ambient
temperature [34–36]:

Tc tð Þ � Tambient ¼ TTest

800
G tð Þ ð4:47Þ

where TTest, Tambient, and G are the temperature during testing, the ambient temper-
ature, the PV module and solar radiation, respectively.

The annual capacity factor is defined as “the ratio of actual annual energy output
to the amount of energy the PV array would generate if it operates at full rated power
(Pr) for 24 h per day for a year”:

CF ¼ YF=8760 ¼ EPVannual= PR � 8760ð Þ ð4:48Þ
Meanwhile, the yield factor is defined as “the daily, monthly, or annual net AC

energy output of the system divided by the peak power of the installed PV array”
[37–39].

YF ¼ EPV kWh=yearð Þ=PVWP kWp
� 	 ð4:49Þ

4.13.2 A Numerical Technique

Numerical technology simulates the system considering each time period (usually
1 h or 1 day) to calculate the system’s energy balance and battery load status. The
numerical calculation is oriented to achieve the highest possible accuracy compared
to the intuitive technique and to ensure that the energy reliability is measured as
accurately as possible. The PV system is designed and modeled today using a large
number of programs that estimate and calculate the energy produced for a given PV
system with its various components. Some of these software are SOLCEL, Evans
and Facinelli Model, PVSS, PVForm, PVSIM, Sandia Photovoltaic Array Perfor-
mance Model, Sandia Inverter Performance Model, PVDesignPro, Solar Advisor
Model, PVSYST, Five-Parameter Array Performance Model, RETScreen Photovol-
taic Project Model, PVWatts, Polysun, PV F-Chart, SolarPro, PVSol, Clean Power
Estimator, INSEL, OnGrid, PVOptimize, Solar Estimate, CPF Tools, HybSim,
SOLSTOR, Hybrid2, Hysim, RETScreen, UW-Hybrid (TRNSYS), RAPSIM,
PVToolbox, IPSYS, SOMES, Dymola/Modelica, HySys, PV.MY, REPS.OM, and
HOMER [31, 32].
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4.13.3 An Analytical Technique

The analytical technique of sizing the PV/battery system is achieved through
describing it using equations as a function of the reliability to develop. This method
represents the simplest design and calculation of the size of the PV system, and its
simplicity can be considered a great advantage for it. What is wrong with this
technique is that the equations adopted depend on the conditions of the location.
The difficulty in obtaining the coefficients of this equation can be considered another
disadvantage of this technique [33–35].

4.14 PV Systems Economic

In this section we will identify some expressions and terms related to the economics
of PV systems. The economic variables that represent the importance of PV are the
capital cost (total cost of PV installation), feeding in tariffs, energy recovery time
(EBET), and electricity prices. Other expressions related to the PV systems’ econ-
omy are the same as the investments in renewable energies [2]. The PV system cost
is usually measured by price per peak watt (USD/Wp or €/Wp, e.g.,). Peak watt is
defined as “the power at standard test conditions (STC) (solar irradiance 1000 W/m2,
AM of 1.5, and temperature 25�C).” Photovoltaic system costs can be divided into
module costs and public service costs. The costs of any PV array represent 40–60%
of the total photovoltaic system costs. Half of this value is the cost of purchasing PV
units, photovoltaic support structures, inverter, and electrical cables, and the rest
represents equipment and installation. BOSS costs and installation costs can vary
greatly. For example, total installation costs become high when site preparation
costs, system design and engineering, laying foundation, permitting, as well as work
installation and assembly are high [4]. The cost of the life cycle of the PV system
may also include system design and engineering costs, site setup, installation work,
permits, operating, and maintenance costs. The lifetime of photovoltaic systems
ranges from 20 to 25 years [27, 36–39].

Capital cost, replacement cost, maintenance cost, and salvage value represent the
variable components for calculating LCC. Capital cost represents the initial cost
spent on purchasing PV panels, mechanical structures supporting photovoltaic
modules, batteries, charging controller, inverter, circuit breakers, special cables,
and installation charges. The replacement cost is the cost paid by the consumer to
replace the different parts for the end of their operating life such as batteries, charge
controller, inverter, and cables. Batteries must be replaced once every 6 years, while
it is preferable to replace the charge controller, inverter, and cable every 12 years.
The annual maintenance cost is the cost that the consumer pays annually. Mainte-
nance can prevent breakage or malfunction of the system and must be done by a
professional operator. The rescue value represents the money that will be obtained
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when solar units are disposed of for the end of their life cycle. To calculate the sum,
all the above costs are converted to the current equivalent [3, 40].

The criteria for evaluating the system economically are the recovery period and
the cost of energy. As is known, photovoltaic units account for 40% of the PV
investment, the rest is paid for the support structure, the inverter, cables, equipment,
and installation, which represent the remaining part of the investment. The LCC of a
PV system may also include costs for system design, site preparation, installation
labor, permits, and operation and maintenance costs [30]. The life cycle cost can be
evaluated using the following equation:

LCC ¼ Ccapital þ
Xn
1

CO&M:RPW þ
Xn
1

Creplacement:RPW � Csalvage:RPW ð4:50Þ

The components needed for calculating LCC are capital cost (Ccapital), replace-
ment cost (Creplacement), maintenance cost (CO & M), and salvage value (Csalvage). RPW

represents the present worth of each factor which is calculated using the future sum
of money (F) in a given year (N ) at a given discount rate (I ) [41–45]:

RPW ¼ F= 1þ Ið ÞN ð4:51Þ
After calculating LCC, the cost of energy is calculated using [26]:

CoE ¼ LCC=
Xn
1

EPVannual ð4:52Þ

where EPVannual is the annual energy production of the PV system, while n is the
system lifetime in years.

Finally, the payback period can be calculated by [34]:

PBP ¼ Ccapital USDð Þ= EPVannual kWh=yearð Þ � CoE USD=kWhð Þ � RPW½ � ð4:45Þ

4.15 Photovoltaic Applications

The gift that PV technology has is it being a source of energy that satisfies the
electrical demand by direct conversion of sunlight into electricity without emitting
pollution or harming the environment. In addition, it does not have any moving parts
like the other conventional energy sources such as fossil fuels (i.e., oil, gas, etc.),
which still form most of global energy sources. PV systems can be implemented for
a variety of applications which range all the way from little toys to industrial
processes, scaling small, medium, and large. Three categories can be used to classify
PV applications, namely: utility interactive, stand-alone, and solar tracking systems
[46–49].
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The utilities’ interactive systems are attractive and useful because of the signif-
icant reduction in the bill of electricity consumption by reducing the amount of
electricity consumed from the grid, especially during the hours of maximum
demand, which coincides with the peak hours of solar radiation. The use of elec-
tricity produced from PV systems during these hours will reduce the maximum
consumption cost that consumers will pay to electricity companies [2, 50–56].

The stand-alone configuration of PV systems contains a wide range of applica-
tions. A stand-alone system does not relate to the facility, and it is useful to
independent entities in particular, which include different applications of indepen-
dent PV systems such as [35–38]:

Lighting The use of photovoltaic systems to provide lighting for lighting panels,
public use facilities, signs of highway information, trains lighting cabin, homes,
pavements, parking spaces, anchors, and holiday cabin are common these days [57, 58].

Communications Integration of PV systems to supply television, radio, and phone
signals over long distances, which require amplification. This function, amplification,
is performed by repeater stations or relay towers. The optimal location for the relay
towers will be the maximum possible height [59]. As there are no power lines for the
facilities because the transfer of traditional heavy generators is expensive and difficult
at the same time. The installation of low weights and easy to transport solar cells to
operate information transmitters for travelers, laptop systems, mobile radio systems,
cell phones, and emergency call boxes is the best and cheapest solution [60, 61].

Remote Site Electrification When residential complexes are in remote areas or at
difficult terrain, the use of photovoltaic systems makes these autonomous complexes
self-equipped with electric power. Examples include the processing of electricity
produced by rural household systems, remote farm and clinic workshops, visitor
centers in parks and holiday cabins, garden guard sites, fishing lodges, village and
car electrification, remote search facilities, beach facilities, convenience spots on
highways, camps, and military test areas [62, 63].

Remote Monitoring For regular monitoring and other functions required to be
performed at sites far from utility connection and for scientific research. The
advantages of photovoltaic systems make it an effective solution for these situations.
They can be efficiently used to operate the weather station for scientific research in
remote locations, monitoring meteorological information, seismic recording, struc-
tural conditions, monitoring of irrigation systems in remote areas, and traffic condi-
tions on highways [64, 65].

Signs and Signals PV systems can be used to operate electrical devices and
equipment that are located in difficult terrain or in remote areas, which are difficult
to connect to the grid. When electricity is not economically feasible because of the
difficulty of terrain or remote location makes it impossible to reach the grid,
photovoltaic systems are a source of reliable and stable power supply for these
important applications. These systems include warning alarms such as sirens, high-
way warning signs, navigation beacons, aircraft warning lights, rail signals, and
buoys [66–68].

4.15 Photovoltaic Applications 77



Water Pumping and Control PV systems are an ideal choice for water pumping
applications that use pumps for watering, drinking, drinking water for camps, as well
as water supplies to remote villages. These pumps are usually fed from conventional
diesel generators, but once supplied by a PV system, the noise, pollution, and
constant maintenance of the conventional sources will be eliminated [69–71].

Charging Vehicles’ Batteries PV systems can be used to charge electric power for
batteries directly (low charge), for vehicles’ slightly used batteries, which maintains
a high charge in the battery. PV systems can also be used to charge multiple
equipment batteries such as snow removal equipment, agricultural machinery such
as harvesters or tractors, and fire-fighting equipment. These systems are also used for
direct charging of boats and recreational vehicle batteries [72, 73].

Disaster Relief Applications The cities are seriously affected, and there is a
complete interruption of electric power sometimes for long periods, which affects
the stability of facilities and sometimes failure due to natural disasters such as floods,
earthquakes, and hurricanes. In such emergency circumstances, portable photovol-
taic systems provide an important option that provides electricity for street lighting,
personal lighting, operation of alarms, energy saving for communications equip-
ment, medical supplies, cooling, water purification, and water pumping [74].

Cathodic Protection Corrosion occurs with metallic equipment when they are
exposed to water and soils due to electrolytic action, where metals lose ions which
lead to this corrosion when metal are exposed to an electrolyte. A small DC voltage
could be applied to the metal to protect it from ion loss, which is referred to as
cathodic protection. If any device is used to assist the power supply for cathodic
protection, the electrical voltage must be converted from AC to DC currents. While
the use of PV systems, which is a technique that produces the necessary DC voltage
efficiently and inexpensively. The importance of cathodic protection lies in applica-
tions it protects such as tanks, pipes, buildings, bridges, sidewalks, and wells [75, 76].

Refrigeration PV systems offer electrical supply for the storage of vaccines and
medicines transferred to remote areas, which must maintain a certain temperature to
avoid damage [77].

Consumer Products PV systems can be used in a variety of applications that are
commercially available to consumers nowadays. These applications include external
lights, batteries, lanterns, calculators, clocks, radios, golf carts, recreational vehicles,
television sets, security systems, and fans and gate openings [78, 79].
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Chapter 5
Environmental Conditions and Its Effect
on PV Performance

5.1 Introduction

As the photovoltaics are fixed outdoor exposed to external meteorological condi-
tions, which vary from one area to another, the atmospheric condition can be
considered as the major factor in the impressive performance of the cells. Therefore,
the efficiency and productivity of the PV cell vary from one location to another. The
experts and photovoltaic manufacturers have identified parameters at which the PV
modules give the maximum performance. These parameters are the solar intensity of
1000 W/m2, a temperature of 25 �C, and the air mass of 1.5. These air requirements
are limited, and their presence together may be difficult if not impossible, for every
area of their own conditions, which may increase or decrease compared to these
requirements.

In the next paragraphs, the main environmental parameter will be discussed for
Iraq conditions.

5.2 The Effect of Solar Radiation on PV Modules
Performance

Solar energy is a free, clean energy, and it is abundant in most places throughout the
year. This energy is a small portion of the sun’s energy dropped on the Earth’s
surface. It is essential for living lives. Also, it can be employed in useful applications,
such as heating, ventilation, exciting electrons in a photovoltaic cell, as well as
photosynthesis. The efficient harness for solar energy usage is very important
nowadays where the high fossil fuel costs accompanied with environmental pollu-
tion resulted from the use of these fossil fuels [1].

The nearly parallel incident beam of sunrays referred to as extraterrestrial radiation
fluctuates about 7% during a year (from 1412.0 W/m2 in January to 1321.0 W/m2
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in July). This difference is due to the changes in the distance between the earth and the
sun [2]. The solar constant is unsteady with time due to the fluctuation in the solar
radiation. The mean solar constant is varied with about� 1 W/m2 during a typical sun
cycle of 11 years as mentioned by Refs [3]. Gueymard [4] revealed that the actual best
estimate of the average solar constant is GSC ¼ 1366.1 W/m2 depending on the data
collected over 25 years from Earth and space.

When the solar radiation passes through the Earth’s atmosphere, a part of this
incident radiation is wasted by absorption and scattering processes by air molecules.
Only the direct or beam radiation that is not scattered or reflected reaches the Earth’s
surface directly. The direct radiation reaches the Earth’s surface without any inter-
actions with particles in the atmosphere. Diffuse radiation scatters from the solar
beam due to Rayleigh scattering process by gases and aerosols (as dust particles,
sulfate particles, soot, sea salt particles, pollen, etc.). Reflected radiation reflects
from Earth’s surfaces [5]. The solar radiation subjugates to a complex process while
transferring through the atmosphere that changes its flux spectral distribution. The
scattered radiation that reaches the Earth’s ground is known as the diffuse radiation.
Also, there is the albedo, that is, the fraction of radiation that hits the ground and
reflects back to the atmosphere [6]. These three parts of solar radiation power
micrometeorological processes on Earth like sensible heat flux, air and surface
temperatures, wind transport, evaporation, and transpiration. It is a fact that 99.8%
of the Earth’s surface energy comes from the sun [7]. While the solar beam passes
through the Earth’s atmosphere, it loses 5% of the descending sun’s insulation and
15% of it diffused, so the rest of the radiation that approaches the Earth’s surface
directly equals about 1020 W/m2 [8]. As mentioned above, the diffusion action
resulted from clouds, dust, and air pollutants [9]. So, the atmospheric conditions
decrease the quantity of insulation that reaches the Earth’s surface and change the
color and quality of the incoming light [10].

The solar radiation that reaches the Earth’s surface consists of short- and
longwave radiation. The shortwave radiation may be absorbed by terrestrial bodies
and clouds and reemitted as longwave radiation. This shortwave radiation that
approaches the Earth’s surface consists of direct, diffuse, or reflected radiation.
The direct shortwave beam is the most important component of the three radiation
modes. It involves the most part of the incoming energy and the other two radiation
modes depend on it, whether directly or indirectly [11].

Direct solar radiation varies with the receiving surface geometry, while the diffuse
radiation varies slightly within a small area from slope to slope, and its variations
linked to slope gradient [12, 13]. For all the abovementioned, at clear sky, the
shortwave solar radiation varies with respect to altitude, elevation, surface slope, and
orientation. As a result, the solar energy is distributed unevenly worldwide [14, 15].

As the Earth is one of the sun foci, it revolves around it in an elliptical orbit. It
takes the Earth 1 whole year to complete this orbit. The relative position of both the
sun and the Earth is represented conveniently as a celestial sphere around the Earth.
The line joining the sun and the Earth’s center and its projection on the equatorial
plane makes an angle called the solar declination angle. This angle equals zero at two
times a year that is the venal (20/21 March) and autumnal (22/23 September)
positions [16].
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To deal with solar energy, there are two primary choices; the first is photovoltaics
and the second is solar thermal. Photovoltaic is direct energy conversion where it
converts solar energy to electricity. Solar thermal is the usage of solar radiation to
supply heat to create a mechanical energy converted to electricity by a thermody-
namic system [17]. Reference [5] declares that covering a small part as 0.16% of the
lands on Earth with solar conversion systems that have 10% efficiency would
provide a power as twice as the world’s consumption rate from fossil fuels. For
the photovoltaic (our interest in recent study), worldwide installations increased by
7.3 GW in 2009, rising from 6080 MW installed during 2008. While in 1985, the PV
installation demand was only 21 MW [18]. PV electric power generation follows
daily changing pattern with a peaking at the middle of the day [19]. When an excess
electric power is generated, it can be stored in batteries [20, 21].

The PV efficiency varies depending on the thermal properties of the materials
used in manufacturing the module. But it also depends on the incident radiant power
density. As only a part of the incident solar spectrum is converted into electricity, the
rest is converted to heat causing an increase in the module temperature that leads to
module efficiency and output power decrement [22]. Many researches made surveys
on the outdoor performance of the different types of PV panels at different weather
temperatures and solar irradiance. Thongpao measured the output of amorphous and
polycrystalline PV panels in variable temperatures and solar irradiances in Thailand.
The study recommended the usage of the amorphous thin film for the same location
in the hot months of summer because of the polycrystalline efficiency at higher
temperature [23].

The climatic condition of the location of the PV arrays has an influence on the
solar radiation reaching the Earth’s surface [24]. Solar radiation data are available
nowadays in most developed country’s meteorological stations, but there are many
countries suffering from a shortage in these data. One helpful method for collecting
solar radiation data is installing a collector [25]. The collector has a benefit that it is
affected by the azimuth and tilt angles of the instillation site location. The tilt angle is
affected by many factors such as the geographic latitude, utilization period of time,
climate condition, etc. [26]. Most methodologies in developed countries based their
hourly solar radiation data either on the analysis of recorded data. Some other used
modeling techniques depend on meteorological data, like humidity, ambient tem-
perature, wind speed, etc. [27].

The availability of solar radiation data is an important demand for the design of
solar systems at a specified location. This data provides information on the magni-
tude of the sun’s energy that strikes a specific surface on the Earth through a specific
time period. Due to the difficulty and cost of solar radiation measurements, these
data are not always available, and alternative methods to generate it are needed
[28]. The costs of the solar system would be reduced when the location site and the
solar radiation profiles are matched. Solar radiation varies with seasons and daytime
as the sun varies its positions [29]. For a precise and effective solar radiation
database, long-term data measurements can be used. These horizontal data have
been used to develop efficient mathematical models in Europe to predict solar
radiation intensity on tilted surfaces [30, 31]. Solar radiation conversion models
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were used to obtain data for sites where radiation was not actually measured. This
process was effective in resolving this problem [32]. Many models of solar radiation
calculation have been developed, and these models have taken into account variables
more than astronomical, meteorological and surface effects, and as examples of these
models Schaab (2000) work [33]. In the late 1970s, the researcher began modeling
solar radiation in Jordan. Al-Salaymeh [34] also completed a computer model of
solar radiation in Amman, Jordan, to predict the average daily and monthly global
solar radiation on horizontal surfaces. In addition, this program can predict the
monthly average of the solar brightness of the city of Amman [34]. Global solar
radiation is divided into direct and diffuse beams; the direct radiation is measured
using a pyrheliometer. The diffuse radiation is measured by instruments such as
pyranometers, solarimeters, or actinography. These devices are installed in multiple
places on the area of the location to be measured. Because of the high cost of these
devices, it is sometimes difficult to install them in many sites, and these devices have
a high degree of uncertainty, which may cause false or incomplete data [35]. Math-
ematical relationships between the intensity of solar radiation, ambient temperature,
relative humidity, and the proportion of solar radiation can be linked to measure the
values of solar radiation as data for these mathematical models. These models can
then be used to determine the direct and diffuse solar radiation of many sites that do
not have proven and measured data by using historical metrological data [36].

At present, softwares have been developed to deal with the quality and quantity of
solar radiation measurement data really close to reality. While still using the current
radiation measurements devices that operate on older technology, with relatively
small basic improvements. Many researches demonstrated several significant prob-
lems in these devices’ measurement accuracy. References [37, 38] studied the
ununiform temperature response of it. The cosine error was investigated by Refer-
ences [39, 40]. References [41, 42] examined the thermal imbalance of
pyranometers. Reference [43] explored the effect of wind speed and ambient tem-
perature influence on the pyrheliometer data. But still today, radiometry is still
perfected by researchers and meteorologists with the condition of better instrumen-
tation, calibration, and correction techniques to deal with the prementioned objec-
tions [44–46]. Reference [3] carried out a review of the current best procedures for
reducing the uncertainties of the radiometry by means of calibration and correction.

Gueymard conducted a study to evaluate the impact of instrument uncertainties
on the measured data inaccuracies and also to predict instrument uncertainties’ effect
on short-term and long-term measurement series. The treatise results confirmed
previous studies that there are widely underestimates of diffuse and global radiation
using pyranometer especially in winter. In addition, the study focused on using
appropriate corrective measures to lessen uncertainties. The study discussed other
types of measuring problems, as the indirect determination of direct or diffuse
irradiance, and the shadow and correction methods. The transposition model sensi-
tivity of the predictions according to inaccuracies in the radiation data is
verified [47].

Reference [48] studied global and diffuse solar radiation and solar energy effi-
ciency to offset energy shortages in Pune, Maharashtra, India. Direct and diffuse
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solar radiation data were measured during the study. Reference [49] declared that as
long as direct and diffuse solar radiation depends on local meteorological conditions,
the study of solar radiation under local climatic conditions is essential. Solar
radiation data can also be estimated using mathematical models in sites with a lack
of measured data. Climate variables such as the air mass (AM), ambient temperature,
and solar radiation make it difficult to predict the performance and efficiency of
photovoltaic units. Standard test conditions (STC) have been developed, which
define the maximum PV unit power (Pmax) under specific conditions: 1000 W/m2,
1.5 AM, and 25 �C module’s temperature. These conditions rarely occur at the same
time in nature. The performance of photovoltaic units varies with time, which causes
variations in temperature and radiation intensity depending on the geographical
location [50]. Thirty years ago, Saudi Telecom Company (STC) wanted to develop
its own towers to be supplied by electricity generated by photovoltaic modules and
asked some photovoltaic specialists to study the requirements. At that time, the
researchers suggested that photovoltaic modules must be manufactured with layers
that withstand variable weather conditions such as hot sunny, cold, hot cloudy, cold,
and moderate [50, 51].

The International Electrotechnical Commission (IEC) proposed a PV rating
standard (IEC 61853-1). This standard included characterizing of the PV module
performance depending on a matrix of various weather conditions such as HTC,
NOCT, LTC, and LIC. Table 5.1 listed these conditions. With this proposed
standard, the IEC solicit to enhance the rating method in a way that PV module
performance is determined at a set of testing conditions [52, 53].

Buday designed and built a system that has the ability to measure all these
parameters, but still the measurement system has a degree of uncertainty in the
data it generated [54].

In the literature, he provided a ground to understand the uncertainty level that
could be expected. Several sources of uncertainty such as the measurement devices’
lack of precision and the fast condition variation like irradiance through measuring
periods.

Table 5.1 IEC 61853-1 matrix-based text conditions [54]

Abbreviation Description
Irradiance
(W/m2)

Module
temperature
(�C)

Ambient
temperature

Wind
speed
(m/s)

HTC High temperature
conditions

1000 75

STC Standard test
conditions

1000 25

NOCT Nominal operating
cell temperature

800 20 1

LTC Low temperature
conditions

500 15

LIC Low irradiance
conditions

200 25
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Bashir carried out an outdoor study at winter months. The module performance
factors were calculated for each module focusing on the effect of solar irradiance and
module temperature on these parameters. The module parameters demonstrated high
dependence on the solar irradiance and module temperature. The module efficiency
and performance ratio showed a decreasing trend with the increase of solar irradi-
ance and PV module back surface temperature [55].

Reference [56] conducted a study on the effects of solar irradiance incidence angle
and dirt energy losses in the north of Spain [6]. The tested plant has 400 single vertical-
axis trackers and 45� tilted modules. Crops surround the plant with a distance of 1 km
from it, and the location was far away from any road with regular traffic flow. The
study compared irradiance measured by two horizontal pyranometers and the mea-
surements of irradiance by three calibrated cells located on separate trackers. The
effect of dirt was taken into consideration in this study. The daily energy losses were
calculated between Feb 2005 and May 2006. The study concluded that in case of
tracking surfaces, the PV module losses ranged between 1% and 8%, while for the
horizontal surface cases, the losses ranged from 8% to 22%.

Cano conducted a study for two sets of mini-modules; each set has 9 PV modules
with varied tilt angles of 0, 5, 10, 15, 20, 23, 30, 33, and 40o. The study focused on
the effect of tilt angle on daily and monthly soiling and hence transmitted solar
isolation and energy production by PV modules. As the performance of PV cells
depends on many operating conditions, some of these parameters interfere with the
other studied ones. The resulted data obtained by investigating these two parameters
gave the transmitted irradiance at each different tilt angle. Furthermore, the irradi-
ance will estimate the energy loss due to soiling [57].

The performance of the photovoltaic solar module (PV) is affected by the tilt
angle and direction of the photovoltaic level. Saleh [58] simulated the effect of tilt
angle (azimuth and altitude) on PV performance. The study included many tilt angles
(0�, 15�, 30�, 45�, and 60�) in both directions x and y. The solar radiation values of
different tilted surfaces were calculated with different orientations. The study
showed that the photovoltaic power generated is significantly affected by azimuth
and elevation difference.

Two dependent factors cause the complexity of the representation and study of
the performance of PV modules. These two factors are the variation of the solar
spectrum with daylight hours, and the second is the change of visual effects with the
solar tilt angle. Both parameters are associated with solar radiation, which can be
considered the most important parameters of PV outcome. It is therefore very
important to measure the radiation at the site to determine the performance of
photovoltaic plants. Reference [59] studied the effect of variables such as tempera-
ture, solar radiation, series resistance, and diode ideality factor on the performance of
two solar modules. Then the authors used a solar test model to measure current
values under varying radiated levels.

Mehleri [60] studied several measures to determine the optimal angle of photo-
voltaic units and how to maximize solar radiation reaching the cell during a specified
period. The researchers built a method that included a mathematical model using
measured data to reach greater accuracy. The researchers also built a database
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containing the average global solar radiation per hour on tilted surfaces and various
angles of inclination and orientation during the studied periods. The study produced
several models linking the angle of inclination and its direction with the average
global radiation and its variation on tilted surfaces. The final step involved formu-
lation of the optimal values for tilt angle and orientation.

Emanuele investigated maximizing the global solar radiation subjected to a
sloped collecting surface. The study started by calculating the optimum tilt angle
for PV panels on two sites, a building structure and a large PV power plant located in
typical latitudes in Southern Italy. Diffuse solar irradiance was deemed to specify the
PV panel inclinations that maximize dropped solar radiation using the data of global
horizontal solar radiation. An algorithm was used to provide a set of tilt angles for
every latitude for the simulation [61].

5.3 Solar Radiation in Iraq

Most of the Arab world is located in the global solar belt. Many valuable studies
declared that each square meter in the Arab world receives about 640 watts/hour in
average. If we estimated that the continuous demand for electricity of the entire Arab
world reaches 100 GW, this value can be achieved by installing a PV system with a
maximum efficiency of 10% over an area of 1560 km2. This area represents only
0.011% of the total area of the Arab world (147 million km2) [62, 63].

Huge number of studies in the Arab world on the PV solar energy applications
was conducted especially in Iraq. The potential for PV solar energy applications in
Iraq is enormous. Figures 5.1 and 5.2 show the monthly average of the daily
sunshine duration in hours for January and June in Arab countries. Iraq as mentioned
has an average daily sunshine about 7–8 h in winter increased for 11–12 h at summer
days. These sunshine hours are very promising for the utilization of solar energy,
either for thermal or photovoltaic application. The application of PV systems must
take into account the provincial conditions, as the available resources, and the
demand degree. Iraq has a benefit of the high solar radiation intensity. Also, it is a
wealthy country with large economical abilities. If the shortage in electricity demand
is added to the last two factors, the formula of PV system application success is
completed.

Al-Hilphy conducted a practical and theoretical study investigating the value of
the incident solar radiation intensity on two surfaces at Basra province, Iraq. The first
one is a horizontal surface, and the second one is making an angle of 30o with the
horizontal. The results of the study showed that the intensity of solar radiation
increases with daylight hours to reach a maximum of 740 W/m2 in the middle of
the day. The study also showed that the solar radiation falling on the slanted surface
has higher solar density than the horizontal surface. The study found a large
difference in the intensity of solar radiation measured between the years 2006 and
2011 [65].
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Sharif [66] clarified and confirmed the idea of building the second proposed
project of photovoltaic systems and wind parks similar to that proposed for the
African Sahara desert. The study demonstrates the efforts of Iraqi scientists and
experts in the field of renewable energies and gas and oil industry to interfere with
DESERTEC network. They proposed a second project to be built in Iraqi western
desert. The general idea is to utilize solar power during daytime with the assistance
of natural gas during nighttime [67]. The generated electricity is thought to be

Fig. 5.1 The monthly average of the daily sunshine duration in hours for January in Arab countries
[64]

Fig. 5.2 The monthly average of the daily sunshine duration in hours for June in Arab countries
[64]
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exported to Europe through Turkey. The proposed power value is to exceed more
than 6000 MW. The study of project costs and KWh cost calculations has shown that
the proposed project is feasible.

The most attractive issues of this project are:

1. The location of the proposed area lies in the high-intensity region of solar energy.
2. The proposed location is geographically connected with Europe through Jordan,

Syria, and Turkey.
3. The proposed location is available land and suitable for the foundations of large

power plant with the future extension abilities.
4. The proposed location lies near a huge reserve of natural gas that can be used to

support the solar plant power production at night or cloudy and rainy days.
5. The proposed location lies near a sufficient and available water in the region. This

water can be used for cleaning the dust off panels and for turbine coolant.
6. There is a demand of large amounts of electric energy at recent time in Iraq. In the

same time, Turkey and European countries are thinking of gathering the produc-
tion of thermal energy in parallel to the production of renewable energies [68].

Abbas studied the monthly and seasonal variations of cloudiness for variable
zones of Iraq. Cloudiness differences were found very low all over the country and
descend for the south areas. In the summer, the clouds were found to be higher in the
south than in the north. The study found that the pyrheliometric conditions for
Baghdad can be taken as a representative of all Iraq. At clear days, the study took
into consideration the incoming solar radiation within all months of the year, and the
horizontal radiation at Baghdad and applying empirical formulas. The study could
estimate the amount of solar radiation received at any graphical location in Iraq, at
any time of the year, by the knowledge of the cloudiness or the percentage of
possible hours of sunshine [69].

Omer investigated the cyclicity in the recorded climate to resolve some complex-
ities in the atmospheric system. The study took into consideration the periodicities in
the sun spot number, the time series, and the annual and seasonal temperature time
series. The researchers were able to study the data stored and distributed over a
period of 63 years for the period from 1948 to 2011. They found that there were
several periods where the annual and seasonal temperature changed for the bundle of
10.5–12.5 years related to the solar cycle. Also, the Kurdistan-Iraq (north Iraq)
temperature is negatively correlated to the solar cycle [70].

Alasady in his paper focused on the sufferance of Iraq due to the scarcity of
electrical power since the nineties till present time. Also, the long hours of the
electricity cutting forced the Iraqis to use the available alternatives such as generators
(with high KVA or small wattage). The estimated number of these generators is
about four million generators and maybe more. This condition forms an additional
economic pressure and a continuous damage to Iraq’s environment due to the
combustion-emitted pollutants increasing [71]. Iraq received solar radiation averag-
ing about 6.5–7 kWh/ m2 with periods of sunshine exceeding 3300 h per year. These
numbers ensure access to large amounts of energy if it is compared with, for
example, Canada and Russia. The sunshine period in these two countries not exceed
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1000 h a year, but it is used to generate solar energy. The study is counted a part of
projects of the Center for Energy Research and the Environment for the period from
1981 to 2006. These projects included the heating, cooling, and lightening of the
building of the energy research center which is 6361 sq m. using solar energy to heat,
cool, and lighten the home solar Iraq which is a guest house with a total area of
600 square meters. A nursery building consists of 120 children bed heating, cooling,
and electric power generation, using solar energy. In addition to the use of solar
water pumping in Rabia, Samarra and Fudhaliyah [72].

5.4 Temperature Effect on PV

The standard system adopted to measure the standard PV performance relays on
testing the PV module under standard test conditions (STC), and these conditions
consist of 1000 W/m2, 1.5 km (air mass), and the unit temperature of 25 �C. Another
test, called nominal cell temperature, is also used. The standard test conditions are
0.8 kW/m2 of solar radiation, 20 �C of ambient temperature, and 1 m/s of wind
speed [73].

PV performance was affected significantly by environmental factors as solar
irradiance, temperature, air mass, and wind velocity [54]. Also, the PV modules’
electrical efficiency ranged between 6% and 18%. However, it is very difficult to
achieve the occurrence of these conditions simultaneously in nature. So, the perfor-
mance of PV modules varies primarily because of differences in temperature and the
air mass (AM) that resulted from geographic location and time variation [74]. As a
result, it has become difficult to predict the performance of photovoltaic (PV) units,
which explains why nonlinear performance characteristics of various solar cell
technologies are produced [52]. Studies have shown that increasing the temperature
of photovoltaic cells by 1 K results in lower electrical efficiency of existing crystal-
line silicon cells by about 0.4–0.5% [75, 76].

Irradiance affects PV power significantly. Whereof many researchers investigated
its effects and the influence of other factors related to it as the angle of incidence and
cell tilt angle [77, 78]. As long as solar cell depends on solar radiation to produce
electricity, so the higher the solar irradiation, the higher PV performance resulted.
Unfortunately, this concept is simple and far away from reality. PV produce elec-
tricity in the practical life about 15% of the irradiance, that means 85% transforms to
heat in the cell body. The heat absorbed by PV panel increases its temperature. The
temperature of active PV cells can be considered to play a major role in the
photovoltaic process, because the high temperature causes a decrease in both the
output voltage and the output power of the cells and the performance of the PV
modules decreases significantly with the increase in temperature [79]. The physical
properties of solar cell materials are affected by operating temperatures, as well as by
surrounding environmental and climatic conditions that have the same effects [80].

A great number of papers have illustrated a significant reduction in the efficiency
of various PV technologies under high-temperature operation.
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Iraq passes about six hot months per year, and the peak is at July and August. The
irradiance is high at these months as well as air temperature. In Iraq neighborhood
countries, many studies have been conducted to test the temperature effect on PV
power. Charabi [81] studied the geographic and metallurgical variable of the Sul-
tanate of Oman. It was selected due to its location in the core of the Sun Belt, with
high potential of solar radiation. Oman is characterized by hot temperature and
vexing arid climate [82, 83]. He studied the land suitable for large PV station
constructions. The study results manifest that only 9% of the total area of Oman is
highly suitable for large PV power plant because of high solar irradiance and dust
escalation. The different PV technologies tested showed that the CPV technology
provides high technical potential for implementing large solar plants.

Hughes [84] worked on a computational fluid dynamics (CFD) model for heat
transfer during the operation period of a PV panel and used this model to determine
the rate of heat dissipation. The study was conducted on the conditions of the United
Arab Emirates climate and specifically the conditions of Dubai City. The study
suggested the arrangement of fin-heat tubes and analysis to minimize the effect of
high temperatures. The study concluded the usefulness of the proposed method of
using the fin-heat tube and its efficiency for practical use in high-temperature areas.
The temperature of the PV panel has been exceeded by 70 �C during practical
experiments. The researchers have used the proposed fin-heat tubes to remove heat
by natural convection. The CFD analyses conducted by the researchers identified the
optimum refrigerant temperature that could be reached under the UAE’s environ-
mental conditions at 30 �C, a temperature within the range of solar cells.

Makridas [85] studied an impact temperature panel on the performance of a
system for stabilizing in Cyprus. The evaluation period lasted more than 4 years
during which heat losses were calculated for several PV systems. The researchers
used plant temperature coefficients and temperature coefficients assessed using
external technology. The study showed that the highest thermal losses on the annual
return of energy suffer from the single and multi-Crestline Technology. While
thermal losses for thin film technologies are lower than other techniques. The
study concluded that the use of thermodynamics has an important effect on the
seasonal behavior of photovoltaic arrays.

Iraq can be considered at the second level of the countries that are exposed to the
highest solar radiation after the core of the solar belt states. The potential of Iraq to
establish solar facilities, whether physical or human, is highly available. The average
annual energy received per day from the sun ranges between 4.5 and 5.4 kW/m2 in
Iraq [86]. Al-Halphy [87] studied theoretically and practically the intensity of solar
radiation on a horizontal surface and another fixed at an angle of 30� from the
horizontal in Basra city, southern Iraq. The study lasted from 2006 to 2011. The
results of the study showed that the maximum solar density that reached 740 W/m2

occurred in mid-August. The study indicated that there is a very significant metal-
lurgical phenomenon. The study determined that there is a large difference in the
intensity of solar radiation between 2006 and 2011, as solar intensity in 2011 was
higher than in 2006 [88]. Chaichan clarified that Iraq has about 3600 hours of solar
brightness per year and a minimum of about 3000 of sunny hours a year. The solar
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intensity per hour in the Baghdad City Station ranges from 416 W/m2 in January to
833 W/m2 in June [89].

Many theoretical and simulation papers worked on modeling the temperature of
PV modules. These papers succeeded in obtaining correlations to predict the cell or
module temperature based on the incoming solar irradiance, ambient temperature,
and wind speed [90–94]. These studies suggested that the module temperature
subjected to immediate changes, so the thermal mass of the modules was not
considered. Other studies extrapolate a known reference condition (like the normal
operating cell temperature) to predict the module temperature [95]. The assumption
that module temperature is uniform across the array does not appear acceptable. Farr
[96] formed a comparison of two identical PV systems in different climates. The
results indicated that module temperatures varied by several degrees across the array.

In all the previously mentioned articles, the steady-state conditions were valid. In
fact, a steady-state model is not able to predict the PV cell or module temperature
fluctuations during periods of rapid irradiance oscillation. The changes in irradiance
can take place within seconds as field measurements indicated. Jones [97] point out
to the slow thermal response of the PV module to sudden changes in irradiance. This
slow response indicates the effect of the thermal mass on the thermal response. Tsai
[98] indicated that the rapid irradiance changes appear as a variation within 3 �C of
the measured module temperature, but a real temperature fluctuation is over 20 �C.
This error of this high value in the thermal model will result in major errors in the
predicted output power.

Lobera [99] studied theoretically and practically the thermal response to changes
in irradiance and wind speed for PV modules. He proposed a dynamic state thermal
model of PV modules, depending on the thermal mass of the module. All apropos
climatic conditions and heat transfer mechanisms were taken into consideration. The
proposed model was based on the non-steady-state equation depending on 3-day
measurement periods on winter, spring, and summer time. The results indicated
accuracy less than 2 �C for 80% of the time.

The obstacle of high weather temperature and its effects on the PV power
reduction, gave excuses for Iraq decision makers to neglect it. In spite of all its
known advantages, till now PV modules entered Iraq in abashment. As long as the
produced electricity and the efficiency of PV module can be improved by cooling the
solar cells itself with a stream of air or water. This led to the developing of PVT
hybrid solar technology. PVT collector is a module that produces electricity and,
also, serves as a thermal absorber. The results are simultaneous production of both
heat and power, as both solar heat and solar electricity demands are supplementary.
PV cells utilize a part of the incident solar radiation to produce electricity, while the
other part recovers part of the waste heat and uses it for practical applications. Four
categories of PVT till now are researched, namely air-based PVT, water-based PVT,
refrigerant-based PVT, and heat pipe-based PVT [100].

Teo [101] used a parallel array of ducts on the back of the PV panel designed to
distribute airflow uniformly. After conducting the tests with and without active
cooling, a linear relationship was found between efficiency and temperature. The
electrical efficiency dropped with about 8.6% without cooling, whereas PV
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operating temperature was reaching 68 �C. The cell temperature could be sustained
at 38 �C by employing a blower, and the efficiency could be kept at around 12.5%.
Sarhaddi [102] investigated analytically a model of the performance of a solar
photovoltaic thermal (PV/T) air collector. Corrections were done on heat loss
coefficients to improve the used thermal model. An agreement was achieved
between the results of numerical simulation and the outdoor test results of
[103]. Charalambous [104] mentioned an easy comparison between the design
variables that could affect the thermal and electrical performance by reviewing all
standard types of PV/T collectors.

The second category PV/T water collector is more popular than the other types of
PV/T categories. Its popularity comes from the diversity of the water collector PV/T
system applications and properties [105]. Krauter [106] investigated the effective-
ness of the utilization of a nozzle of injected water on surface to cool PV cells; the
nozzles were located at the top of the module. The injected water reduced the
reflection by 2–3.6%, in addition to help keeping the surface clean. The injected
water reduced the cell temperatures up to 22 �C, which resulted in a gain of 8–9% in
the electrical yield. PV cooling by using percolating water on the upper surface of the
call was studied by [107]. A significant decrease of about 26 �C in cell operating
temperature was achieved, while the measured surface temperature in a typical
summer day was around 58 �C. The system output was increased by a range of
4–10% with this cooling procedure. Fifty percent of output increase was revered to
direct contact cooling between water and PV module surface. The remaining part
revered to refraction of the solar radiation in water film.

The removal of excess heat from both cell surfaces by immersing the cells in a
dielectric liquid was proposed by [108]. Dimethyl silicone oil was used as the
dielectric fluid, and a long-arc xenon lamp was employed as the illumination source.
A total uniform temperature distribution was achieved, with an uncertainty degree of
less than 3 �C between the simulation and experimental data. Yang [109] reported
that the module temperature can be decreased with about 20 �C. They used func-
tionally graded material (FGM)-based water tubes to achieve this effective reduction
in the panel temperature. Kerzmann [110] presented a simulated study of linear
concentrating PV systems. The system used an active fluid cooling channel which
was made of high-efficiency multi-junction cells. The surplus heat was removed by
means of the active channel cooling system. Higher cell efficiencies were achieved,
and the withdrawn heat from the module was stored and used for heating purposes in
domestic use.

Chandrasekar [111] developed a simple PV cooling system by using cotton wick
structures. The moist cotton wick structure was placed facing the ground on the back
surface of the module. The expected cooling effect of PV module was attributed to
the capillary action of the cotton wick. This novel procedure reduced the cell
temperature from 65 to 45 �C. This passive cooling system utilized cotton wick,
and water was compared with the utilization of Al2O3/water and CuO/water
nanofluids. Reductions of about 11% and 17% in cell temperature were achieved
with nanofluids compared to about 30% reduction with water. This difference was
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referred to the adherence of nanoparticles to the wick fibers which hampered the
capillary wick action.

Kearn [112] studied the use of heat pump systems to cool up the PV modules; this
procedure wasn’t previously studied. The proposed system consisted of simple PV/T
collectors connected to heat pump systems. The energy savings and economic
benefits were studied. The proposed new concept of the PV/T unit is accompanied
by a heat pump application. Evaporating coils have direct expansion under photo-
voltaic modules, allowing for evaporation of refrigerants when passing through the
units. Coils act as the evaporation section of the heat pumps. This design allows for
evaporative cooling at a very low temperature of about 0–20�C, resulting in photo-
voltaic cells being cooled to a low temperature. The study found a significant
increase in the electrical efficiency of the cell. The thermal pump compressor
increases the resulting steam pressure and reaches the condenser to provide heating.
The compressor can be driven by photovoltaic power generation, thus creating a
solar-powered solar pump independent of fossil energy [113]. PV/T collectors
cooled by heat pipes are still relatively new technology so researches in this field
are very limited. A flat plate with swivel heat tubes for photoelectric cooling was
studied. The results of the study concluded that heat pipes can overcome problems in
the refrigerant-based system. These include the possibility of leakage of refrigerants,
the distribution of unbalanced cooling flow, and the difficulty in maintaining pres-
sure or pressure in the parts of the system [114]. Combining thermal conductivity
and phase transition principles resulted in efficient heat transfer mechanisms of heat
pipes. Heat pipe consists of evaporator section, adiabatic section, and condenser
section. It provides a solution for removing and transmitting heat [115]. Zhao [116]
studied PV/heat pipe combination by proposing a PV/flat-plate heat pipes array. The
target was to cogenerate electricity and hot air/water together. The resulted PV
efficiency increased by 15–30% compared to the sole PVs. Also, the overall solar
conversion efficiency of the module was around 40%. Feng [117] investigated a new
concept integrating PV/T system using oscillating heat pipe. The system elements
consisted of oscillating heat pipes, headers, finned tube, graphite conductive layer,
metal frame, PV laminate module, and insulations. The coolant in the metal heat
pipes absorbed heat from the operated PV cells and change its phase to vapor. The
vapor condensed after passing through the finned tube releasing its heat to the
surrounding fluid and reverts to the absorber by effect of capillary forces and gravity.

Iraq can be considered as one of the best places for utilization of solar power due to
the abundant sunshine and flat open land near population centers. Unfortunately, solar
specifications and geographic characters are only one factor of Iraq’s success in solar
power opportunity. The impact of two decades of war and 15 years of economical
block resulted in years of underinvestment in the power sector. In addition, rapid
increases in demand for electricity create significant differences between demand for
energy and production. This situation did not prevent the investigation in solar energy
sector to evaluate the best solution for introducing solar energy to public.

Amauri [118] used two selected sites in Iraq to analyze the electrical and thermal
performance of the PV/T hybrid system using mathematical modeling. The proposed
model was used to study the performance of the system for a winter day and on a
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summer day in the cities of Baghdad and Fallujah, 50 km to the west of Baghdad.
The study focused on several variables such as cell temperature, ambient air tem-
perature, thermal gain, photovoltaic current, and voltage. The study identified the
effects of temperature in the sky, air, and cell input, air flow rate, and solar radiation
on the performance of the PV collector. The results showed that the total electrical,
thermal, and overall efficiencies of the two systems used in the study were 12.3%,
19.4%, and 53.6%, respectively, for the winter day, while the summer day were 9%,
22.8%, and 47.8%. The study concluded that photovoltaic/thermal systems would be
able to operate with acceptable efficiency in Iraq.

References [119, 120] studied several aspects of the PV/T systems to ensure their
eligibility for future work in the production of electric power. The papers explained
the techniques used in system configuration. The researchers reviewed the thermal
and electrical systems of the PV/T systems and their various applications. The
articles presented a comparison to the efficiency and performance of the PV/T
systems depending on the coolant used, such as air/air, air/water, water/water, and
finally water/nanofluids. The use of nanoparticles and water as a coolant fluid
improves overall system efficiency. The two studies concluded that further research
is necessary to improve the efficiency of these systems, reduce their cost, and
improve their technical designs.

Reference [121] study showed that the addition of 3% of nano-SiC to water as a
weight ratio resulted in increasing the density of the nanofluid and increasing its
viscosity and improved its thermal conductivity clearly. Experiments have shown
that the tested fluid has good stability and can be used for a long period. The use of
SiC nanofluid caused an increase in the electrical efficiency by 24.1% more than the
photovoltaic panel alone, while the thermal efficiency increased by 100.19% com-
pared to the state of water use for cooling.

Reference [122] checked the possibility of using three nanomaterials when added
to water to form cooling fluids for the use in PV/T systems. The researchers used
several volumetric fractions to determine the best concentration of nanoparticles.
The study showed that the use of any nanofluid gives better thermal conductivity
with very limited increase in viscosity and density of the resulting fluid compared to
water. The study tested several nano materials as nano-Al2O3, nano-CuO, and nano-
SiC. The results showed that nano-SiC water has the best thermal conductivity
compared with other nanomaterials. Also, its stability last longer than the other
tested nanofluids. It is also observed that copper oxide nanofluid has a higher thermal
conductivity than nano-alumina, but its stability is lower.

Al-Waeli et al. [123] studied the use of phase change material (PCM) with cooling
nanofluid system to control the thermal capacitance of the system. This new system
was proposed to gain higher electrical efficiency, increasing overall efficiency of the
PV/T system. Nano-SiC particles were added to the paraffin wax and in the cooling
fluid to enhance the thermal conductivity of both paraffin and cooling fluid. Field-
based tests have been conducted in Malaysia. The proposed system use caused a
decrease in cell temperature up to 30 �C during the peak solar radiation period (12:30
AM to 1:30 PM), resulting in improved PV/T system performance. Besides, the
thermal efficiency of the proposed system increased up to 72%.
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5.5 Humidity Effect on PV

PV modules are affected by water seriously. Also, water causes hydrolysis of
polymeric components that result in the degradation of the module efficiency.
Water causes corrosion of the glass and the metallic grids and interconnectors
[124]. Basically water contained in air as moisture defined as the ratio between
actual water vapor pressure in the air and the saturated water vapor pressure at the
same temperature [125]. This moisture diffuses into photovoltaic (PV) cell through
cracks or the breathable back sheets [126]. Moisture quantity is measured by air
relative humidity (RH) which varies at the front encapsulate with that of a backside
encapsulate [127]. The dependence on water vapor saturation pressure in measuring
RH and its considerable relation with temperature cause these differences
[123]. When PV modules are operated at hot and humid climates, the moisture
content in the air causes degradation to the module performance [128]. The changes
depend on moisture diffusion process through PV module which is a slow process
[129]. When moisture penetrates the polymer and reaches the solar cell, it weakens
the interfacial adhesive bonds, causing many effects [130]. Some examples of these
effects are the PV delamination [81], increased numbers of entry pathways, and
erosion of welded joints [131, 132].

Therefore, many researchers have studied the effect of relative humidity on PV
modules. Bhattacharya [133] investigated the impact of natural outdoor conditions in
Rajasthan like high ambient temperature, dust, humidity, and scarcity of rain on PV
modules. The researcher clarified that the Rajasthan average relative humidity
(RH) is about 42%, with maximum achieved RH of 70% at August and minimum
of 25% during the month of March. The study clarified that corrosion is the primary
effect of humidity especially if both humidity and high temperature meet together.
The atmosphere conditions of high temperature (higher than 40 �C) and humidity
(less than 60%) cause a long-term deterioration. While higher levels of temperatures
and relative humidity will accelerate the corrosion process, other yields like the
growth of fungi increase at the high relative humidity levels between 75% and 95%.
Moisture forms a sticky surface that catches dust and dirt particles on the PV surface.
Laronde [134] and Peike [135] tested the degradation of PV modules due to
corrosion. They concluded that the main cause of PV module degradation is the
grid corrosion that causes the conductivity reduction between the emitter and grid.
Their studies declare that moisture penetration increased with increasing tempera-
ture, as well as adhesion strength reduction. Touati [136] investigated the effects of
temperature, dust, and relative humidity on PV system efficiency. The monocrys-
talline and amorphous solar photovoltaics were used in Qatar environment. The
results showed that dust accumulation affects PV performance higher than ambient
temperature and the relative humidity. Also, increasing temperatures above 40 �C
has great influence on amorphous PVs.

Mekhilef [137] measured degradation in solar cell efficiency caused by humidity.
The study mentioned that increasing wind velocity will lower the atmospheric air
relative humidity causing a better efficiency. On the other hand, high wind
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movements may lift dust and scatters it in the PV surroundings causing lower cell
performance. The study concluded that dust, humidity, and air velocity affect
together the performance of PV cells. The exchanging influences of these factors
must be studied together to evaluate PV cell efficiency. Gwandu [138] demonstrated
that the humidity has influences on the sunlight irradiance level, where it will be
radiations subjected to refraction, reflection, or diffraction caused by water vapor
particles. These cases reduce the received solar radiation level causing nonlinearly
irradiance alterations. A little nonlinear variation in open circuit voltage is accom-
panied with large linear variations in short circuit current.

Kempe [126] clarified that air humidity is likely to cause cell failure if the
moisture permeates the crystalline silicon cell through cracks in the cell. The solar
cell is subjected to cell brittleness by the moisture corrosive effect, which is very
influential in the degradation of photovoltaic cells. The change in the color of the
photovoltaic units can be seen as evidence of panel failure and reduced service life.
Moisture degradation in photovoltaic modules made of crystalline silicon causes an
electrical bind failure to the cell most of the time. The films are also thin, and
moisture-sensitive units corrode. Therefore, each of these processes causes further
deterioration of cell performance caused by hot and humid weather.

Prakash [139] illustrated that the PVmodule efficiency is low and is influenced by
many environmental factors as dust, temperature, wind velocity, and relative humid-
ity. The researchers considered the PV cell as a glass cell and took glass physical
properties as a reference. They cooled the PV cell using a non-pressurized cooling
system to deliver a least amount of water once in a while. The study results indicated
that in hot and dusty areas, the cooling and cleaning of the PV panels is possible by
using water cooling system. However the cooling process must start after the cell
temperature reached 42 �C. Of course, the researchers neglected the cooling water
corrosion effects on the long range.

Darwish [140] clarified the relation between humidity and irradiance and their
effect on short circuit current by the equation:

η ¼ ISC�max:VOC�max

AC irradiance-levelð Þ
ð5:1Þ

where AC is the effective area of the module, ISC is the short circuit current, VOC is
the open circuit voltage, and η is the conversion efficiency. The study concluded that
the wind speed affects the received irradiance in a reverse of relative humidity effect.
On the other hand, the PV modules long-time exposure to humidity may lead to
water ingresses into the PV panel causing cell performance reduction.

Omobo [141] studied the effect of relative humidity on the efficiency and
effectiveness of converting solar energy into electricity for PV modules. The results
showed that there is a proportional relationship between solar radiation, output
current, and solar cell efficiency. Relative humidity in the air affects the intensity
of solar radiation, and as a result, they both have a negative impact on the output
voltage of photovoltaic cells. The researchers were able to maximize PV power with
operating conditions at 43�C and relative humidity of 77%. Kattkar [142] has
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analyzed the effect of photovoltaic cell temperature and moisture effects on the
performance of solar cells to assess the efficiency of photovoltaic cells produced in
different weather conditions. The results showed that the environmental conditions
in which photovoltaic cells work have a direct impact on energy conversion effi-
ciency. The study was conducted in severe atmospheric conditions with an ambient
temperature of 58�C and relative humidity of 60%. These extreme conditions have
reduced the efficiency of photovoltaic cells by 32.42%.

Kazem [143] studied the effect of relative humidity on the performance of three
types of photovoltaic cells (PV) in the climate of Oman, which is characterized by
very high relative humidity. The results of the study showed that the performance of
solar cells is enhanced in conditions of low relative humidity as well as the voltage
and increased the electrical power produced. Besides, when relative humidity
decreased, the monochromatic panels have higher efficiency than crystalline and
amorphous silicon technologies. Al-Hanai [144] analyzed the effects of the various
variables affecting the thin film Si and the performance of the PV units. The study
area was the United Arab Emirates, characterized by dry and cold weather conditions
at winter and hot and humid at summer. The study showed the apparent effect of air
humidity on the performance of the photovoltaic cell. The researchers concluded that
moisture is linked to an inverse relation to the temperature, which makes the
assessment of its real effect in the performance of the cell complex. Finally, a
significant reduction in overall setup performance was observed as the power
produced in the grid was fed through the inverter.

Ettah [145] investigated the effect of relative humidity on the solar panel perfor-
mance in Calabar, Nigeria. The study concluded that at low relative humidity
between 69% and 75%, the output current from solar panels increase. At relative
humidity values between 70% and 75%, the voltage output increased, as well as it
increased with relative humidity reduction. The results clarify that solar panel
efficiency is high during low relative humidity period. Therefore, Ref. [95] found
that low relative humidity improves the solar panel performance.

Klampaftis [146] investigated the effect of humidity on undiffused passivate
silicon oxide. The study found that n-type silicon wafers have high resistivity to
100% relative humidity at 75 �C for variable time periods. When PV panel was
exposed to humidity, a significant increase in surface recombination was observed.
The researchers suggested three mechanisms that may cause the degradation: first,
the diffusion of moisture through the SiO2 and its reaction with hydrogen molecules
at the Si–SiO2 interface; secondly, a reaction of water vapor with the SiO2 creating
silica acid molecules, which alters the film stress, thereby increasing the density of
states at the Si–SiO2 interface; and thirdly, the surface charge sedimentation during
exposure to sun radiation. Panjwani [147] tested the effect of humidity ranges
between 40 and 78%. The results indicated that there is an approximate loss of
about 15–30% of the PV power. Humidity is found to bring down the utilization of
solar energy about 55–60% from just 70% of utilized energy. This results from a
minimum layer of water vapor in the solar cells facing the direct sun, as solar
radiation hits the face of solar cells will suffer from loss of energy absorption by
the cell because of its reflection.
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Omubo [148] clarified that for PV modules located far away from the seashore
with a lower relative humidity proceeds higher efficiency, as at low relative humidity
between 65% and 73%, the output power achieved was the highest. Low relative
humidity results in increasing the solar flux; consequently, the output current and
efficiency of the solar panel are improved. Rachman [149] investigated the impact of
outside conditions and of the efficiency for solar-assisted desiccant cooling system.
One of the study findings was that the increase in inlet air humidity results in increase
of moisture removal. Better system performance can be achieved at lower inlet
temperature and humidity ratio of regeneration air.

Chegaar [150] measured the effect of solar radiation on three types of solar cells
in Algiers. The results showed that efficiency increased with increasing air mass of
monocrystalline and multicrystalline solar cells. The results were reversible to the
amorphous silicon solar cells under the same conditions. The study concluded that
efficiency increases with increasing relative humidity of the three solar cells tested.
Ndiaye [151] reviewed various studies of methods that caused the deterioration of
photovoltaic module. The study examined the effect of corrosion, discoloration,
delamination, and fracture of key modes of photovoltaic units of deviation defined in
etiquette. The researchers concluded that corrosion and discoloration are the dom-
inant factors in photovoltaic cell degradation, although the modeling of different
degradation types is still poorly studied in literature.

Kemp [152] explained that humidity causes corrosion if it enters the PV module
through the edges of a laminate. Corrosion metal attacks and PV cell connections
increase leak currents causing loss of performance. The results showed a relationship
between the humidity inside the PV module and the degradation rate. The study
focused on moist and wet geographical areas such as Miami, Florida, and the United
States. The study said that the only way to prevent moisture penetration is to seal it
using low-spreading fillings containing a large amount of dried material.
Wohlgemuth [153] conducted an accelerated test called 85/85 (T ¼ 85 �C/
RH ¼ 85%) in accordance with IC 61215 [153]. The results showed that corrosion
occurred after 1000 h of the PV module exposure to climate under 85 �C and 85%
relative humidity. Other researchers [154, 155] investigated the impact of corrosion
and discoloration as prevailing patterns of photovoltaic degradation units.

Delamination is a condition in which the loss of adhesion appears between the
cells and the windshield or between polymer encapsulation and cells. This phenom-
enon causes the reflection of light to increase and the moisture penetration of the unit
structure [156, 157]. Skoczek [158] studied the impact of pollution on the deterio-
ration of photovoltaic units. When lamination occurs on the edges of the unit, it
becomes very hard. In addition, it raises the risk of electrical hazards to the
photovoltaic cell. Pollution is more common in hot and humid climates. Moisture
permeation in the solar cell most often causes various chemical and physical
damages to the metal and cell connections. This penetration also causes the accu-
mulation of salt in the photovoltaic unit and the occurrence of contamination. The
hydrofluoric acid formed by the fluorine and tin oxide contained in the PV unit has
drilled the interconnection of the cell [159]. Discoloration is the change in the PV
cell material color which turns to yellow and sometimes brown. Discoloration
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occurrence causes an adhesive material between the glass and the PV cells that result
in a degradation of the encapsulate module. The light transmittance reaching the PV
cells is reduced due to discoloration, and as a result, the output power of the module
is reduced [160]. Oreski [161] clarified that the main causes of PV cell degradation
are the meeting of ultraviolet (UV) rays and water with temperatures higher than
50 �C. Discoloration may occur in various and not neighboring areas of a PV cell
depending on the different characteristics of the used polymers. Discoloration may
come from the encapsulating polymer.

Kojima [162] studied that the yellowing afflicts the solar cell. The researchers
exposed PV modules to artificial radiation. The study concluded that a rapid PV cell
degradation occurs with the photosensitivity increment after the exposure for more
than 400 h. In addition, the occurrence of a weak yellowing on the cell increased the
degradation [163]. It was recorded that the encapsulate discoloration appears when
UV irradiation reached 15 kWh/m2, with a wavelength ranged between 280 and
385 nm [164]. A long-term slow module degradation and the time of exposure of PV
modules to UV radiation are correlated linearly [165].

Glass breakage occurs during installation and maintenance in most of the cases.
Also, it happens during the transportation of cells to their installation locations
[166]. The broken or cracked cell may keep operating correctly for a long period
of time, but the electrical shock hazards due to moisture infiltration increases. Cracks
and breakages in cells cause corrosion, discoloration, and delamination. It is very
difficult to detect cracks on the newly installed PV module with the naked eye, but it
can be perfumed by employing optical methods [167]. In recent years, producers
tend to vary the cells’ service thickness in order to save it and to reduce the costs of
PV cell manufacturing. However, this thickness reduction increases cells’ fragility
and susceptibility to breakage during handling [168].

The highest relative humidity in Iraq (as shown in Table 2.7) is 78% in Mosul,
central Iraq (in January). RH minimum value in Iraq is about 16.2% at Al Najaf at
middle of Iraq (in July). The RH values listed in Table 2.7 manifest the possibility of
utilization of PV modules efficiently in Iraqi environments.

5.6 Wind Effect on PV

The sun’s energy is abundant and reasonable choice for a clean energy source that
provides secure power supply for the future development and growth. There is an
enormous advance in the understanding of the operational principle of photovoltaic
arrays that led to a fast increase in the power transformation efficiencies of these
devices. Solar cells exposed to ambient conditions affect its performance and output.
The temperature changes affect the power output of the cell as well as the environ-
mental dust accumulation on the cell surface. The desired efficiency of PV cell
depends mainly on the ambient temperature around the PV module [169]. Solar cells
operate better in certain weather conditions, but, since these conditions are always
varying, the solar PV arrays do not work under standard operating conditions. The
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PV system’s performance does not depend on its basic characteristics only, but it
depends also on the environmental conditions. As an example, the ambient temper-
ature plays an important role in the PV module performance [170].

The solar PV cells are manufactured at STC, but they are used for domestic
purposes in areas exposed to the environmental conditions like ambient temperature
as well as wind speed. So, the wind speed affects the performance of the PV arrays
also. Sun is responsible indirectly on the wind energy and its impact on PV cell
performance. Wind energy is used globally as a successful alternative technology for
generating electrical energy [171].

As PV modules are exposed to environment, then they are exposed to wind all the
time. Wind has multivariable types of effects on the PV cells. Firstly, a positive
impact, which is increasing the natural and forced convection cooling of the PV
panel. Cooling the PV cell helps in maintaining its performance as high as possible.
Secondly, the wind negative influence can be divided into two categories: (1) the
force exertion on the PV panel that can lead to a significant structural detriment and
(2) the sand and dust irritation in the air that settles and accumulates on the PV
surface after the wind’s sensation [172].

The nature of the wind’s force induced on the PV array’s structure depends
mainly on the wind direction, speed, shape of the structure, and exposure conditions
[173]. The PV modules were set in two places, the ground and on the roof of the
building. Ground PV units are at low altitude, submerged at the lowest point of the
air boundary layer, and wind velocity cannot be predicted due to symptoms and
severe disturbance [174]. The average wind speed in the least affected area is
affected by the roughness of the Earth. The roughness cannot be determined
precisely because of the variation in the size of the terrain that causes this roughness,
including size, shape, density, and distribution (e.g., trees, buildings, etc.)
[175]. Common PV modules are rectangular-shaped flat plates. Both ground-
mounted PV modules and flat rooftop mounts are commonly inclined to extract
the optimal energy. The PV module’s inclination angle is determined by the latitude
of the location. The arrays are installed to donate the best angle for capturing the
maximum amount of sunlight [176].

The manufacturers perform a complete series of qualification tests on random
samples of modules to confirm that the product matches the long-term performance
expectations, before presenting it for sale. The American Society for Testing and
Materials (ASTM) developed the qualification tests and standards by the Institute of
Electrical and Electronics Engineers (IEEE). These tests include a variety of
mechanical, thermal, and electrical qualification tests [177].

Wind load’s impact on solar PV arrays has been extensively studied [178]. Wind
forces vary dramatically depending on the location landscape and the solar array’s
shape and height. Reference [179] demonstrated that higher wind loading affects
isolated arrays experienced than that mounted in clusters. Also, the arrays in the first
row facing the wind shielded significantly the subsequent module rows from the
majority of the wind force. The study concluded that the modules at the boundaries
of the array are subjected to the highest wind loads. Reference [180] showed that the
flowing wind parallel to rows of modules produced insignificant loading conditions.
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For the panels that face the south tilted toward the sun as in north quarter, the
northern wind may cause a significant uplift on the back row of the modules. The
southern wind will strike the face of the first row of PV panels. The aerodynamic
wind testing conducted by Ref. [181] revealed that large spacing between module
clusters may lead to channel flows between modules that result in higher wind loads
on internal module rows.

A dynamic mechanical loading tryout is conducted to simulate wind loading that
needs a 30 psi load distributed uniformly to be applied to both the front and back
surfaces of the PV panel for 10,000 cycles at a rate less than 20 cycles per minute.
This test has an advantage of executing a tryout that can quickly simulate environ-
mental conditions to obtain the reliability of the mechanical design. This test cannot
fully simulate real-life conditions, since wind storms from any angle and it does not
necessarily cross the surface uniformly or normally to the front or back faces, and
this is the disadvantage of this test. The tilt angle and magnitude of a PV array varies
depending on the location. These changes were studied in finite element software
beforehand to allow the manufacturer to enhance their designs before testing the PV
module by the qualification tests [182].

In wind experiments, energy law is used to determine average wind speed
[183]. Power law is based on roughness and has been modeled in many symbols
such as the National Building Code of Canada (NBCC) [184] and its American
counterpart from the ASCE [179]. According to the ASCE standard, there are many
procedures to calculate the minimum wind pressure when designing roof systems.
The effects of wind on suspended forms of solar arrays measured in wind tunnels are
studied in literature. The US Department of Energy has commissioned many
researchers to conduct pilot tests to measure the impact of wind speed on flat PV
panels [185]. The results of this test showed that upstream flow retaining elements
such as barriers can be used to reduce the wind effects on the PV unit. On the other
hand, the end plates were found most suitable for large load reduction on plates.

Several studies have been conducted to test models of PV roof panels mounted in
the wind tunnel. Reference [186] examined the wind effect of several rows of
photovoltaic cells that have been fixed on the roof, and this slag is divided into
three different construction models with flat surfaces. The results of the study
showed that the front row panels received high pressure and force factors and reduce
their effects on the following rows. Reference [187] investigated the lift force on the
support structures of the PV plates. The study concluded that wind loads on
photovoltaic units could be reduced using the appropriate building elements. Refer-
ence [188] tested a constricted construction model in the wind tunnel to represent
photovoltaic modules installed on flat roofs. The measured pressure on the roof of
the building was measured at one time. The study recorded fluctuations in the net
pressure coefficient on the plates, while the lateral spacing between the plates varied
during these tests. The leading edge recorded a slight variation. The study results
indicated that changing the clearance height and panel spacing will not subject
additional momentous variations on the overall pressure of the PV panels. Reference
[189] tested an array of six PV modules placed in parallel in the wind tunnel, where
the wind speed was 15 m/s. The study was conducted to evaluate the location of the
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maximum torque enforced on the modules with the critical loading angle of the
subjected wind. Besides, the study introduced a linearized model to predict the peak
torque of the system for the used modules.

It is known that the efficiency of the PV module depends entirely on meteoro-
logical data such as solar radiation, ambient temperature, relative humidity, and wind
speed. Reference [190] studied the effect of ambient temperature and wind speed on
the efficiency of solar photovoltaic solar module in the northeastern region of India.
The researchers used statistical analysis in the study; the results showed a moderate
positive correlation between unit efficiency and wind speed. Reference [191]
conducted a study on convective heat losses and its relation to the cooling effect
of wind. The study demonstrated the importance of employing actual velocity
distributions for different locations on the top roof. The wind velocity measurements
are performed at nine variable locations for three different wind directions (0�, 45�,
and 90�). The study revealed that local velocities on different locations can vary up
to 62%. Also, the wind impact on a solar collector’s performance can be assisted at
different locations of the roof of a building. The study estimated that for a sunny day,
thermal energy gains can reach 17% higher on windward than leeward locations.

Reference [192] clarified the negative impact of high wind velocity that reduces
the efficiency of building-integrated photovoltaic/thermal (BIPV/T) systems. The
wind stream on the PV module surface limits the heat transferred to the surrounding
air by enhancing convection losses. As a result, the outflow from the plenum behind
the panel reduced. As there are two purposes for the BIPV/T systems which are
generating electricity and heating ambient air using absorbed solar energy, the study
observed that heat losses from the solar panel and its thermal efficiency are affected
by wind direction.

High wind speeds enhance cell performances by reducing the cell operating
temperatures. Many literature correlations quoted an efficiency gain of 0.7% for a
1 km/h rise in wind speed [193]. Such a gain is considerable if we take in account the
relatively low maximum efficiencies possible with present technologies and the new
large-scale PV installations. Reference [194] adopted an approach to study the direct
or indirect influence of wind on PV system performance relating the heat transfer of
roof-mounted PV panels in high temperature regions. The study concluded that the
gain in PV cell efficiency increases as the wind speed increases to 5 m/s compared
with the wind speed increment beyond 5 m/s.

Since the temperature of the PV panel is a dynamic result of changes in incoming
solar radiation, and to determine the response time of the PV for heat, many
researchers conducted measurements within a wind tunnel with control of the
speed and direction of wind flow on the surface of the fin plate. Tests were conducted
in the dark to avoid heat loss by radiation. In practical operating conditions, the
temperature of the PV panel is subject to ambient temperatures and the fluctuation of
wind speeds and its trends [195]. These variables are not available in indoor
experiments where the conditions are controlled. Reference [95] proposed a new
thermal model and enhanced the atmospheric conditions and their effects on the PV
panel and the installation method. The results of the study clarified the thermal
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behavior of the PV module exposed to progressive winds from low to strong. The
PV panel model was validated under different wind speeds.

Reference [196] focused on the cooling effect of wind on PV cell temperature.
The study showed that for most installed PV modules in Bolzano (Italy), the wind
data included in the models predicted PV cell temperature better than standard
approaches that do not include wind data. The study concluded that the wind data
from numerical weather prediction models were able to replace in situ wind mea-
surements. This result is true when the numerical weather prediction models were
used as model input. Also, the prediction improved considerably in comparison to
the standard approach.

The standard test conditions (STC) are used usually to measure the solar cell
efficiency. These conditions are the PV cell temperature of 25 �C, irradiance of 1000
W/m2, and air mass of 1.5. It is very difficult to meet these conditions at outdoor
installations. The PV module temperature shows dynamic variability under outdoor
conditions, but it is related to other environmental parameters [197]. Photovoltaic
cells are mainly affected by the cell temperature, as well as the energy yield. System
temperature of free cells can reach up to 60 �C on a summer day without a cloud in
Central Europe. This rise in the temperature of the cell leads to a significant
reduction in the production of electric power. There are also many ritual variables
such as incoming radiation and related meteorological parameters and wind, the
most important parameter affecting cell temperature. Currently, the standard
approach used to assess cell temperature for models is based only on radiation
measurements and ambient air temperature. Wind effect is not included in the effects
on cell temperature [194]. Many authors (such as Refs. [95, 196–198]) have used a
different approach in the survey that includes the effect of wind in the estimates of
the temperature of the PV unit [195]. The wind has a cooling effect up to 15–20 �C
for a wind speed of 10 m/s in solar radiation around 1000 W/m2. References
[137, 197–199] tested a number of different models and verify the integrity of the
results using wind data at the site whether variables are measured directly from or
near the location of PV cells. Unfortunately, on-site wind measurements are rare, and
there is a need to replace those data with numerical weather prediction.

Reference [137] conducted a study tomake use of passive cooling of PV by natural
convection. The study evaluated the performance of PV cell with passive fin cooling
which resulted from natural ventilation. Many parameters that affect PV panel
performance as tilt angle, solar radiation, air temperature, and wind velocity as well
as fin size were considered. The study concluded that the PV cell efficiency decreased
linearly with the air temperature increase, but it increased with the increasing wind
velocity. The fin height effect on the PV module efficiency was very slight. The
average increment in the efficiency of PV panel with fins was higher than that of PV
panel without fins with about 0.27–1.14% under the different conditions of the study.

Reference [200] reviewed in detail the effect of dust, humidity, and wind speed
and pointed out that deposition of dust and its settling on the surface of photovoltaic
cells caused its low efficiency. On the other hand, increasing wind speed pulls more
heat from the surface of photovoltaic cells, causing cooling effect. Besides, the high
wind speed reduces the relative humidity of the atmosphere in the surrounding areas
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leading to better efficiency. High wind speeds also raise sand and dust in air,
reducing the amount of solar radiation coming in and, as a result, reducing the
performance of photovoltaic cells. As a summary, the dust, humidity, and air
velocity are combined side by side to affect the performance of photovoltaic cells.
Therefore, it is better not to study each parameter separately from the rest of the
variables when the efficiency of the cell is estimated due to the adverse effects and
mutuality between these variables. Photovoltaic systems have many benefits not
only electricity generation, but also it provides shading for building envelopes that
reduce solar radiation heat gain. Reference [201] studied a problem correlated with
photovoltaic system installation onto building envelopes. The inappropriate air
spacing between the PV system and the building envelope is a crucial problem. It
leads to increase PV module temperatures which results in decreasing its efficiency
and maximizes the heat gains through the roofs and walls. The study introduced a
design for an adjustable testing model. This design is able on varying the inclination
angle and air space of a photovoltaic module. A practical experimental test is used to
validate the simulation model. The experimental results revealed that there are some
discrepancies for the wall surface temperatures accompanied with the predictions of
the module’s temperatures. An appropriate air gap reduces the quantity of heat
transferred through the walls and roofs by at least 1.85 kWh/m2 per year. However,
increasing the air gap width may lead to an unaesthetic appearance that tends to
reduce the heat gain through the building envelope. The air gap spacing is limited
due to the unshaded area increase and the increases of the building outside temper-
atures. As a result, the heat gains through the building tend to increase.

Reference [202] conducted an extensive outdoor experiment on photovoltaic
modules mounted on the ceiling to study the lifting forces on the modules. Mea-
surements of pressure bands were taken at the top and bottom of the panel, wind
speed, and wind direction to assess the wind load. The results of the study showed
that the maximum lifting force placed on the solar panels depends on the direction of
the wind, and it has a corresponded pressure coefficient, Cp, value of -0.55. The
upward and downward differential pressure coefficient, ΔCp, values were 0.3 and
0.2, respectively. These coefficients recommended for the downward acting force for
a single solar panel on such rooftops.

Reference [203] tested the scaling model of the photovoltaic solar module in the
open wind tunnel. Power transducers were used to measure drag and lift forces on
photovoltaic units. The study concluded that the force coefficients on the PV panel
increased with an increase in tilt angle from 0� to 90�. As expected, wind speed
increased with a higher power factor. Reference [137] used computational fluid
dynamics (CFD) to study wind-loaded aerodynamics on PV panels mounted on the
ground. To verify the theoretical results, a large-scale experimental model was
constructed and measured. Distribution results showed both wind directions on the
Windward and Leeward sides of the panel.

Reference [204] measured practically the pressure subjected on the top and
bottom surfaces of the PVmodule for 24 individual panels. The study was conducted
in the wind tunnel for four different wind directions. The results of the study showed
that the distribution of wind pressure on the surface of the module is similar to the

5.6 Wind Effect on PV 107



average level of the front wind (0� and 180�), asymmetrical in other wind directions.
The study concluded that for large PV units, the gap between the plates is necessary
as the surface pressure of a module is affected. Increasing the inclination angle
increases the pressure on the module surface. The average pressure on the photo-
voltaic module under exposure to the open terrain of the wind is smaller than that
under the wind exposure which is smooth.

Reference [205] tested experimentally in the wind tunnel the effects of airborne dust
concentration on the performance of photovoltaic cells due to the accumulation of dust
on its surface to assess the impact of wind speed. Four wind speeds and four dust
concentrationswere used to investigate their effect on the PVmodule performance. The
results showed that the deposition of fine elliptical dust and its accumulation of
photovoltaic cells affect its performance. The wind speed has an impact on the low
performance of the PV module, as the decrease is greater in conditions of high wind
speed compared to low wind speeds. During high winds, high permeability of light is
generated through paint due to wind effects that removes dust deposits. As a result, the
PV cell performance deteriorates due to dust accumulation with wind speed increases.
Higher dust concentrations resulted in higher accumulation on the cell surface.Airborne
dust concentrations do not affect by the sediment logical structure of dust coatings in
contrary to wind speed. The accumulation and deposition of fine Aeolian dust particles
on the glazing of PV cells affect the performance of these cells significantly.

Wind forces are the major cost inducement for rooftop- and ground-mounted PV
systems in all climate terrains. The complete elimination of wind forces is an
unrealistic issue, but even minor reductions in its load can decrease the PV system
costs and increase the available numbers of roofs for such systems. Reference [206]
estimated that if the wind never blows, the structural costs can be eliminated up to
75 percent. Also, the reference estimated a reduction of 30–35% in wind forces can
be achievable for ground-mounted PV systems that are not subject to heavy snow.
Many valuable methods suggested increasing the reduction as staggering the arrays,
spacing the panels to allow the wind to pass between them, using border fencing, and
changing code can. The wind force reductions lead to smaller structural systems with
lower cost reductions. Reference [207] showed that if a 20% reduction in maximum
wind speed is achieved, a reduction in structural costs with about 20% is resulted.
However, the reduction of wind loads affects the system performance and must be
considered carefully. As previously mentioned, airflow around module reduction
may limit panel cooling that as a result reduces module performance.

5.7 Dust Effect on PV

5.7.1 Background

The energy that reaches the Earth from the sun in 1 h is approximately equal to the
amount of energy the Earth needs for a whole year. The sun’s surface temperature
rises up to 5800 K, while the arrived energy to the atmosphere is estimated at 1367
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W/m2 [4]. A whole range of optical spectrum lies at low temperatures, specifically in
the infrared section. The visual range contains diffuse radiation that makes the light
has higher energy, which is the sum of direct radiation and scattered radiation [208].

When solar radiation enters the Earth’s atmosphere, the molecules of this cover
divide this radiation into three parts. One part is absorbed, and the second part
clutters, while the third part cross through it [209]. The ozone layer in the atmo-
sphere absorbs the ultraviolet radiation from the sun’s rays. In the same time, the
CO2 and water vapor particles absorb a large part of the infrared [210].

The solar cell converts the incident radiation into electricity. However, the solar
cells exist in areas prone to the sun; also they are exposed to weather conditions that
disproportionately affect them. In this section, we will not discuss the effect of air
factors studied previously, but we will focus on the dust impact on the efficiency and
performance of the solar cell.

The dust is known as solid fine particles that have a diameter less than
500 microns. The minute pollen, bacteria, and fungi are considered as dust. Also,
the microfiber separated from clothing, carpets, and fabrics is known as dust when it
settles on surfaces. The deposition of dust depends on several factors and environ-
mental and weather conditions. The movement of pedestrians and vehicles exhausts
pollutants in addition to the results from the movement of the tires; volcanic
eruptions, pollution, and wind can raise dust and scatter it in the atmosphere [211].

Dust deposition depends on the dust properties (chemical and physical) as well as
the environmental conditions (site-specific factors, the features of the environment,
and the weather conditions). Surface roughness, the angle of inclination, humidity,
and wind speed on the dust deposition also affected the dust settlement [212].

The sand and dust accumulation on the surface of the photovoltaic modules
(PV) has a negative impact on their performance, and this has been confirmed by
both field studies and laboratory experiments [213]. The dust particles prevent the
arrival of the falling photons to the photovoltaics and thus reduce the electrical
power generated by the unit. This problem is clear and definite in dry and hot areas
such as the Middle East and North Africa regions, where winds move the sand and
dust particles and drive it for hundreds of kilometers sometimes [214].

These areas are considered suitable locations for PV installations as a result of
higher average radiation levels and the availability of land. Moreover, the economic
growth in countries, as Kuwait, the United Arab Emirates, Saudi Arabia, and Qatar,
has led to the construction of many new buildings that provide a very good potential
for the use of solar modules.

Sustainability is increasingly important in these projects on an ongoing basis for
clients, engineering companies, and civil society organizations calling for the adop-
tion of green buildings. So far no definitive solutions have been found in the problem
of the accumulation of dust on photovoltaic units, which limits their productivity. No
radical solutions have been found that can be translated into an engineering tool that
can be used by designers and engineers to assess environmental conditions and work
on and include PV in the construction project at different locations [215].

The photovoltaics systems’ dust deposition case relies on two basic factors that
affect each other, namely, the dust specifications and the local environment. The
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local environment for the site includes the nature of the prevailing activities includ-
ing the human factors, in addition to the style of construction of the solar cell system
and its properties, which are the surface finishes, orientation and installation height.
Also, environmental features (vegetation type) and weather conditions play an
important role in this regard. The properties of the dust (type, chemical, biological,
and electrostatic properties, size, shape, and weight) are no less important than the
accumulation/aggregation. Similarly, the style of an end surface of the solar cell
(PV) is affecting issues. The sticky surface (furry, rough, adhesive residue and the
electrostatic buildup) is more susceptible to the accumulation of dust from the least
sticky ones, which of course is a smoother surface. It is known that dust enhances
dust, i.e., that at the beginning of the stability of the amount of dust, it tends to attract
and encourage more settlements, which means that the surface becomes more willing
to collect dust [216].

Dust accumulates by gravity to oblique horizontal surfaces more, but the amount
of accumulation depends on the prevailing wind movement. Low-speed winds
encourage dust settlement; on the contrary, the high-speed winds hamper the dust
settlement and have a cleaning effect. Therefore, the method of installation of PV
systems, taking into account the direction of the prevailing winds and the movement,
can either increase or decrease the dust settlement and accumulation in specific
places of PV systems [217].

No one can deny the growing interest in photovoltaic cells more than ever
between developed and developing countries due to the environmental and eco-
nomic benefits of converting solar energy into electrical energy. Currently, it is
allocated more of the budget on photovoltaic systems for assigning traditional
electrical systems. There are a large number of studies conducted on the effect of
different variables affecting the efficiency and performance of photovoltaic cells. A
wide range of research studies have shown that there is a decline in photovoltaic cell
performance.

As there is a vast number of researchers in this field, we will review only the
results of those who have worked in Iraq’s neighboring countries with similar
environment and atmosphere to those of Iraq.

In 1942, Hottel and Woertz study the effect of dust on solar energy systems. The
study was conducted in 1940 using three sets of flat plate solar thermal collectors
located in the area close to the thermal power plant in the United States. The
researchers found that there is a 1% deterioration in performance due to the dust
collected/dirt accumulated on a glass plate inclined at an angle of 30� from the
horizon. The maximum decline in the performance of the solar collectors is 4.7% in
an exposure period of 2 months [218]

In Saudi Arabia, which is one of the desert areas, Nemo and Seid studied the
efficiency of thermal panels and photovoltaic cells for more than 6 months. The
results of the study declared a deterioration of up to 26% and 40% for thermal panels
and photovoltaic cells, respectively. Unfortunately, the study failed to determine the
dust pollution levels during the testing period [219]. Salem et al. investigated the
accumulation of dust on the long-term PV system – solar village near Riyadh (Saudi
Arabia). The study was carried out using a PV system leaning on the horizon by an
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angle of 24.6�, with cleaning cells every day. The results showed a decrease by 32%
in the performance of the solar array due to the accumulation of dust, after 8 months
of use [220].

The capital of Saudi Arabia, Riyadh, was hit in March 10, 2009, by a severe dust
storm that lasted several hours. This storm represents one of the abused dust storms
that passed through the Kingdom of Saudi Arabia in the past two decades. This storm
that did not last long with dense dust caused lack of vision in all parts of the city of
Riyadh. Maghrabi et al. studied the changes in meteorological factors, such as the
optical depth of aerosols (AOD), infrared (IR) temperature, and the degree of the sky
emissivity in the atmosphere, before, during, and after the storm. The results
revealed significant changes in each of the studied factors as a result of this event.
The theoretical simulations using the SMART program showed significant changes
in the spectral components of solar radiation and global radiation, which increased
by 42% and 68%, respectively. The diffuse components increased by 44% compared
with the previous day, which was a clear day. The infrared temperature and emis-
sivity also increased by 24oC and 0.3, respectively, after 2 h from the arrival of the
storm [221].

Wakim conducted a study on the performance of solar cells in Kuwait City that
has a dusty desert climate. Sand accumulation led to a decline in PV power
generation by 17% after 6 days. The study also indicated that the dust accumulation
impact on the performance of the photoelectric was the higher spring and summer
(20% in 6 months) than the autumn and winter months [222]. Sayegh conducted a
search of the dust accumulation effect on a flat plate solar. The experiments were
conducted using seven flat plate collectors, six of which are arranged in three pairs
and exposed to the sun in inclination angles of 0�, 30�, and 60�, while the seventh
collector was put vertically in tendency of 90�. During the experiments, one collector
in each pair of collectors was cleaned on a regular basis, while others were retained
without cleaning. The amount of solar energy absorbed from the non-cleaned
collectors was compared to those resulting from clean sheets. The study showed
that the accumulation of dust on the board rate was about 2.5 g /m2/day between the
months of April and June [223]. Sayegh et al. investigated the effect of dust
accumulation on tilted glass plates in Kuwait. The study found a decrease in the
permeability of the glass ranges from 64% to 17% of a slope angles ranging from
0� to 60�, respectively, after 38 days of exposure. The study revealed a 30% decrease
in the gain of useful energy from horizontal collector after 3 days of dust
accumulation [224].

Qasim et al. focused in their study on the dust impact on the spectral transmittance
of the optical units. The samples were collecting dust in the form of crude as well as
the accumulated dust on the exposed sheets of glass at different inclination angles.
The spectral transmittance was identified for the samples. The samples’ spectral
transmittance difference between the upper, middle, and lower samples was deter-
mined for various degrees of panels’ inclination. The worst result was at 30�

inclination angle of 4.4% compared with 0.2% for the tilt angle of 90� [225].
In Qatar, Touati studied the sensitivity range of solar photovoltaic modules for the

Qatari environment such as dust, temperature, and relative humidity. The results
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showed that the monocrystalline solar cells had high efficiency, such as 85%
compared to 70% for the amorphous ones. Also, the accumulation of dust caused
the most important decrease in the efficiency of a silicon cell, amorphous and
monocrystalline, compared to the effects of temperature or humidity [226]. In
Qatar also, Touati held a search on the sensitivity of different types of solar
photovoltaic technologies toward dust, temperature, and relative humidity. The
results showed that the dust has a significant impact on reducing the efficiency of
solar cells that accumulate. The amorphous PV is more reluctant for dust settlement
compared to monocrystalline, so it is more suitable for implementation in desert
climates such as Qatar. The study estimated that 100 days of dust accumulation on
monocrystalline PV panels caused a reduction efficiency of 10%. This limitation
makes solar PV a reliable source of energy [136].

Darwish et al. reviewed the interference between the impacts of some environ-
mental variables with the dust on the PV performance. They also discussed the
impact of the dust properties and its effect on PV systems. The study showed
significant main points that need further research, such as dust characteristics (size,
geometry, and electrical deposition behavior). As to determine the optimal geo-
graphical location/climate, it must be taken into account the optimal tendency,
working height, and orientation, to achieve the best solar radiation falling patterns
[140]. Darwish et al. also studied many of the environmental factors that affect the
PV productivity and dust in United Arab Emirates. One of the main reasons for the
deterioration of PV systems used in both large and small systems is the accumulation
of different types of dust, which reduces efficiency. The dust contents represent a
mixture of different pollutants determined by the geographical location and human
activities at this location. Many studies have focused on the dust’s effect on the
performance of photovoltaic effect, but few studies look at the effect of dust on the
type of contaminated cell performance, and more research done on the polluted dust
impact indoor while few of them studied it outdoors. This article revised the effects
of pollutants on the types of PV performance experimentally [227].

Kazem et al. studied the performance of photovoltaic systems in the desert
climate of the Sultanate of Oman by studying the effect of dust on the deterioration
of the efficiency of the photoelectric system due to the deposition of different types
of pollutants. Experiments were conducted on the effect of air pollutants such as red
soil, ash, sand, calcium carbonate, and silica on the produced energy. The results
showed that the type and level of deposition of contaminants strongly affect the low
photovoltaic voltage and energy. The results also showed that ash dust particles have
the greatest impact on the performance of photovoltaic units compared to other
pollutants studied. The highest reduction recorded in the photovoltaic effort was
25% when using ash contaminants [228]. Kazem et al. investigated the effect of the
physical properties of different types of dust on the performance of solar PV panels.
Six types of dust were collected from different parts of the northern region of Oman.
The results of the study showed that the influence of Sohar and Saham dust was more
negative on the PV performance than the other types of dust studied due to its
moisture content, which reached 52.21% in dust of Saham and 45% in the Sohar
dust. In contrast, the dust of the other four locations was lighter and less humid.
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However, the study concluded that in the northern region of Oman, the impact of
dust on PV performance is lower than in other Gulf countries. [212]

Sukhatme considered that the desert areas are best suited for the use of photo-
voltaic power stations due to the availability of abundant sunlight throughout the
year. Many studies are conducted nowadays discussing ideas for the setup of vast
solar panel stations in the desert countries and export energy to other countries. In
such stations, more manpower and hardware will be needed to help clean the PV
panels, especially after the dust storms, which are frequent in such areas [229].

Nahar and Gupta conducted a study on the impact of dust on the permeability of a
set of glass panels in the Thar Desert in India. The study showed that dust deposition
decreases with increasing inclination of the panels from the horizon. The decrease in
the glass permeability were 19.17%, 13.81%, and 5.67% for tilt angles of 0�, 45�,
and 90�, respectively [230].

Sayyah et al. declared that the deserts can supply the world’s solar electricity
using a variety of solar technologies including concentrated solar power systems
(CSP), photovoltaic (PV), concentrated photovoltaic (CPV), and the wind. The
researchers explained that the Mojave Desert in the United States can meet the
electricity requirements of the whole American states. The solar energy available in
these arid areas offers enormous potential beyond largely from the need for the
current market. The study showed that the solar energy stations should be kept clean
of dust in order to maintain the high efficiency of the transmission and reflection of
sunlight. Dust associated with the sandstorm left the mass of it deposited on the
surface of cells in order to prevent entirely sunlight from reaching the compound.
The conducted study measured a decrease in the permeability of the sun through the
glass front panels of photovoltaic devices which can vary from 5% to 30% per
annum depending on the deposition of dust [231].

5.7.2 Dust in Iraq

In his address to the Nairobi Conference, Mr. Martin Kobler, representative of the
Secretary-General of the United Nations in Iraq, indicated that in the coming years,
the country would experience 300 dust storms if proactive measures were not taken
to resolve the problem. Mr. Kobler said that environmental issues affect everyone in
Iraq. Dust storms, desertification, and water scarcity are just three of the many
pressing issues, and we must begin to face these challenges with each of us.

Iraq suffers from a nearly three major wars and unjust siege for 13 years and two
decades of drought. This has caused the birth of a new dust basin in the region. Iraq
suffers chronically from overgrazing and more plowing for several years. The
country faces a loss of green soil that depends on the waters of the Tigris and the
Euphrates because Turkey, Syria and Iran reduced his water share. This reduction in
the water quota has led to a decrease in water levels in the river, reduced and dried
marshes, deteriorated irrigation infrastructure, decreased irrigated area and increased
area of fallow land. So the Fertile Crescent, the cradle of civilization, began to turn
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into a dust bowl [232]. Dust storms are recurring with increasing frequency in Iraq.
The presence of dry soils and windshield with constant winds during much of the
year has led to the further formation of dust storms and sandstorms, which are now a
major hazard that should be avoided and guarded. Large swathes of Iraq, Syria,
Jordan, and North Africa have become dusty vessels and a source of dust storms
affecting Iraq and the rest of its neighbors.

In the southern desert, where the vegetation in the minimum and the availability
of silt and sand, and even in most wetlands adjacent to the Tigris and Euphrates
regions, the desertification began creeping, which makes it a problem [233]. While a
major dust storms affect the cities, and caused serious damage in the origin area of
the storm. The surrounding areas are also affected by dust storms and sand storms.
Sandstorms are very clear evidence of desertification, soil erosion, and its fragmen-
tation. Deforestation through overgrazing or unforeseen tillage, or wind erosion,
causes small soil particles to move away with the air. These small soil particles can
fly in the air for long distances, leaving behind large sand particles, and so dust
storms begin. These local phenomena cause the formation of sand dunes and hurt
farming and grazing areas. The sandstorms can be regarded as the last stage in the
process of desertification [234]. Drought conditions in Iraq affect not only the ability
to rain-fed agriculture but also change the hydrological regime of the Tigris and
Euphrates conditions that rely heavily on irrigation [235]. Also, the amount of
precipitation in the winter and spring was lowered. Warm surface temperatures,
also, caused a lot of evaporation of the available surface water, exacerbating the
drought [236].

Iraq strongly suffers from land degradation and desertification problems, espe-
cially in the central and southern parts. The problem affects mainly the natural
ecosystem and human social order. Desertification causes economic and social
provocation (marketing, income, human health, institutional support and poverty)
and undermines food production and political stability [237]. In general, indicators
can be adopted for the classification of the degree of severity of sand-dust storms
depending on the wind speed and clarity of vision. Reference [235] classified sand-
dust storms into three grades. The lowest degree is for a weak sandstorm, when the
wind speed is 6 (Beaufort) and the visibility ranges from 500 to 1000 m. A strong
secondary sand-dust storm will happen when the wind speed is in the power of 8 and
vision differs from 200 to 500 m. The strong sand-dust storms take place when the
wind speed is in force 9 and the visibility is less than 200 m.

Sandstorm and dust storms in Iraq occur in the spring season and cover half of the
total frequency of sandstorms (the most dangerous storms and powerful are taking
place in the spring season). The dust storms in the summer and autumn become the
second place in terms of power and repetition. The month of April is the most
important time when the occurring sandstorms are the most dangerous with high
pace, followed by March and May, and the least months to get these storms are
December and January. The pace of sand-dust storms increased over the last decade,
and the situation cannot improve because of the severe pressure on the Earth’s
resources in a short period of time. With the increasing global warming, and with
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the increasing decline of water resources, the sand-dust storms become more influ-
ential and damage [238].

5.7.3 Iraqi Dust Specifications

A study by the US Army on the dust of various deserts of the world has shown that
the physical and chemical properties of sand and dust in these deserts vary greatly.
Soil and dust collected from areas of military activity in Iraq have concentrations of
interactive chemical substances [239]. These components are primarily salts and
carbonates that have been highly concentrated in all dust samples examined, in
addition to silica (quartz), which is usually the main component with a concentration
less than 80% of the sample mass [240]. The interactive chemical constituents of
many samples collected in the desert of Iraq have the ability to corrode metal parts. A
wide range of clay minerals were found in Iraqi dust samples [241]. The average
particle size in Iraqi dust samples was found to be much smaller than that of US
weapon designs, which caused failure of some of it [242]. The average particle size
of the dust taken from the vehicles in Iraq is much smaller than the particle size of the
bulk soil samples. Moreover, the sample contained compounds with high carbonates
and sulfates concentration. All the measured concentrations can cause high pollution
to the environment and great harm to humans [243]. The tested dust samples
consisted of large amounts of salt-soluble carbonates, chlorides, and sulfates
[244]. There are also parts of titanium oxides (TIO2) and aluminum (Al2O3), iron
(Fe2O3), sodium (Na2O) and potassium (K2O), and phosphorus (P2O5) [3]. There are
also anions soluble in water in a wide range of concentrations. Sulfate (SO4 2-) and
chloride (Cl) are presented at different concentrations in each of most of the samples
and models.

Reference [245] found that the dust types whether in the street or indoors of an
urban area could be a source of contamination with heavy metals derived from three
main sources: industrial, automotive activities, and treated materials. These materials
are lead, zinc, cadmium, nickel, and chromium which were found in the street and
house dust. The study showed that the concentrations of these substances in Bagh-
dad were 0.86, 0.105, and 10.88 mg/m3 for lead, zinc, and iron, respectively.

5.7.4 The Iraqi Studies on the Effect of Dust on PV Systems

The most important problem faced by the advocates and supporters to spread the
electricity production plants using solar cells in Iraq is the density of dust in the
atmosphere and deposition on the surface of solar panels. The increasing dust
densities in the atmosphere is causing the amount of sunlight reaching the surface
of solar cells to reduce, and this leads to low performance efficiency [246]. Many
Iraqi researchers studied the effect of dust storms on the overall solar radiation rates

5.7 Dust Effect on PV 115



for the city of Baghdad. A study of a dust storm that occurred in 2012 in Iraq
manifested a significant impact on the total solar radiation. This storm caused a
decrement in solar radiation from its natural rates significantly [247, 248].

Reference [249] collected samples from three areas in Baghdad during a dust
storm that occurred on June 18, 2009. The study aimed to examine the particle size
and composition. Six minerals detected in the samples are calcite, quartz, dolomite,
kaolinite, gypsum, and plagioclase. The study found some traces of lead, nickel, and
chromium in the samples. The sample’s particle size revealed mostly between 32 and
45 microns. The danger of dissolved salts in the dust particles is in the potential
impact on the pH of natural water, groundwater, or soil [250]. The presence of
carbonate ions airborne (CO3

2+) in the dust that may cause an insulator in the
atmosphere and can affect the characteristics of the atmosphere as it is a base, it
will absorb SO2 gases and nitrogen oxides and converted into ions of SO4

2� NO3�
and deposited it on the surface [251, 252].

It is necessary to develop technologies to remove dust deposited on the surface of
solar panels to ensure its long range. One of the ways to remove dust is the natural
way, it depends on rainfall and wind movement, and this is an important way. The
exploitation of nature is made possible by simply selecting and directing cells to
other directions except the horizontal, making the solar panel receive a larger amount
of radiation [253]. Another way to remove dust is using electricity. If the surface of
the PV module is charged, it will attract particles of opposite charge and repel the
molecules of the same charge [254].

Reference [255] studied the problem of dust accumulation on the surface of solar
panels that causes a severe reduction in the system performance. The researcher
designed a new technique to reduce the accumulated dust on the surface of solar
panels and compare the new technology with fixed solar panels installed at angles of
30� and 45�. The new technology operates using a mobile platform attached to the
two axes of the sun tracking system bonded to the PV panels. The new technology
approved that it can reduce the amount of dust accumulated on solar panels daily
through the daily use of the system mechanism. When the sun goes down, the
direction of the solar panels is changed from west to east on the horizontal axis
(azimuth), and the angle of the photovoltaic angle changes to more than 90� (about
95�) on the vertical axis (height) [256]. This process takes place every day at sunset.
This movement and vibration resulting from it will benefit in vibrating the dust
particles adhering to the surface of the PV panels. So, the shift in the tilt angle makes
the dust particles move on the surface of the PV module, making it easy to get rid of
them completely by the force of gravity. The results indicated that the maximum loss
in the performance of fixed cells due to dust accumulation was about 31.4% and 23%
for inclination of 30� and 45�, respectively, after exposure to external weather
conditions for 34 days. The maximum loss of power produced from PV panels
using the new technology was about 8.5% for the same period [257].

Reference [258] studied the impact of natural deposition of dust in Baghdad City
on the PV panels. The accumulated dust thickness increases with the passage of
time. Thus, increasing the PV panel angle of inclination leads to the reduction of
losses, due to accumulated dust decreased. The accumulation of dust on the surface
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of the panel PV causes a decrease in performance of about 35–65% of the month
without cleaning. Changing the tilt angle has less impact on the power resulted from
the accumulation of dust [259]. The increase in the average wind speed in some
months of the year caused a partial reduction of the accumulated dust on the surfaces
of solar modules. Reference [260] manifested that the average wind speed for the
months of June and July in the city of Baghdad is 6.19 m/s and 6.04 m/s, respec-
tively. The dry weather and the existence of adhesion strength between the atoms of
dust and glass for PV panel cover provide a reason for the dust deposition. Rain pour
in some months of the year cleans naturally the PV panels, especially in the months
of February and March.

Reference [261] conducted practical experiments in the outdoors in the winter
months of the city of Baghdad, Iraq, to measure the impact of the pollutants resulting
from highways on the performance of PV cells. The investigations were carried out
using three cells. The study revealed that air pollution causes a deterioration of the
performance of PV cells, even during a short period, such as two months of staying
outdoors without cleaning. Also, the study showed that the resulting photovoltaic
power of the contaminated arrays dropped 12%, while the power of the cell that was
cleaned normally (by the rain and wind) dropped about 8% compared with the
always clean cell. The laboratory examination revealed that there are high concen-
trations of particulate matters in the collected contaminants that came from the
automobile exhaust soot. The researchers did an interesting study for a number of
detergents and their impact on the output of the PV cells. The results showed that the
use of sodium solution as well as alcohol kept the cell performance at high rates. At
the same time, the use of distilled water reduced the performance of the PV cell by
about 14% after a period of exposure of 6 weeks. The study concluded that in the
end, there is a high possibility for the use of PV modules in Iraq instead of generators
operated with diesel or gasoline.
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Chapter 6
Photovoltaic Experiences in Iraq
Neighborhood Countries

6.1 Iran

Iran, Iraq’s neighbor to the east, has very old historic roots. Iran is characterized by
the importance of its geopolitical location as a meeting point for three Asian
destinations (West, Central, and Southern Asia). Iran overlooks the Caspian Sea to
the north, and the Arabian Gulf and Gulf of Oman to the south. Tehran is the
political, cultural, and commercial center, capital, and the largest city in the country.
Iran is a regional power [1, 2] and an important partner in international energy
security and the global economy because Iran has the second-largest reserves of
natural gas in the world and the fourth largest proven oil reserves [3].

Iran is the 18th largest state in the world in terms of area, 1,648,195 km2 [3]. Its
area equals that of the UK, France, Spain, and Germany combined. Iran is located
between the latitudes 24–40� north of the equator, and between the longitudes
44–64� east of Greenwich, and has a 1,458 km border with Iraq to the west.

Iran consists of a plateau except for the coast of the Caspian Sea and the province
of Khuzestan. It is one of the most mountainous countries in the world; the rugged
mountain landscape is dominated by different ranges that separate basins or plateaus
from each other. The west (including the Caucasus, Zagros, and Alborz mountains)
has the highest point in Iran, Mount Damavand at 5,610 m [4].

The dense rainforests called Shomal, or the jungles of Iran, cover the north. The
east consists mostly of desert basins such as the Dasht-e Kavir, the largest desert in
Iran in the central northern part of the country. Dasht Lut is located in the east, as are
some salt lakes. Wide plains are found along the Caspian coast and the northern tip
of the Persian Gulf, where Iran is located on the borders of the mouth of the Shatt
al-Arab River. The plains spread over the remaining length of the coast along the
Arabian Gulf, the Strait of Hormuz, and the Gulf of Oman.

Iran’s climate ranges between arid or semi-arid to subtropical along the Caspian
Sea and North Coast forests. On the northern edge of the country (the Caspian
coastal plain) the temperatures rarely drop below zero, for the rest of the region is
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still wet. Summer temperatures rarely exceed 29 �C [4, 5]. Annual rainfall is 680 mm
in the east. The rain in the western parts of the plain is more than 1,700 mm per year.
The temperature in the Zagros Basin is low, with temperatures being very cold in the
winter, to below zero, and snow falling on a daily basis. The eastern and central
basins and the deserts are arid areas, with less than 200 mm of rain [6]. The average
summer temperatures exceed 38 �C. The Arabian Gulf and the Gulf of Oman coastal
plains in southern Iran have a mild winter and a wet and very hot summer. The
annual rainfall ranges from 135 to 355 mm [7]. Iran is a hot and dry geographical
area with about 63–98% sunny days across Iran. Figure 6.1 shows the amount of sun
energy received in variable areas of the country [8].

Iran has enormous potential to generate solar energy and also owns vast tracts of
land that can be used as solar stations. The solar power plant needs flat landwith a slope
of less than 1% without vegetation cover, which is largely available in Iran. Other

Fig. 6.1 Map of the average received energy in Iran
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techniques include dish engine systems and photovoltaics (PVs) on sloping lands. The
PV plants do not need to provide water and can operate remote vast land in Iran.

Researchers in Iranian research centers and universities determined the main
differences in the sun’s rays for the total area of Iran. The direct natural radiation
areas in the tropics and clear sky areas were also determined, which are located in
areas with latitudes of 15–40� north or south. Figure 6.1 shows the solar intensity
map of Iran.

Currently, Iran has the fourth largest reserves of oil and gas in the world [9, 10]
and is the second largest oil exporter [11, 12]. In 2005, the average daily oil
production in Iran was four million barrels (640,000 m3/d), compared with a peak
of six million barrels per day reached in 1974. Due to the economic blockade in the
early years of the twentieth century, the efficiency of industrial infrastructure was
decreased. In 2005, Iran managed to drill new exploratory wells, which increased the
production rates.

Until the year 2004, a large proportion of natural gas reserves in Iran were
untapped. Today, Iran has become the third country in the world with GTL conver-
sion technology, which was developed locally [13]. In addition, the new conven-
tional hydroelectric stations and the simplification of coal-fired and oil-fired power
plants installed to 33,000 MW. From this amount, about 75% of the station was
fueled with natural gas, 18% oil, and 7% on hydroelectric power. In 2004, Iran
opened its first terrestrial wind power and thermal energy-powered stations while the
first solar thermal power plant was opened in 2009.

The demographic expansion and acceleration of manufacturing operations inten-
sified the demand for electricity, which grew by 8% per annum. The government’s
goal of 53,000 megawatts of installed capacity by 2010 was reached by combining
the new line of work stations with gas and by adding hydroelectric and nuclear
energy power generation. Iran established its first nuclear power plant at Bushehr in
2011 [14, 15].

Iran occupies the 16th place among world nations in generating electricity with
68,606 MW generated in the country. Iranian government agencies have shown that
the level of export of electricity rose to 10 MW compared with the previous year,
which was 6.8 MW. The proportion of the export of electricity to Iran’s neighbors
has risen to 4.149 MW, an increase of 40% compared to the same period in 2011,
where the size of Iran’s exports was 2.853 MW [16].

The process of exporting electricity is stopped during the summer due to the rise
in local consumption. It resumes exporting electricity to neighboring countries
during the remaining months of the year. The proportion of electricity consumption
in Iran has fallen to coincide with the implementation of the law of the rationalization
of government support, providing the ground for increasing the size of the export of
electricity to the importing countries. Iran exchanges energy with Armenia, Pakistan,
Turkmenistan, Turkey, Azerbaijan, Iraq, and Afghanistan.

The Iranian energy system suffers from several developments:

• The transport sector has expanded rapidly with urban personal transport, exces-
sive energy share, and a long-distance transport that result in high pollution
levels.
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• The residential sector takes a high share of the electricity consumption.
• The subsidization and low prices of energy such as electricity, gasoline, and oil

accompanied with high energy consumption rates [17].

Motavaselian [18] declared that Iran suffers from transmitting electricity loss,
which reaches about 29% of the total annual produced capacity of 56,200 MW. The
electricity production industry is ruled by government in Iran, and its development
was slow and not very efficient. Starting from 2011, a new energy plan was
implemented by the Iranian government. The 5-year plan set its sights on modifying
energy prices to reach those of world energy prices. The electricity was to be sold
without subsidy and with the average electricity production cost. The plan takes in
the privatization of the power market, and increases the share of renewable energy
resources in generated electricity [19].

In Iran, the residential sector has a large share of the total electricity consumption;
and a large part of the lost energy occurs because of weakly designed and old
constructed buildings accompanied by the use of inefficient appliances. In general,
to succeed the utilization of renewable energies, the energy consumption intensity
must be decreased to its minimum value. The renewable energy systems have lower
energy intensity compared to traditional energy sources.

The electricity grid spreads widely into almost all urban areas of Iran and a high
percentage of the electricity consumption comes from urban areas [20]. Iranian
researchers have noticed that there are many difficulties with using PV systems in
the residential sector due to the quandaries encountered in mismatching the produc-
tion and consumption. Most of the PV system electricity production occurs during
daytime, while the peak electricity consumption in the residential sector occurs at
night due to the use of lights and the operation of various appliances. The PVmodule
efficiency depends totally on the solar incidence, which requires additional costs in
order to track the sun. So, to ensure the distribution and dissemination of PV
modules in the residential sector its costs must reduce to about 50% of currently
occurring costs [21].

Iran has many renewable energy sources which can be summarized as [22]:

• Hydropower

Hydropower is a significant Iranian renewable energy resource with electrical
production of about 7,422.5 MW.

• Wind energy

Wind is considered as the second source of renewable energy as Iran has average
wind speed of 6 m/s in some parts and there are other areas with high wind speeds.
Iran has announced that the largest wind plant in the country will be launched in the
Iranian city of Mengele in the coming months of 2016 to produce electricity as
shown in Fig. 6.2. This plant produces 180,000 MW per year, which will be a part of
the total 300,000 MW/year of electricity produced from renewable energies in
various stations throughout Iran [23].
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Also, the electricity production in the Bushehr nuclear plant increased, which has
been linked to the national electricity grid in the last month, with a capacity of
60 MW, which will be increased to 450 MW bringing it to 50% of its maximum
capacity. It is expected that the plant’s electricity production may be as high as a
thousand megawatts when fully operational in late 2016 [24, 25].

The generated wind power was about 140 million kWh, and there is a new
governmental policy to enter the private sector in this field.

• Geothermal

There are some programs to exploit this potential. To date, two governmental
geothermal plant activities have been implemented. About 60% of the Meshkin-Shahr
station has been established. The planned capacity of this station is 370 million kW per
year. The second project is the 3–5 MW plant Ardebil, which is about 30% complete.

• Fuel cell

The Iranian authorities started with installing and operating a 25 kW polymeric
fuel cell. There is an intention to enhance the local technical knowledge by designing
and manufacturing a 5 kg polymeric fuel cell for research purposes [26].

• Biomass

Several studies were conducted on biogas production in Saveh city to produce
about 600 kW. Studies were carried out in Mashhad city and Shiraz where a biomass
power plant produces about 650 kW and 1,060 kW respectively [26].

Fig. 6.2 Mengele wind station
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• Solar energy

Iran is located on the Sunbelt and has 2800 sun hours per year. The solar
insulation average for Iran is estimated at 2000 kWh/m2 year according to Ref.
[27]. Iran has the advantages of location and solar intensity rate to best utilize solar
energy. The base installed PV electricity generation systems capacity, in Iran, is
175 kW. Iran has installed about 77,000 m2 of solar collectors before 2006
[26]. Many projects began to be implemented in the application of solar thermal
systems, such as:

1. The Damghan Project, which was started in 1994 to provide part of the electricity
requirements to Hassinan and Moalleman villages, about 120 km of southern
Damghan with a capacity of 97 kW. The aim of this project was to compensate
the electricity shortage in these two villages [28].

2. Gazik boarder point project (1996): The Gazik border area is over 50 km away
from the electrical grid. A standalone PV power plant was used to provide
electricity for this outpost. The use of solar PV power reduced the demand for
fuel supplies, preventing the long distance extension of the national grid . Also,
this technology does not require maintenance efforts [29]. For all these, this
experiment was very successful.

3. The Karaj Dam PV module project established in 1997, which aimed to provide
the required day and night illumination for tunnel No. 6 of Karaj-Chalus road
independent of the electricity grid [30].

4. The Ardakan Village Solar Bath Unit was established in 1999 to equip a pump
bath unit. The system included 120 collectors, two 3,000 L tanks, two circulating
pumps, two expanding reservoirs with a capacity of 150 L each, and 340 L of
antifreeze. The unit area was 650 m2. The most important benefit of this project
was the fuel disbursements reduction in addition to normalizing solar bath
use [31].

5. Taleghan Photovoltaic Power Plant was established in 2000 with a capacity of
30 kW. The nominal installed equipment capacity is 40 kW and can be increased
to 100 kW. The system is connected to the electricity grid. The useful life of the
plant is estimated to be 25 years and is located in an area with an average annual
sunlight of 2,700 h. The aim of this project was to support the national grid with
electricity and the growing power requirements of the region [27].

6. The construction of the Shiraz solar thermal power plant (first phase) with a
capacity of 250 kW. This project is considered to be one of the most important
projects in renewable energy in in Iran.

7. The installation of 18,000 solar water heaters for household and office
utilization [26].

As mentioned above, the Iranian government has a trend of increasing the share
of renewable energy from total generated electricity, especially solar energy.

Many researchers studied the effect of air pollution on the PV module perfor-
mance. The studies revealed a large effect of air pollution on PV performance, where
the air pollution reduced the PV output by 60% on some polluted winter days.
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Reference [32] showed the severity of air pollution in Tehran, where the modules
performance reduced from 45 W to 17 W during the test period. The reduction in the
PV yield due to air pollution is significant in Iranian cities.

6.2 Turkey

Turkey is Iraq’s northern neighbor; it is a secular democratic state located on the
Bosphorus and Dardanelles straits, which together enclose the Sea of Marmara.
Turkey links the Black Sea to the Aegean Sea and Asia to Europe. Turkey is located
between the latitudes 35� and 43� north, and longitudes 25� and 45� east. Turkey is
the 37th largest country in the world in terms of area. The country is surrounded by
the sea on three sides: the Aegean Sea to the west, the Black Sea in the north and the
Mediterranean Sea to the south. Also, it is bordered by the Marmara Sea in the north-
west of the country [33].

Turkey’s climate varies from one place to another. The coastal areas of Turkey
bordering the Aegean Sea and the Mediterranean Sea have a moderate Mediterranean
climate, with hot, dry summers and winters ranging from mild to cold and wet. The
coastal regions of Turkey by the Black Sea are characterized by warm and humid
summers and cool, wet winters. The greatest amount of rain on the Turkish coasts falls
at the Black Sea coast region in Turkey, which is characterized by a high incidence of
torrential rain. The climate of the coastal areas of Turkey bordering the Sea ofMarmara
(including Istanbul), which connect the Aegean and the Black Seas, is characterized by
the transition from the mild Mediterranean climate, its summer is hot and dry and its
winters are cold and mild to cold and wet. In the West, an average temperature of less
than 1 �C in winter is achieved. Summer is hot and dry, with temperatures above 30 �C
and the annual rates of precipitation are about 400 mm [34, 35].

The population of Turkey is 70,586,256, according to the last official census in
2007 [36]. About three-quarters of the population live close to towns and cities. The
population is increasing by 1.5% annually, according to estimates up to the year
2009. The average population density in the country is up to 92 people per square
kilometer [37].

The industry and trade centers are concentrated around the city of Istanbul and in
the rest of the major cities, especially in the west. There is a big difference in the
standard of living and economic situation between the industrialized west and the
agricultural east. The agricultural sector is the largest sector in terms of employment,
with about 40% of the total work force of the country, but it provides only about 12%
of national output. The industrial sector produces about 29.5% of the gross national
product of Turkey and the service sector about 58.5% [38].

The most important industries in Turkey are textiles, food and beverages, elec-
trical appliances, automobiles, chemicals, and leather. The plastic strip makes up
28% of Turkish exports. The most important mineral resources located on Turkish
territory are coal, charcoal, iron, lead, zinc, copper, and silver. Turkey is also one of
the largest producers of chrome in the world. There is a small oil reserve in the
southeast of the country [39].
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Cotton, tea, tobacco, olives, grapes, citrus, fruit, vegetables, grain, and barley are
the most important agricultural crops in the country. Turkey is one of the largest
producers of hazelnuts in the world. Turkey has the seventh most warm groundwater
in the world and the most in Europe. Turkey is considered to be the seventh country
with regard to global cultivation [40].

Turkey imports most of its energy. Turkey is strategically positioned between two
continents with 65% of the energy resources in the east of the country, while 65% of
the demand is in the west [41]. Turkey produces a lot of lignite. “Lignite power
stations churn out large amounts of carbon dioxide, with a comparably low level of
efficiency” [42]. New coal-fired power stations are being built despite the environ-
mental impact of the coal industry. Currently most gas comes from Russia via the
Blue Stream pipeline because Iranian gas, which comes through the Tabriz–Ankara
pipeline, is more expensive (as of the first quarter of 2014). Azerbaijan supplies
Turkey through the South Caucasus Pipeline and may supply more in the future
through the Trans-Anatolian gas pipeline, which is currently under construction. Iraq
may also supply gas in the future, through the Southern Gas Corridor [43]. Also,
some gas is imported as LNG. At the moment, only a small proportion of gas imports
are re-exported to the EU. Table 6.1 illustrates the energy situation in Turkey [44].

6.2.1 Energy Situation in Turkey

Fossil fuels such as natural gas, coal, and oil represent approximately 90% of the
total primary energy supply in Turkey. They cover 73.5% of the electricity supply
with the rest supplied through renewable energy sources; 92.8% of renewable energy
is produced from hydropower, and about 7% from wind, geothermal, biomass, and
recently solar energy [45, 46].

Turkey’s oil consumption in 1970 reached up to 19 million tons, and rose in 2010
to 105 million tons. It is expected that the oil consumption will rise up to 222.4
million tons in 2020. At the same time, renewable energy’s share of primary energy
consumption has steadily declined, starting in 1980. The share of renewable energies

Table 6.1 Energy in Turkey

Capita
(million)

Prim. energy
(TWh)

Production
(TWh)

Import
(TWh)

Electricity
(TWh)

CO2-
emissions
Mt

2004 71.79 952 280 677 127 209

2007 73.9 1,163 317 881 163 265

2008 71.08 1,146 337 843 171 264

2009 71.9 1,136 352 817 165 256

2012 74.9 1,360 355 1,035 207 302

2013 75.77 1,355 376 1,008 209 384

Change
2004–2009

0.2% 19.2% 25.6 20.7% 30.2% 22.4%
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in 1970 was about 35% of the total energy consumed, but in 2010 fell to about 10%
[49]. The most important renewable energy used in Turkey today is biomass, while
in recent years it was hydropower. Most of the fossil fuel consumption is covered
(whether natural gas, oil, or coal) through import, making the Turkish economy
heavily dependent on imported energy sources from foreign countries [50].

The turn towards the use of natural gas for the production of electricity in Turkey
was dramatic, quickly making it the main contributor to the electricity supply.
According to Fig. 6.3, Turkey imported an average of 95.7% of the used natural
gas in the years 1988–2003 [51].

Figure 6.3 shows the evolution of the distribution of fuel in the years 1940–2009.
As can be seen in the graph, coal covered about 86% of the energy demand in 1940.
The rest of the demand was covered by the renewable energies (8% mostly hydro-
power) and natural gas (6%). Over the years, a continuous increase in the use of
natural gas has occurred, especially after 1990. The increasing use of imported
natural gas changed the situation, leading to a fuel distribution of 19% renewable
natural, 52% gas, and 29% coal in 2009 [48].

6.2.2 Renewable Energies in Turkey

• Geothermal Energy

In 1965, the Turkish Mineral Research and Exploration Co., which is owned by the
state, began with the first geological and geophysical surveys in south western
Turkey. In 1968, the Kızıldere geothermal reservoir, a field on the western branch

Fig. 6.3 Turkey’s primary energy consumption 1970–2006, and the share of renewable energy
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of Büyük Menderes Graben, was discovered as a geothermal field suitable for
electricity generation. The first power plant was built as a prototype facility in
1974 with 500 kW installed capacity. The generated electricity was distributed to
the households in the vicinity free of charge. The state-owned Elektrik Üretim A.Ş.
(EÜAŞ) enlarged the installed capacity up to 17.4 MW in 1984. However, the
average actual power was around 10 MW. In 2008, the power plant was transferred
to a private company called Zorlu Energy in the frame of privatization. Zorlu Energy
obtained the right of operating lease for 30 years, and increased the capacity from
6 MW to 15 MW within a short time. In December 2013, the Kızıldere Geothermal
Power Plant reached an installed capacity of 95 MW, making it Turkey’s biggest
[52, 53].

As of 2005, Turkey had the fifth highest direct usage and capacity of geothermal
energy in the world. Turkey’s capacity as of 2005 is 1,495 MW with a usage of
24,839.9 TJ/year or 6,900.5 GWh/year at a capacity factor of 0.53. Most of this is in
the form of direct-use heating however geothermal electricity is currently produced
at the Kizildere plant in the province of Denizli producing 120,000 tons of liquid
carbon dioxide and dry ice. As of 2006 and 2010, there were two plants in Aydın
generating 8.5 and 11.5 MW, respectively [54].

Direct-use heating has been mostly district heating serving 103,000 residences
(827 MW and 7712.7 TJ/year). There is also individual space heating (74 MW and
816.8 TJ/year); 800,000 m2 of heated greenhouses (192 MW and 3,633 TJ/year);
and 215 balneological facilities, 54 spas and bathing and swimming pools (402 MW
and 12,677.4 TJ/year) [38]. It has been reported that at least 1.5 million houses,
currently heated by natural gas, can switch to being heated by thermal water [55].

As of 2005, 170 future geothermal prospects had been identified, with 95% in the
low-to-medium enthalpy range suitable for direct-use applications [56]. In 2010 the
installed geothermal electricity generation capacity was 100 MWe while direct use
installations were approximately 795 MWt [57] (Table 6.2).

• Hydropower in Turkey

Turkey’s dependence on imported fossil fuels has been accompanied by contin-
ued growth for electricity, which has recently reached around 7% per year. This
situation led the country to move increasingly toward developing the locally avail-
able resources to meet demand. Turkey is helped by the appropriate geographical
presence of large areas that can provide hydroelectric power such as the existence of
areas with an average altitude of 1,100 m above sea level in the Euphrates and Tigris
basin. Also, there are potential and ample areas available for the development of this
energy, such as the Black and the Mediterranean Sea coast, and the eastern regions of

Table 6.2 Turkey’s geothermal power plants

Station Capacity (MW) Community Status Construction year

Kizildere 95 Saraykoy, Denizli Operational 1984

Gumuskoy 13.2 Germencik, Aydin Operational 1992
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Anatolia [58, 59]. Turkey has great potential for hydroelectric power, estimated at
433 TW/year; with about 140 being currently used, while it is expected to produce
hydroelectric power up to 420 TW annually by 2020 [60, 61].

This huge acceleration of supply in Turkey has led to the beginnings of exploi-
tation, despite the fact that about 60% of its hydropower potential is undeveloped
today. Turkey owns more than 500 hydroelectric power plants and operates a total
capacity of over 15 GW. Also, there is the potential of 15 GW of hydroelectric power
plants under construction. Table 6.3 illustrates the hydroelectric power stations in
Turkey [62, 63].

Table 6.3 Turkey hydroelectric power stations

Station
Capacity
(MW) Community Status

Construction
year

Altinkaya Dam 700 Kizilirmak Operational

Aslntas Dam 138 Ugurla Operational

Ataturk Dam 2400 Eskin Operational 1982

Batman Dam 198 Catakkapora Operational

Berke Dam 510 Duzici, Osmanyle Operational

Birecik Dam 672 Bilkes Operational

Borcka Dam 300 Borcka, Artivin Operational

Boyabat Dam 513 Boyabat Operational 2012

Catalan Dam 169 Adana Operational

Deriner Dam 670 Artivin Operational 2012

Devecikonagi
Dam

29 Bursa Operational 2012

Dicle Dam 110 Altaykoy Operational

Gezende Dam 159 Operational

Gokcekaya Dam 300 Cokcekaya Operational

Hasam Ugurlu
Dam

500 Ugurlu Operational

Hirfnali Dam 128 Hirfanlar Operational

Illisu Dam 1200 Under
construction

2015

Karakaya Dam 1800 Handere Operational 1989

Karkamis Dam 192 Ziyaret Operational

Keban Dam 1330 Keban Operational 1974

Kilickaya Dam 124 Yelkesen Operational

Menzelet Dam 248 Sariculur Operational

Muratli Dam 115 Muratli village Operational 2005

Obruk Dam 202 Operational

Oymapinar Dam 540 Oymapinar-
Manavagat

Operational 1984

Ozluce Dam 170 Operational

Sariar Dam 160 Sariyar Operational

Sir Dam 284 Kucksir Operational
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• Wind Energy

The geographical location of Turkey means it is under the influence of various
pressure systems. In winter, Anatolia suffers under strong northerly and north-east
winds. The western regions suffer under the western and north western wind effects.
In the summer, continuous northerly winds blow on the western regions of Turkey.
In the eastern and southern regions the northeast winds blow at high speeds [64].

The potential of wind energy in Turkey has been estimated to be about 114 GW in
the areas with wind speeds higher than 7.0 m that are located at an altitude of 50 m
above the ground. According to studies Turkey can take advantage of 20 GW of
wind power immediately. Around 1.8 GW (about 9%) of this potential had been
exploited up to the end of 2011, with the most important electrical wind power
station set up in 2009 [64]. These stations distribute electricity for the Aegean, the
Sea of Marmara, and the Mediterranean regions [65]. Figure 6.4 shows the wind
energy source areas suitable for production in Turkey, and the currently producing
electrical power areas. Table 6.4 shows the status of wind farms in Turkey.

Fig. 6.4 Turkey’s wind resource areas and wind power plants in 2009

Table 6.4 Wind farms in
Turkey

Wind Farm Station Capacity Status

Gokcedag 135 Operational

Bandirma 50 Operational

Bozcaada 10.2 Operational

Soma 140.8 Operational

Karaburun 120 Operational

Geycek 150 Operational

Kangal 128 Operational

Osmanlye 135 Operational

Baglar 100 Operational

Intepe 30.4 Operational

Turguttepe 24 Operational
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• Biomass Energy

The estimated natural biomass potential of Turkey is about 372 TWh and includes
various sources of agricultural and other waste, such as grain dust, wheat straw, and
nuts. It is estimated that about 53% of this waste could be exploited to produce
approximately 198 WT of electrical power, while currently only 0.45 TWh are
used [66].

The method currently used to convert biomass into electricity is done by the
conversion of biomass into hydrogen and carbon dioxide. These gases are burned to
run a steam turbine engine at a later time. The synthetic gas production process is
complex and needs to purify the product and to intensify the gas, which is a high-cost
operation that makes use of this non-commercial technology and not readily avail-
able. So, to date, Turkey uses a fraction of these possibilities, and there is no plan of
the government to raise the utilization ratio of this renewable resource in the near
future [67, 68].

• Solar Energy

Turkey has abundant solar radiation, as it is located in a solar belt between 36�

and 42�N latitudes. Most of its regions are suitable for the development of solar
energy systems as the annual rate of solar radiation is between 1,120 kWh/m2 per
year in the Black Sea region with 1,971 hours of sun per year. The highest solar
radiation recorded in Turkey is higher than 1 460 kWh/year m2 in Southeast Anatolia
with 2993 hours of sun per year [69]. The solar radiation to the rest of Turkey ranges
between these two values. Solar power generation now meets about 0.26% of the
total demand for electricity of Turkey [70, 71].

The total productive capacity of the solar panels in 2011 was 0.7 MWP. About
4 MW was added to the system in 2012, 50 MW in 2013, and the total output of the
power produced by solar energy reached about 1,000 MW in 2014. There are no
plans to create greatly beneficial projects before 2014 [75, 76]. Therefore, it is not
likely that solar energy will play a key role in Turkey’s electricity supply in the near
future. Figure 6.5 indicates the solar intensity levels spread over an area of
Turkey [77].

Fig. 6.5 Solar radiation levels in Turkey
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6.3 Syria

The Syrian Arab Republic has a total area of 180,185 km, bordered on the south and
south-east by Iraq, Jordan to the south, Israel to the southwest, and Lebanon to the
Mediterranean Sea to the west. The country is divided into 14 provinces, one of
which is the capital, Damascus. The state can be divided into four natural geograph-
ical regions [78]:

• The coastal area between the mountains and the sea.
• Mountains and high regions extending from north to south along the Mediterra-

nean coast.
• The plains or inland areas located to the east of the highlands, which include the

plains of Damascus, Homs, Hama, Aleppo, Hasaka, and Daraa.
• Badia and desert plains south-east of the country, bordered by Jordan and Iraq.

In 2005, the total area of arable land was 91.5 million hectares, or 32% of the
country’s entire area, while the area of cultivated land was 74.5 million hectares [79].

The climate of the Syrian Arab Republic is Mediterranean (relative to the
Mediterranean Sea) with continental influence. Winter is cold and rainy, and the
summers are warm and dry. Spring and autumn are relatively short. Large parts of
Syria are subject to a high volatility and variability of daily temperatures [80]. The
daily temperatures can reach 32 �C in the interior and about 13 �C in coastal areas.
The annual precipitation rate ranges from 100 mm to 150 mm in the northwest,
150 mm and 200 mm in the area extending from the south of the country towards the
central region, and between 300 mm and 600 mm in the plains. Table 6.5 shows
some essential statistics for the composition of this country [81].

Table 6.5 Syrian statistics [82]

Statistics Quantity Year Unit

Basic statistics and population

Country area 18,518,000 2005 Hectare

Cultivated area 5,742,000 2005 Hectare

As a percentage of the country’s area 31 2005 %

Land suitable for growing annual crops 4,873,000 2005 Hectare

Area of permanent crops 869,000 2005 Hectare

Population

Total population 19,043,000 2005 People

Ratio of rural population to total 49.7 2005 %

Population density 102.8 2005 People/km2

Proportion of females to total population 28.7 2005 %

Ratio of males to total population 71.3 2005 %

Economy and development

Gross national product ($ US) 38,080 2007 Million $ US

Gross domestic product per person 1480 2005 $ US/year

Human development index (ID ¼ 1) 0.724 2005
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In the Syrian Arab Republic, there are 166 dams with a total storage capacity of
7.19 km (Table 6.6). The largest of these dams is Al-Tabka dam on the Euphrates
River close to the city of Raqqa. The dam’s area is 674 km2, which represents the
dam lakes’ area. The most massive dam is Asad dam with a storage capacity of a
41.1 km2, Qutaina dam has a volume of 200 million m3, and there are many medium-
sized dams, including Al Rastan Dam (228 million m3). Most of these dams are
located near Homs and Hama cities in the west of the country [83].

6.3.1 Energy Status in Syria

The electrical power sector in Syria suffered from many problems with regard to
production, transmission, distribution, and delivery to consumers. In 1904 electricity
was introduced to Damascus City. The electricity development in this country can be
divided into four stages: In the first phase (1904–1950), foreign companies con-
trolled the electricity sector. The emergence of national organizations occurred late
and concentrated the production and consumption of electricity in the cities: Damas-
cus, Homs, and Aleppo. In the second stage (1951–1965), the government nation-
alized foreign and national companies, established the General Establishment for
Electricity to supervise the electricity sector in the state, introduced electricity to
most Syrian cities and some rural areas, and continued production and consumption
of electricity concentrated in the three previously mentioned towns. The third stage
(1966–1980) is one of the most critical stages of the economic development of
electricity in Syria and has witnessed several events that have had a significant
impact on the electricity sector, an impact that remains to this day [85, 86]. The most
important of these was the establishment of the Ministry of Electricity, the estab-
lishment of the unified network, and the construction of the Euphrates Dam and its
hydropower station. These events have contributed to changing the geographical
distribution of production, which has increased significantly to meet the increasing
demand due to population growth and development projects. The geographic distri-
bution of the power plants was changed after the establishment of the Euphrates dam
and the unified network to concentrate in the governorates of Raqqa and Hama.
Electricity production moved to focus in the two previous provinces, while

Table 6.6 The main dams in Syria [84]

Basin Dam’s number Total storage capacity (million m3)

Al-Yarmouk 42 245

Coastal Basin 21 602

Al-Aasi 49 1492

Al-Badia Basin 37 69

Euphrates and Alepp.o 4 16,146

Tigris and Khabour 12 1045

Total 165 19,599
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consumption remained concentrated in the governorates of Damascus, Aleppo, and
Homs [87].

The fourth stage (1981–2007) was characterized by a decrease in the quantity of
electricity generated from the water plants in the 1980s, which led to a reduction of
production and became unable to cope with consumption. The government followed
a policy of easing loads. This situation continued until the mid-1990s. A new group
of generation plants, some of which are currently the most crucial power plants in
Syria, have now entered the service. The most important of these stations, Aleppo
Station, is the most significant power plant in Syria, and is the only installed station
in Syria so far. The entry of such locations into service has contributed to amelio-
rating the electricity crisis that ended in the mid-1990s [88].

Syria had 16 power plants in 2007 with a total capacity of 7,157 MW. Water
capacity accounted for 21% of them, steam 51.7%, gas 17.5%, and composite cycle
9.8%. The water stations were established on the Euphrates while the thermal
stations were located near the consumption centers in the north-south central axis.
Aleppo Station is the most abundant power plant in Syria with a nominal capacity of
1,100 MW. Aleppo governorate has the most significant share of the capacity of the
generation plants (24.2%), followed by Hama governorate (22.6%) [89].

Fuel oil (diesel) and natural gas are the primary fuels used in the operation of the
power plants and are transported to the stations by pipelines, trains, and trucks.
Electricity production in Syria has increased in recent years steadily. The production
capacity reached 38,642 million kW. In 2007, steam stations were the most produc-
tive and contributed a rate of 58.4% of the total production [90]. The output of
hydroelectric plants has decreased, and its contribution to production has dropped to
9.1%. It has been dramatically affected by the Turkish projects on the Euphrates
River, which is the site of all hydroelectric power plants in Syria. Gas stations
accounted for 18.9% of production, while the share of installed cycle stations was
13.6% [91].

Electricity in Syria was one of the most important sources of energy and the
cheapest available to all Syrian citizens in 2011. However, power has become a
dream for many people after the production plants and the electricity networks of
many areas have suffered destruction as a result of war over the last 4 years. Syria
relies on two sources of electric power: the generation of electricity by water and by
thermal stations deployed in the provinces [92].

The consequences of this destruction include a 60% reduction in gas production,
obstruction by fuel has been halted due to the absence of skyscraper and landfill
routes, and the lack of periodic maintenance of the generation kits. As a result of
these conditions, the capacity generated reduced from about 10,000 MW before the
events to about 2,500 MW currently. The production decreased by 75%, where the
need for electricity in Syria in 2011 was between 10,000 and 12,000 MW, the
generation was 10,000 MW [93]. Electricity is currently produced in the southern
and coastal regions of Syria only. Many transfer stations, especially north of Aleppo
and Idlib, were damaged and some of them were systematically destroyed almost
entirely. The percentage of destruction in some areas of Syria reached 75% of the
transmission network and high-tension lines and is completely destroyed in other
regions [94].
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One of the most important sources of electricity available in Syria is hydropower
generation from the dams of Tishrin, Euphrates, and Al-Baath. It is connected to the
water supply, making up about 5%. This is used only during the evening rush hour.
Turbines are stopped all day, water is reserved, and turbines are thenoperated at peak
hours between 5 and 10 pm. The second source of electricity in Syria is the thermal
generating plants, which reached 95% of supply. Some of these plants were working
on gas and some on fuel and are now stalled because of the lack of transport and land
to transport fuel to stations. There are currently 11 thermal generating plants and
three hydro thermal power plants in Syria. In Aleppo, the thermal station, Idlib
Zizoun, HamaMaharda, Zara and Homs Gendar; Damascus and its villages Deir Ali,
Tahrin al-Harari and Nasiriyah, Deir Al-Zor, Al-Taym, and the Swedish in Hasakah
and Banias in Tartous. As for the need for the electricity sector in Syria,
“Abdulrahman,” this industry needs mechanisms, levers, spare parts, and equipment
for stations and networks of the normal tension and transfer centers. The Turkish
side is currently in contact with the Turkish network and north of Idlib in order to
secure a source of electricity [95, 96].

6.3.2 Renewable Energies in Syria

Renewable energies in Syria have become one of the priorities of the decision
makers. It is expected that the demand for electricity will reach 44,000 MW in
2010 and 70,000 MW per hour in 2020. The Syrian government has begun to
develop a plan aimed at exploiting all of the renewable energies in the production
of electricity to reduce the demand for fossil fuels in the production of electric
power [97].

Recent studies have shown that wind power is available in four regions of Syria
that can be invested to build wind farms. These areas are: the west and east of Homs
and the eastern foothills of the Sahel Mountains and extend from Idlib, Hama, Ghab,
Masayf, and Mashta al-Hilu to the area of the slopes of Mount Sheikh and the
maritime sector along the Syrian coast. Studies have shown that the wind speeds in
these areas are within the economic investment of wind farms for turbines with a
capacity of 2 MWh. Table 6.7 lists the electrical powers produced by wind farms in
Syria [98].

Table 6.7 Production of electric power by wind farms [99]

South Qunitra Al-Baath city City of Palmyra Homes Safeta

Generators MW MW MW MW MW

100 � 200 kW 25,920 33,120 26,260 398,400 10,560

100 � 1 MW 129,600 165,600 130,800 199,200 52,800

100 � 1.2 MW 155,520 198,720 156,960 239,040 63,360

100 � 1.5 MW 194,400 248,400 196,200 298,800 79,200

100 � 2.5 MW 324,000 414,000 327,000 498,000 132,000
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The generation of energy from household, petroleum, industrial, and thermal
waste has the potential to produce more than 1,000 MW. The waste becomes an
energy product rather than an environmental problem in all Syrian cities. According
to the study, enough waste is available to produce bio-fuel for the work of heating
agricultural and electric power production to cover the needs of many agricultural
areas and small cities of more than 2,000 MW/h [100].

The studies pointed out that the cost of investment, i.e., the cost of setting up
stations, is higher than that of the plants working on fossil fuels because they do not
need any fuel. The energy gets carbon compensation under the Kyoto Protocol and
the result is that renewable energy after calculating all costs compared to fossil
energy is five times lower than that of fossil fuels based on current oil prices, which
are likely to increase in coming years [101].

Recent studies have shown that most waste in electricity consumption is concen-
trated in the industrial and commercial sectors and public institutions due to the low
cost of electricity. The consumption of any industrial product in Syria is equivalent
to nine in Europe and America. Therefore, industrialists are encouraged to switch to
the production of energy from the sun or wind, where the industrial plant can satisfy
its requirements and inject surplus back to the network. Also, the operation of public
lighting systems and lighting billboards, parks, traffic systems, and traffic signals
through solar energy increases the burden of the network [102].

For solar energy, the precise measurements of solar brightness in Syria were
recorded in Abu Shammat, Hasaya, Palmyra, Altnaf, Albuqmal, and Bab Al-Hawa;
readings exceeded 7 kW/m2. These results show that the energy available from wind
and solar production in Syria reaches 100 000 MW hours or 14 times the total
produced by all the fossil power stations currently in Syria. Syria has the potential to
last 100 years without the need for any fossil fuels [103].

6.3.3 Use of Photovoltaics in Syria

Electricity production has fallen by more than half and the impact of infrastructure
battles has directly affected this. The Syrian network was classified as one of the
“most efficient” systems in the Middle East. The Syrian government has found in the
alternative energy projects a solution to provide electricity in its public institutions to
manage its affairs in light of the long power outages, which means the absence of
complete paralysis, especially in banks and offices of ministries, which are
experiencing a substantial demand from the auditors [104, 105].

So, alternative sources of fossil and conventional fuels are the solutions – the
wind and the sun, but are such projects successful in the midst of the war? On the
individual level and within homes and public institutions where use is limited, such a
project can be a solution, but at the level of cities this does not seem plausible.
Currently, there are no new domestic or foreign investments, because of the security
conditions and daily bombings, only schemes for projects instituted before 2011 are
supported [106].
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The Syrian government is currently working on a 25 kW PV project that will
benefit from solar energy in the production of electricity. The pilot and experimental
projects, scientific studies and research in the field of renewable energy applications,
and the use of animal and agricultural waste for the production of biogas and solar
water pumping systems are being implemented. Solar power generation projects
have recently increased in Syria, but these projects have been hit by the hurdle of
rising costs and the need for a big budget [107]. The National Energy Research
Center (NRC) is working on the installation of a power plant on the roof of the
Ministry of Agriculture building with a capacity of 40 000 kW annually, at a cost of
18 million lira. The Ministry of Electricity recently announced its intention to set up
the power generation project through the deployment of solar panels on the roofs of
335 schools in Damascus in order to generate 10 kW per school. The project needs
5 years to be implemented [108].

By the beginning of 2015, the official authorities of the system have intensified
their efforts to rely on alternative energy in public places and state institutions in
various areas under the control of the system. The project was established for the
pumping of water from the wells in the Red Valley, the Talila Park, and the Abu
Al-Fawares well in the Syrian Desert. In addition, there is the installation of
50 systems for lighting the Al-Qaleela Forest road in Lathakia Governorate produc-
ing 140 kW [109].

In the field of solar thermal systems, two projects have been implemented to
secure the hot water of Ibn Al-Walid Hospital in Homs at 6,000 L per day, and the
Mowasat Hospital in Damascus at 32,000 L per day. A contract was signed for the
construction of five PV systems on the roofs of public sector buildings in Damascus
with a capacity of 75 kW. Preparations are also underway for the implementation of
a pilot project capable of 3 kW on the surface of the school, Jawdat al-Hashemi.
Additionally, cooperation with several public bodies is underway to prepare techni-
cal studies of some projects such as agriculture, local administration, environment,
oil, and others in preparation for implementation within the Center’s plan for
2015–2016, Energy No. 3 of 2009 [110]. The first objective of such projects is to
spread this culture and to show the need to use renewable energies and the economic
feasibility of such schemes. As a result, some public-sector bodies have circulated
some of these experiences, especially the projects using water heating systems in
hospitals.

The use of alternative energy and reliance on electricity generation is not limited
to the government and its institutions, but also to citizens in areas of control and
opposition control areas. After 5 years of a suffocating war, the Syrians created new
roads to generate electricity by solar panels after the electricity was completely cut
off because of military operations [111].

The Syrian citizen is able to provide full lighting for his home for about 6 h a day,
but the cost is “very high,” under difficult living conditions experienced by the
Syrian citizen, and the possibility of the panels breaking is high, especially in areas
under constant bombardment. The current circumstances have prompted many
families in Syria to rely on this method of energy, which costs an average of
approximately one million Syrian Pounds ($2400). It has led to a rebound in the
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trade of solar panels, and as a practical alternative to generators that operate on high-
priced fuel derivatives, but this method is useful compared to the age of default,
which extends for more than 15 years if used correctly [112].

Even if the war is over and the sound of the guns dwindles, the alternative energy
option remains a must. Many of the recommendations and studies indicate that
energy required for the reconstruction of Syria will not be satisfied by the oil and
fuel extracted from its fields. Construction companies need new energy sources of
approximately $250 billion to rebuild Syria, according to UN estimates. Perhaps the
wind and the sun are the best options [113, 114].

6.4 Kuwait

The State of Kuwait is located in the northeast corner of the Arabian Peninsula, with
a total area of 17,820 km2. It has a combined land border with the Republic of Iraq
and Saudi Arabia of about 490 km. Its coastline on the Arabian Gulf is approxi-
mately 500 km [115]. Kuwait consists of deserts of soft sand, bulk, and flat areas
with some hills (Jal Al-Zor Hills series), most of which are dry and desolate [116].

Kuwait is located in subtropical regions characterized by their relative warmth in
winter and high temperatures in summer. Furthermore, in the summer there is about
14 h of sunrise. Drought is a distinctive feature of Kuwait, where rain is rare, slow,
and fluctuates in quantity [117]. When it falls after several years of drought, it is
abundant, concentrated for a few hours, and often followed by floods that cause
severe damage to soil and vegetation. The desert environment covers at least 90% of
the country’s total area [118].

Kuwait’s climate is characterized by two main seasons, a long hot, dry summer
where the highest temperatures are usually recorded and a short winter with limited
rain and relatively warm temperatures; in summer the temperature rises sharply, the
maximum being during July and August [119]. The main reason for this climatic
effect is the intensity of solar radiation. It is well known that clouds isolate the earth
during the day, and inhibit the worst of the heat of the sun, and then during the night
the same clouds have the task of storing the temperature of the earth and preventing it
from dissipating into space. Without clouds the heat intensifies under the weight of
the high desert sun, then it loses temperature quickly a second time at sunset
[120, 121].

January is the coldest month of the year locally, with a monthly average temper-
ature of about 13 �C, and a maximum temperature of about 18 �C, while the
minimum temperature is about 8 �C. The weather is mild in the winter even in the
coldest months of the year, but at night it is very cold as the temperature is reduced
significantly [121].

Northwest winds predominate in Kuwait during the summer months, with a local
rate of about 60%; these winds are high speed, high temperature, dry winds. They are
due to the high atmospheric pressure behind the Mediterranean and Southern Europe
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in the north, and the low-pressure centers along the tropical front in the south. This
front lies south of Kuwait by 600–800 km [122].

Another feature of the desert is the sandstorms (about 154 days/year). The sand
and dust that blow through the desert plains make life unsuitable for plants and
animals. When sandstorms blow, the desert creatures avoid these winds by hiding
and keeping away from them as much as possible. Dust phenomena persist over the
summer months, and there are an average of about 26 dust storms a year, a rate that is
more than twice the average in neighboring countries [123, 124].

Fresh, brackish groundwater is the only natural source of water in Kuwait. The
availability of this water was one of the most important factors to attract people to
stay in Kuwait in the past and the most important of these wells are Shami, Kifan,
Hawli, Nqqah, Dasamah, Surat, and Salmiya. In addition there are also wells located
on the southern coast and also in the Jahra. In general their depth is a few feet
[125, 126].

6.4.1 Energy Status in Kuwait

On 23 December 1934, the Prince of Kuwait was awarded by the Kuwait Oil
Company Limited, which was established as a private joint venture between BP
and the Gulf Oil Company (Gulf Oil, currently Chevron), the concession of explo-
ration for oil [127]. After World War II, Kuwait was transformed from a poor desert
state into a modern rich state. The first oil field in Kuwait was discovered in the
Burgan area, and drilling operations were carried out in 1937 and early 1938. On
22 February 1938, oil was discovered in Burgan. On 30 June 1946 Kuwait began
exporting the first shipment of Kuwaiti crude oil. Thus, Kuwait joined the ranks of
the world’s major oil producers [128].

In the three decades following that date, there were significant developments.
KOC commenced refining operations at Mina Al Ahmadi refinery in 1949 and
established Kuwait Oil Tankers Company in 1957 [129]. Kuwait National Petroleum
Company (KNPC) was established in 1960 as a public and private-owned company
and commenced operations at Shuaiba Refinery in 1968. The petroleum chemical
company that was established in 1963 was also a project between the government
and the private sector, and began in the following year its operations of manufactur-
ing oil derivatives. Kuwait nationalized the oil industry on 6 December 1975, after
signing an agreement between the State of Kuwait and British Petroleum, and the
Gulf Oil Company to regain full control over the oil resources of the State of Kuwait.
It is eighth in the list of the countries of the world’s top crude oil exporters, with a
volume of 3,188,000 barrels per day [130].

Despite its oil wealth, Kuwait entered the era of gas in 2006, when more than
34 trillion cubic feet of pure gas were discovered in four fields in the north of the
country by the Kuwait Oil Company. After 8 years of digging the first wells, Kuwait
is now ready to produce non-associated gas for oil. Kuwait will provide more than
300,000 barrels per day of condensate gas, along with 3,000 tons of ethane and 3,000
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tons of propane and butane. It will also produce 750 tonnes per day of sulfur that may
be stored underground or exported. Table 6.8 shows the consumption of fossil fuels
by Kuwait [131, 132].

6.4.2 Electricity in Kuwait

The discovery of oil in Kuwait (which is still the main source of national revenue)
was the beginning of the civilizational renaissance of the country, which included all
aspects of social, urban, educational, and economic life. Electricity played an
essential role in the renaissance of the country by meeting its needs with a significant
development with time.

In 1934, the first power plant in Kuwait was established with the establishment of
the first small power station to generate electricity from the local electricity company
[133]. The production started with the installation of two generators with a capacity
of 30 kW, and the current distribution was 200 volts. At the end of the first year, the
number of subscribers was not very high: there were only 60 participants. However,
the number of subscribers in 1940 increased to about 700 and the installed capacity
increased to 340 kW [134].

As a result of the effects of the Second World War, there has been a period of
stagnation in the development of this sector. By the end of the war, the company
decided to cancel the DC system gradually and introducing three-phase AC system
with 380/220 volts and frequancy of 50 Hz. The company set up the generating
station in Al-Mirqab, which included two generators of 200 kW that began operation
in early 1949, and a third generator with a capacity of 200 kW was added as well as a
permanent system of fire extinguishing was discontinued in 1950. In order to cope
with the increasing demand for electricity, the company acquired a 500-kW gener-
ator from the Kuwait Oil Company early in 1951; the combined generating capacity
was 1,100 kW (1.1 MW) [135].

As a result of the rapid revival of the country in various avenues of life, the
demand for electricity has increased to a large extent, making existing plants unable
to meet this need. The government found that the time had come for an intervention.
General Electricity was responsible for the provision and distribution of sufficient
electrical power [136].

Table 6.8 Kuwait consumption of fossil energy for the period from 2009 to 2012

2009 2010 2011 2012

Consumption of petroleum products 6,476,564 6,418,503 5,692,265 5,637,069.9

Natural gas consumption 3,796,982 5,305,223 6,102,804 6,679,220.9

Total primary energy consumption 10,273,546 11,723,726 11,795,069 12,316,290.8

Per capita primary energy consump-
tion (kg/person)

2940 3270 3190 3220
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The peak load was about 32% in the 1950s, 26% in the 1960s, 15% in the 1970s,
8% in the 1980s and 11% in the 1990s. Global standards, still considered high, were
in the range of 5–8%, while most industrialized countries do not exceed an electrical
load of more than 2–3% per year. In some countries, however, it is lower, and of
course, the growth in populations and thus electric consumption is a direct reflection
of these conditions. Climate and rapid economic and urban development in the
country in both the public and private sectors, and the rise in the individual rate of
electricity consumption reflects and indicates the existence of some aspects of
consumption extravagance encouraged by the low cost of electricity. Table 6.9
shows the development of power and electric power produced in Kuwait for the
period from 2009 to 2012 [137, 138] (Table 6.10).

The Electricity Authority took responsibility in 1952 when it built the first electric
power plant in the Shuwaikh area near the coast in order to use the seawater in the
cooling operations. Initially, this station consisted of three 750-kW small steam
units, equipped with steam. The first desalination plant was stopped after station A
was installed in 1954–5, with a capacity of 7.5 � 4 MW [139]. The construction of
station B in 1958 had a capacity of 4 � 10 MW (suspended in 1978) and station C
61 in 1962 with a capacity of 3 � 30 MW. In 1977, five gas-generating units of
40.8 MW were added. The combined capacity of the plant was 324 MW, and the
installed capacity in 1989 was reduced to 208.2 MW. Four steam units (installed
capacity 75 MW) and a gas unit (installed capacity 40.8 MW) were put out of service
due to their low efficiency or lack of economic feasibility for repair (33 million kW
hours). In 1990, the plant was completely shut down as a result of the destruction
caused by the Gulf war [140].

The first source of electricity and fresh water consumed in Kuwait is from
generating plants and distillation. These stations include unique and sophisticated
equipment that requires substantial financial investments. In these stations, vast
amounts of fuel are burned, and they are converted to produce large quantities of
compressed steam at very high temperatures to operate steam turbines. The power

Table 6.9 The electricity consumption data in Kuwait for the period 2009 to 2012

2009 2010 2011 2012

Combined electrical power 12,579 13,382 14,702 15,349

Steam power stations 9630 9745 9745 9745

Gas power stations 2948 3637 4597 4597

Dual cycle stations – – 360 1000

Table 6.10 Electricity consumption in different sectors in Kuwait (Giga watt hours) for the period
2009 to 2012

Final energy consumption sectors 2009 2010 2011 2012

Industry sector 5592 6022 6045 6448

Residential buildings sector 22,368 24,089 24,180 25,794

Other sectors 18,640 20,074 20,150 21,495

Total final power consumption 466,400 50,185 50,375 53,777
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facility uses steam thermal turbines mainly to generate the electric power needed to
meet the electrical demand. Furthermore, some of the gas turbines, which constitute
about 28.7% of the total installed capacity, are used in the generation plants and are
used in emergency situations and when the maximum electrical load usually occurs
[141, 142].

The electric power generation in Kuwait during the last five decades has devel-
oped in both quantity and quality. After the implementation of the first steam station
in 1952 with a total capacity of 2.25 MW (three units capacity of 0.75 MW), in 1984
the capacity jumped to about 2,400 MW (eight units of the capacity of 300 MW).
Also, to the South the Zor station and the Sabia station were established, all of which
are still in service [143]. The construction of larger plants with larger units and sizes
was to meet the increasing high rates of demand in the country due to the economic
and social situation and the sharp increase in the population resulting from the
introduction of about 4 million new arrivals [144].The fossil fuels available in
Kuwait (natural gas, heavy fuel oil, crude oil, and gas oil) are used to operate the
power plants according to the design of the boilers in the stations and are currently
priority is given to natural gas and the quantities available. At the time the old gas
stations were burned in addition to the gas oil in case of emergency only, but modern
stations were designed to burn all four types of fuel [145].

Statistics show that the installed power of the stations in 2009 amounted to 12,579
megawatts, noting that the maximum electric load reached 9,960 MW in 2009. The
Kuwaiti government has increased the sizes of production units from 7.5 MW to
10MW to 300MW. In this way, Kuwait took advantage from the economies of scale
characterized by large units that led to reduced operating and maintenance costs and
higher efficiency and productivity, which had a positive impact on the cost of
production [146].

6.4.3 Renewable Energies in Kuwait

Due to its geographical location and climactic conditions, Kuwait has the opportu-
nity to use much renewable energy for electricity generation. Solar energy is
available most of the year in addition to wind power due to the long coast bordering
Kuwait from the east and eight islands in the sea. Kuwait’s coastal location also
enables it to use the energy of the waves [147].

The most important obstacles to the spread of the use of renewable energies in
Kuwait, despite the high financial potential to invest in this area, is the availability of
cheap fossil fuels so that the establishment of renewable energy plants will be
economically viable when compared to fossil fuel stations [148].

However, several Kuwaiti parties have made attempts to introduce renewable
energy into electricity production. Electricity produced from the sun and wind have
become a reality after the Shqaya renewable energy complex was connected to the
national electricity grid and the country was supplied with about 23 million kWh in
6 months [149].
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The Kuwait Institute for Scientific Research (KISR) has been able to assist the
Petroleum Corporation and the Ministry of Electricity of Kuwait to carry out
numerous studies to benefit from renewable energy and make it a competitor to oil
(Kuwait’s primary source of income). Studies focused on the transformation of
renewable energies into an opportunity for investment and an economic project
with a material and environmental return. The Shqaya project in the west of the
country was the result of these intense efforts and will open the way for the private
sector to invest in the coming stages and encourage innovation and invention
[150]. This complex includes two plants for the production of renewable energy:
first the station at Al-Shqaya solar PV and the other at Shqaya wind power station.
The total of exported clean electric power is 23 million kW-hours, sufficient to
provide full electricity to 130 houses a month, contributing to the provision of
40 thousand barrels of oil worth in the world market at 600 thousand dinars [151].

The developments in the production of renewable energy equipment have made
the cost of producing electricity from renewable sources competitive when built in
traditional ways. The total cost of providing energy from the Shqaya complex in the
past 6 months reached 400,000 dinars, with a financial abundance of 160 thousand
dinars of traditional power [98].

Kuwait has a population of about 4.4 million, according to the latest figures of the
Central Administration of Statistics, and consumes nearly 350 thousand barrels per
day of oil for electricity generation and desalination, worth approximately US$15.7
million (based on the price of US$45 per barrel of oil). The Ministry of Oil forecast
an increase in the demand for energy to one million barrels of oil per day by 2035
with the population of Kuwait to expanding to 5 million and a half million
people [152].

Kuwait today occupies an advanced position among the GCC countries in the
production of electric power from the wind generated by the project (Shqaya),
engaging in visits from sister countries to discuss the sharing of experience
[153]. The role of the oil sector in the innovations and experiments and the use of
alternative energy, such as KOC, implemented the first renewable energy projects in
Kuwait. The project (Sidra 500) in the region (Um Qadir) west of the country, which
already began work in October 2015 and generates 10 MW Of electricity from solar
energy, supplies half of the public electricity network. The other half is used in the
industrial lifts of wells within the oil field of Um Qadir [154].

One of the most significant projects awaiting Kuwait, according to the Kuwait
Petroleum Corporation (KPC), is the Dabdabah solar power project with a capacity
of 1,000 megawatts, an initiative announced by the Corporation to benefit from
renewable sources of energy by establishing a solar power station capable of
securing 15% by 2020 [155].
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6.4.4 Solar Photovoltaic Applications in Kuwait

The consultant of the Renewable Energy Organization of the United Nations Global
Charter expert Dr. Eric Rowland said that Kuwait could rely 100% on solar energy in
generating electricity if it allocated 2.7% of its area for this purpose. The country has
solar power that can cover all the stations in the world at the moment [156].

The first applications of solar technology in the Kuwaiti oil sector to benefit from
the sources and applications of renewable energy technologies was to meet part of
the needs of the Kuwaiti oil sector of energy. The Kuwait Institute for Scientific
Research (KISR) conducted a research study to assess the technical and economic
feasibility of applications of solar technology in the Kuwaiti oil sector. The study
included a comprehensive review of the various techniques of solar energy utiliza-
tion and the role of the international oil companies in exploiting this source of energy
and the current economic feasibility of solar energy exploitation [157]. A prelimi-
nary survey of energy consumption was conducted in many of the buildings and
industrial facilities of the Corporation and its subsidiaries to facilitate decisions
regarding the selection of solar energy projects [158].

The joint cooperation between the Kuwait Oil Company (KOC) and the Kuwait
Institute for Scientific Research (KISR) and the technical support of the German
universities of Fahrenheit Hover and Kassel have demonstrated the application of
various solar technologies in the different facilities of the Kuwait Oil Company.
These services were mainly in the field of protecting the local environment and
reducing harmful emissions, including the emission of carbon dioxide and other
greenhouse gases that cause global warming and climate change [159].

A second phase of the project has been initiated to include the implementation of
many solar energy applications in the oil sector as pilot projects to evaluate their
actual technical and economic performance. These applications will enable training
and development of human resources in the field of solar energy applications in the
Kuwaiti environment [160]. The second stage of the project involves two primary
claims. The first aims to use solar cells to generate electricity at a gas station by
exploiting the available space in this plant to install the solar panels. Thereafter they
will be connect to the main electricity grid to export the surplus electrical energy
resulting in reducing the required electrical load from generation plants of the
Ministry of Electricity and Water. As a result, the emission of harmful gases will
be reduced [161].

The second application aims to use solar thermal energy by solar heaters to supply
the oil collection centers with the thermal energy needed for the initial processing of
crude oil. The role of solar heaters will be to take advantage of clean solar thermal
power to raise the temperature of the oil to the equivalent of 120 �C instead using gas
as currently occurs [162].

The Kuwaiti government is also working to raise awareness of the use of solar
cells in homes to take into account when building a new house that operates on solar
energy, having some considerations for the home or the area where it is built. These
concerns include [163]:
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• The best places to put the large windows are the north and the eastern and western
sides depending on the location of the building. For example, the Diabetes
Treatment Center in East Governate where small openings were placed on the
southern side and designed in a way that makes the structure harmonious.

• The roof of the house should be designed with two levels, the first as roof space
and the second for the solar panels.

• Water tanks used in many homes are placed on the northern side; they should not
affect the fall of the sun.

• The use of C L F lighting bulbs, an economic type that provides 75% of the
electricity consumption to get the most benefit from the commercial project.

The Government of Kuwait has set the goal of contributing to the renewable
energy generation in Kuwait between 2015 and 2003 up to 15% of the total
electricity generated. Regrettably, the Kuwaiti government has not yet enacted
laws or legislation relating to renewable energy and energy efficiency. Kuwait has
two centers for renewable energy research. The first is the Kuwait Institute for
Scientific Research (KISR), which signed in March 2015 a contract for Phase 5 of
the Renewable Energy Initiative. This arrangement is for the design and construction
of the first 10 MW wind power plant [164]. The second center is the Kuwait
Foundation for the Advancement of Science (KFAS). The two centers work sepa-
rately to encourage scientifically applied research to improve and develop the
national economy. Kuwait is contributing to the project of electrical interconnection
of the Arab Gulf States, a unique project that will achieve integration and unity of
electricity of these countries to contribute to the development of their societies and
reduce the pressure on their economies [165].

6.5 Saudi Arabia

The Kingdom of Saudi Arabia is located on the Arabian Peninsula, in the extreme
south-west of Asia. Its territory is between the latitudes of 16� and 32� north and the
longitudes of 30� and 55� east. The Tropic of Cancer orbit lies across its center. The
Kingdom covers about 2 million km2, covering about 70% of the sub-area of the
Arabian Peninsula, which is approximately 2.8 million km2 [166]. The Kingdom is
divided into 13 regions, each divided into provinces. The Kingdom of Saudi Arabia
is bordered by seven Arab countries with a total land length of 4,531 km. The
Kingdom of Jordan, the Republic of Iraq, the State of Kuwait, the State of Qatar, the
United Arab Emirates, the Sultanate of Oman, and the Republic of Yemen are
adjacent. The Kingdom also has coastlines extending over the Arabian Gulf and
the Red Sea along a length of 2,330 km [167].

The total population of the Kingdom was 27,136,977 according to the general
population census for 2010. The number of Saudi citizens is 18,707,576,
representing 68.8% of the entire population of the Kingdom. The non-Saudi popu-
lation is 31.1% of the total population of the Kingdom. In the past five decades, the
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birth rate has been estimated at 40 per thousand and is considered to be high. The
mortality rate is also high, exceeding 30 per thousand, but it has been declining due
to increased healthcare, improved nutrition and hygiene, epidemic control, and
improved living standards [168].

Immigration in the Kingdom was a prominent phenomenon, especially in the
middle of the last century, although it has varied from time to time. There is a link
between migration and comprehensive development plans, which were at their
height in the 1970s and 1980s. The annual population growth rate was 4.9% and
5.7% in the period 1962–1974 and 1974–1993, respectively [169].

The Kingdom’s surface consists of the coastal plains, such as the coastal plain of
the Red Sea and the coastal plain of the Arabian Gulf. The Kingdom has a mountain
chain extending along the coast of the Gulf of Aqaba and the Red Sea, from Jordan’s
border north to the Kingdom’s borders with the Republic of Yemen to the south. In
addition there are several mountain formations, most notably Sarawat, Hijaz, and
Madin Mountains. In the Kingdom there are several plateaus located to the east of
the western highlands, covering large areas of their lands, and from these the hills
Najran and Asir, Hejaz, Hasmi, and the central and eastern plateaus [170].

The sand communities cover a large area of the Kingdom with an area of about
635,000 km2, representing about 33% of the Kingdom’s area. The sand communities
are spread across many regions of Saudi Arabia, the most important of which is the
desert of the Empty Quarter. The dunes have been formed as a result of numerous
factors, such as the presence of sources of sediment, watercourses, high winds, and
various terrains leading to the barges. Wind plays a significant role in the formation
of sand communities, as it conducts the sculpting, transport, and sedimentation of the
earthworks and plankton, and plays an essential role in the distribution and forma-
tion of sand formations [171, 172].

Hundreds of seasonal waterways, most of which are formed during the rainy
season, spread over the Kingdom’s surface. They are distributed throughout the
Kingdom, but are lower in the southern part of the eastern region and are absent in
the Empty Quarter. The principal waterways are called valleys and streams, and the
naming of the tributaries varies from one area to another according to their compo-
sition, size, characteristics, and location. Many of the water resources of the low-
lands are spread on the surface of the Kingdom [173]. The reason for their formation
is that sea water is receding from some lands near the coasts. These fisheries are
made up in and near coastal areas as well as they are formed in the remains of ancient
lakes. As for their soil, it is of the porous type; and suitable for agriculture.
Sometimes, the same soil is not porous and represent the saline, saplings, and salty
soil [174].

Heavy rains sometimes lead to sudden flash floods for short periods. A portion of
the surface water is carried out through the sedimentary layers of the valleys, and the
groundwater is replenished while some of the water generated by the sea is lost. The
most significant amount of water flow occurs in the western region, accounting for
60% of the total flow of water, although it covers only 10% of the country’s entire
area. The remaining 40% of the overall water flow is located in the southernmost part
of the West Coast (Tihama), covering only 2% of the total area of the Kingdom.
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Renewable surface water resources are estimated at 3% per year. Groundwater is
stored in six sedimentary layers carrying old integrated water located in the eastern
and central parts of the country. This groundwater is confined to cracks extending
along the eastern side at a distance of 1,200 km to the north [175].

Saudi Arabia is the most significant producer of water diverted from seawater. In
2004, there were 30 desalination plants, 24 of which were on the West Coast and six
on the East Coast. Recycled water is used for household purposes. The quantities
produced cover about 48% of household uses. Indeed, desalinated water is some-
times exported to cities over long distances. The total length of pipelines used to
transport desalinated water is about 156.4 km. The capacity of these water reservoirs
is 38.9 million m3 [176].

Most of the Kingdom’s area is located in the dry tropical desert range. It is located
in the tropical high-pressure zone in winter making it susceptible to dry continental
winds. The Kingdom’s climate is characterized by drought throughout the year and
high summer temperatures [177]. The Kingdom lies in the middle of a continental
mass. The sea does not encroach in most parts, but the Red Sea is located in the west
and the Arabian Gulf in the east, both of which are narrow, so their effect is limited to
increasing humidity in the coastal areas and they have no impact on increasing
rainfall. The presence of mountains in the west prevents the influence of the sea
further inland. In addition, the dunes in the east prevent marine influences in the
south, and the presence of Hadramaut Heights and the dunes of the large empty
quarter buffer the effects of the Indian Ocean further inland [178]. The Kingdom’s
climate is influenced by the masses air pressure coming from Asia, Africa, and
Europe. In addition, the Kingdom is dominated by Siberian influences in the winter,
Indian and African influences sometimes in the summer, and a lack of marine
influences from the Mediterranean and Red Seas and Indian Ocean [179].

The location of the Kingdom within the orbital circumference provides for a
climate with high temperatures, in addition to an intense brightness of up to 3,500 h/
year in some areas. The temperature is high in summer, but more so in the south than
the north, and more so in the center than on the coast. The highest temperatures are in
July, and the lowest in January [180]. Most areas of the Kingdom are warm in winter,
and the temperature in winter is lower in the north because of the distance from the
Tropic of Cancer’s orbit. Coastal regions are characterized by high relative humidity,
while inland regions have low humidity. Rain falls in small quantities, which
justifies the limited vegetation cover in the Kingdom [181].

6.5.1 Energy in Saudi Arabia

Saudi Arabia’s fixed crude oil reserves stood at 266.58 billion barrels at the end of
2014, up from 0.79 billion riyals in the previous year. According to SAMA, the
Kingdom’s fixed reserves rose 2.1% to reach 299.74 trillion barrels at the end of
2014, compared to 293.68 trillion standard cubic feet by the end of 2013. Saudi
Arabia’s crude oil production in 2014 increased by 8.0% to reach 3545.1 million
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barrels in 2013, thus averaging the Kingdom’s daily production for 2014 at about
9.71 million barrels [182]. According to official data, the kingdom’s output of
refined products increased by 19.6% to reach 803.8 million barrels compared to
672.2 million barrels in 2013. The Kingdom’s daily production of refined products is
about 2.20 million barrels per day. At the same time, total domestic consumption of
refined products, crude oil, and natural gas rose by 6.7% in 2014 to reach 1516.8
million barrels compared to 1422.0 million barrels in 2013 [183].

Saudi Arabia ranks sixth in world-proven natural gas reserves and ranks third in
the Middle East. In 2014, Saudi Arabia produced 4.102 billion cubic meters of
natural gas and in the same year was the world’s fifth largest gas consumer [184]. In
2015, it was the seventh largest gas producer in the world. In addition, the Kingdom
is among the top five countries in the world in the reserves of rock gas, estimated at
having 645 trillion cubic feet, and 285 trillion cubic feet of natural gas. The Kingdom
consumes most of its production (not exported or imported) from natural gas in the
petrochemicals and power generation sector, with natural gas accounting for 40.7%
of the country’s primary energy needs [185]. This is in line with the vision of the
Saudi government, the trend to increase the production of electric power to meet the
steady population growth on the one hand and to meet the requirements of the future
in expanding the Kingdom’s non-oil exports. The petrochemical sector, for instance,
has been considered a significant resource for generating electricity and securing
development priorities in Saudi Arabia. The reliance on natural gas in electricity
generation will contribute to reducing carbon dioxide emissions and underline Saudi
Arabia’s commitment to the outcomes of international agreements to address climate
change. The replacement of oil will also help to use natural gas to preserve the
economic value of oil from waste [186].

Saudi Arabia is planning to become a producer of shale gas by 2020. Saudi
Aramco plans to invest about US$7 billion in developing rock resources in the
Kingdom using modern technologies such as dry drilling to overcome the problem
of water scarcity in the process of extracting shale gas [187].

Investment in the development of natural gas inside and outside the Kingdom
(such as the partnership project with Russia in the Arctic LNG) is a strategic
objective and essential future step in what is known as the global shift in energy
towards low-carbon economies to focus on global investment for decades to come.
The investment in gas will contribute to the realization of Saudi Arabia’s vision to
diversify sources of income and reduce dependence on oil to build the Saudi
economy and contribute to securing a sustainable future for reliable and clean energy
resources such as natural gas [188].

6.5.2 Electricity in Saudi Arabia

Like any other country, the original implementation of electricity was in densely
populated cities that were beginning to see active trade and stable communities.
However, what distinguishes the experience of the Kingdom in this regard is the
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individual efforts and cooperative societies that initiated the production of electricity
[189]. These efforts were concentrated in the holy cities of Makkah and Madinah
because they bring together the two Holy Mosques and the Holy Places. The first city
in the Kingdom that experienced electricity was Medina, through lighting the
Prophet’s Mosque in 1909. In 1919, the Holy Mosque of Makkah was illuminated.
The most critical development or what can be called the birth of real electricity in the
Kingdom was its introduction in 1933 when oil exploration began in the Kingdom,
and mobile generators were used in the drilling and lighting; this use increased
following the discovery of the flow of oil in 1938 [190]. The Saudi government then
imported electrical generators to support the illumination of the two holy mosques
and some government departments. and encouraged individuals and cooperative
societies in small towns and villages to form local electricity companies to meet the
needs of the population for electric power. It even provided financial support, loans,
subsidies, and other facilities including land and fuel for plants [191].

The Saudi government has realized the need for electricity regulations after the
electricity sector expanded significantly due to the growing number of companies.
The Ministry of Commerce and Industry was established in 1961 in the Department
of Electricity Affairs. Its duties are limited to granting licenses and setting up
controls to promote the electricity sector. The Electricity Services Department
contributed to the generalization of electricity through the development of necessary
plans and studies [192]. The introduction of the General Establishment for Electric-
ity has had a significant impact on the development of the electricity sector in the
various areas covered by the different development plans. It has implemented many
central projects in the fields of generation, transmission, and distribution. It has
activities in the fields of loaning of generators and operation and maintenance of
electrical projects. During this phase, about 100 companies and a cooperative
association were formed to generate electricity, which was relatively developed.
However, with the largely urban, industrial, and agricultural expansion, there was a
need to meet the increasing demand for power [193]. The first long-term plan
expected that the electric loads at the end of the plan will reach 32,000 MW and
that the annual per capita consumption of electricity will reach about 8,000 kW
compared to 530 kW at the introduction of power in the Kingdom. The results of
extensive studies of the development of loads showed that the average annual growth
rate of loads reached 4.5%, which would increase the total load of the Kingdom by
more than 59,000 MW by the end of the plan in 2022. Accordingly, the entire
generation capacity required to meet loads at the end of the program was estimated at
69,000 MW [194].

Saudi Arabia is experiencing an “excessive rise” in annual energy consumption in
domestic markets, reaching 240.288 gigawatts per year in 2012, with a per capita
consumption of 8.23 MW per hour, or twice the average, the report said. As for the
Kingdom’s consumption of primary energy, the report indicates that the country
needs more than four million barrels of oil equivalent per day to meet domestic
demand. This value is one of the highest levels of consumption in the world, even
though the Kingdom is the world’s leading oil exporter daily with about ten million
barrels [195]. According to the report, the approximately 20 million air conditioners
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in the country “consume more than half of the electricity produced in the Kingdom”

and government agencies are seeking “to apply global standards to all air condi-
tioners produced locally or imported to increase efficiency and reduce of its elec-
tricity consumption.” Air conditioners consume 51% of electricity production in the
kingdom, and the rate rises even more during peak hours, the report stated. Since the
beginning of 2014, the Ministry of Trade and Industry has been carrying out a
mandatory market energy efficiency campaign through tight control around air
conditioning devices [196].

It is noteworthy that an economic report prepared by the group “Citigroup”
indicated less than 2 years ago the possibility of Saudi Arabia becoming an importer
of oil after two decades, due to high domestic consumption, especially in the field of
electricity for air conditioners. Experts in Saudi Arabia have rejected the report,
stressing that it is based on inaccurate data [197].

The electricity crisis in Saudi Arabia has entered a new stage after continuous
interruptions, and the frequent interruption of electricity in many Saudi regions has
placed an additional burden on citizens and residents, especially with the urgent need
to use air conditioners and refrigerators under high temperatures [198].

That electricity production rose in 2016 by 8.8%. Electricity consumption in most
countries of the world is growing at an average of 2–4% per year at the most, while
the growth of electricity consumption in the Kingdom is increasing dramatically.
This has raised alarm bells, because it exceeds population growth rates, consumers,
and output [199]. If consumption growth continues, the sector will need massive
investments in the future to cope with the growth in consumption. Moreover,
increasing production will require the need to direct increasing quantities of Saudi
Arabia’s oil production toward output. These high rates of growth in electricity
production have necessitated the structural review of various consumption patterns
in the Kingdom. There is currently a search for ways to reduce consumption growth
in this way, study the different waste aspects of it, and look for ways to stop this
waste, as well as to examine the suitability of the current pricing of electricity [200].

Low electricity pricing in Saudi Arabia has caused growth in excessive consump-
tion since the state does not receive the real cost from the consumer. The growth of
electricity production in such a significant way will increase the opportunity cost of
oil destined for generating electricity and deprive the state’s general budget of the
proceeds from the sale of this oil externally [201]. Saudi Arabia announced that it
would raise the price of fuel and other petroleum products, water, electricity, and
others by up to 67% on the same day that the 2016 budget was announced with a
projected deficit of $87 billion. Fuel prices in the Kingdom are one of the lowest in
the world. The move follows the footsteps of the other Gulf States such as the United
Arab Emirates, which in 2017 became the first country in the region to lift subsidies
on fuel [202].
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6.5.3 Renewable energies in Saudi Arabia

The large area that makes up Saudi Arabia and its geological and environmental
diversity make for varied and high quantities of renewable energies. In addition,
there is the intense solar energy available to the Kingdom for long periods, as the
solar radiation is the highest in the world, Saudi Arabia being located within the solar
belt. There is also wind power as the topographical diversity of Saudi Arabia makes
wind movement feasible to generate electricity economically. In addition, the coastal
area stretches for thousands of kilometers, making the use of wind turbines in these
areas is excellent. The utilization of tides in addition to wave movement in power
generation has reached a scientifically advanced stage and can also be of benefit to
the Kingdom [203].

In a move to increase electricity generation using renewable energy, the Saudi
government announced the first wind-power project in a new indication that the
Kingdom is moving towards expanding renewable energy utilization and increasing
the private sector’s contribution to renewable energy. The name of this project is
Dumat al-Jandal in the Al-Jouf region and is planned to produce 400 MW of
electricity by wind energy. The Kingdom plans to launch 700 MW projects in the
first phase of the 2017 National Renewable Energy Program, a step towards achiev-
ing ambitious targets for the addition of 9,500 MW of renewable electricity by
2023 [204].

Although the kingdom has a strong investment in solar and wind power, it does
not yet have a competitive renewable energy sector. So the goal is to settle a large
proportion of the renewable energy value chain in our economy, including R&D,
manufacturing, and other steps. Starting with inputs such as silica and petrochem-
icals, a legal and regulatory framework will be established that allows the private
sector to own and invest in the renewable energy sector and provide the necessary
funding through public-private partnerships in industry to further advance the
industry and build the skills base that is needed [205, 206].

6.5.4 Solar Photovoltaic in Saudi Arabia

While the government of the Kingdom is involved in activating the oil sector and
solving problems that have surfaced in the past few years, because of falling prices,
Saudi Arabia has also been interested in the renewable energy sector in all its forms,
in discovering its secrets and pumping more investments into it. This is because oil is
a depleting substance, no matter how long it takes. An alternative must be found as
soon as possible [207]. Although oil prices have risen in the global energy market,
surpassing the $60 in 2017, which gives a good indicator of the Kingdom’s econ-
omy, this has not deterred it from continuing its trend in activating renewable energy
projects and encouraging businesses and individuals to participate in renewable
energy projects [208].
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The use of energy substitutes is essential; the first is to make the period of use of oil
energy as long as possible and second is the development of another source of energy
concurrent with the oil source. The increase in electricity consumption in Saudi
Arabia is at an annual growth rate of 5% and over the next 25 years the country is
expected to invest $117 billion in the energy sector. The generation capacity in the
Kingdom is currently 25,000MWand is expected to reach 66,400MW in 2023 [209].

In the last few years, the Kingdom has witnessed unlimited official movement
toward the funding of alternative energy projects, according to well thought out
plans that ultimately will contribute to securing 50% of the Kingdom’s energy needs
from alternative sources, including the production of 1,950 MW of solar energy
alone. That is one of the primary objectives of the vision and planning of the
Kingdom up to 2030, which is focused on reducing dependence on oil as a major
source of national income and dealing with the beginning of the post-oil era,
especially after the fluctuations of oil prices in the past 4 years, and its decline to
more than 55% of the price in 2008. There is turmoil and confusion in the budgets of
oil-producing countries, especially the Gulf Arab states [210].

The Kingdom seeks through the King Abdullah City of Atomic and Renewable
Energy to activate and develop a sustainable economic system for alternative energy
through the addition of atomic and renewable energy sources to oil energy sources,
which are consumed in the production of electricity and water desalination. The city
has earlier announced its proposals on sustainable energy sources and their target
capacity, which will be gradually phased out and reach 50% of the Kingdom’s
energy needs by the year 2030. Today, the city leads the Kingdom in activating
alternative energy projects, and announced a package of projects in the framework of
seeing heightened renewable energy sector. These projects include the national plan
to measure renewable energy sources at the level of the Kingdom (solar energy, wind
energy, and energy waste conversion, energy, and subsoil) [211]. In addition, the
projects include collecting totalitarian ground readings from different locations in the
Kingdom, and building a database utilized in the implementation of renewable
energy projects, for the production of electricity and water desalination. Further-
more, benefits from the research aspects of the development of technologies and
solutions appropriate to the atmosphere of the Kingdom and the variable climates of
the different regions are being tapped into [212].

King Abdulla city works with many national entities such as King Abdulaziz City
for Science and Technology, King Abdullah University of Science and Technology,
Universities and Colleges, Technical and Vocational Training Corporation, Saudi
Electricity Company, Saudi Electricity Transmission Company, Saline Water Con-
version Corporation, Royal Commission for Jubail Yanbu, and other entities that are
expected to be the biggest beneficiaries of renewable energy projects [213].

The Kingdom is currently witnessing a high demand from those wishing to invest
in the renewable energy sector. This will be demonstrated by the number of
companies that will bid for future tenders. The Ministry of Energy and Mineral
Resources has issued a request for qualification for companies wishing to invest in
this field. During 2017, 700 MW were launched to invest in renewable energy,
which will be divided into many small projects, ranging from 50 to 100 MW. The
number of projects started in 2017 is around ten [214].
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The Electricity and Cogeneration Regulatory Authority issued the first license of
its kind in Saudi Arabia for the Saudi Arabian Oil Company (Aramco) in Tarif
province in the north of the Kingdom to engage in generating electricity using one of
the forms of renewable energy, wind energy. In addition, Saudi Arabia is planning to
become the largest market in the region over the next few years to produce solar
energy. Riyadh has recently allocated about $108 billion to launch mega projects
that are expected to provide vast amounts of electricity through solar power. Saudi
Arabia will be able to operate high-capacity solar plants by 2032, which is supposed
to meet more than 30% of the country’s electricity needs. Experts confirm that
despite the tremendous efforts made by Saudi Arabia through KACST and some
Universities intending to making maximum use of solar energy; the results are
satisfactory, with promising prospects [215].

One of the first solar energy projects in the Kingdom is being implemented in
Wadi Hanifa (45 km north of Riyadh). The project is being implemented in two
villages: Jubaila and Al-Swayha. The estimated cost of this project is about $16.5
million. The aim is to supply these vilages with electricity generated from solar
energy, one of the most significant projects under the umbrella of the Saudi Solar
Research Program (SOLERAS) [216].

The Kingdom’s success in renewable energy projects, especially solar energy,
ensures the country’s national income is strengthened. Many energy scientists
believe that the bright sun over the Empty Quarter can secure the world’s energy
needs. Although the solar projects are expensive, we have seen a significant drop in
costs in recent times, which strengthens and helps to generate these projects, not only
at the level of large companies, but also at the level of individuals and homes. It is
expected that if the interest in solar energy in the Kingdom increases, production will
increase and the surplus can be exported. If one gigawatt of electricity per hour is
assumed, assuming that the profitability per kilowatt is only 2 US cents after
removing all costs of producing and delivering this energy to customers, then the
exclusive profitability of one gigawatt (equivalent to one million kilowatts) is US
$149,328,000 [217].

These plans suffer from general obstacles related to solar cells and special
problems related to conditions in the Kingdom. Among the specific obstacles of
Saudi Arabia are: the availability of oil and its low cost compared to the generation
of solar energy; the impact of dust can lead to a reduction of solar energy by between
10% and 20%; and government support for solar energy programs is insufficient and
does not compare with the support provided to the oil and electricity sectors [218].

6.6 Jordan

The Hashemite Kingdom of Jordan is located between the latitudes 29� and 32�

north, and between the longitudes 35� and 39� east. It borders Iraq to the west, the
Syrian Arab Republic to the north, Palestine to the west, and Saudi Arabia to the
south and east. The area of this country is 89.3 thousand km2 [219]. Jordan has of a

6.6 Jordan 165



diverse geographical nature, with hills and mountains in the middle, and in the north
is the plain of the Badia, which extends eastward towards Iraq and Saudi Arabia,
while the Jordan River flowing through the fertile Jordan Valley forms the border of
western Jordan. The Jordan River flows towards the Dead Sea, which is considered
to be the lowest point in the world, with a depth of 400 m below sea level [220]. In
the south, there is the port of Aqaba, which provides Jordan with access to the Red
Sea. The capital of Jordan is Amman, with a population of 5.4 million (2003). Jordan
is a young country with 40% of the population aged over 15 years and only 3% aged
over 65 years. Jordan is administratively divided into eight central governorates:
Balqa, Karak, Mafraq, Amman, Tafila, Zarqa, Irbid, and Ma’an [221].

Jordan has many natural resources such as phosphates, fertilizers, potash, agri-
cultural products, and light industries. Climate is affected in most parts of the
country by the Mediterranean Sea on the west and north and the desert on the east
and south. This climate is hot and dry in the summer and mild and cold in the winter.
Jordan is exposed to heat waves coming from the desert, as well as cold waves from
Europe and Siberia. Winter usually lasts from mid-November to mid-March. Rain-
fall typically begins in October and ends in late April. The amount of rain varies
from year to year, and rain is observed in the center of the country and eastern Aman
the captal of Jordan. Snow usually falls in Aman in winter, falling from 1–3 days, but
sometimes the number of days of snow falls days increases depending on the cold air
fronts oming from Siberia [222, 223].

6.6.1 The State of Energy in Jordan

The increase in the population has occurred at a high rate as the economic conditions
of the country improved since the 1990s, and have increased the demand for energy.
This need has led to the import of large quantities of fuel from abroad as Jordan is
poor in fossil fuel sources. Jordan relies heavily on the import of energy represented
by crude oil and its derivatives, which constitute 95% of the commercial power
consumed in Jordan [224]. The cost of imported fuel is a huge burden on the
Jordanian economy. The steady increase in international oil prices has increased
the burden on the state budget resulting from the value of subsidies for oil deriva-
tives. The percentage of subsidies increased by (202.3%) in 2006 compared to the
support in 2005. The ratio of the cost of the oil bill to the GDP has risen from 8.5% a
year in 2000 to reach 18.8% in 2006.

Jordan needs large amounts of energy to meet its needs of economic and social
growth. The energy demand will increase annually by up to 3% in general and 6% in
electricity consumption in particular [225]. Table 6.11 shows the distribution of
consumption on different sectors.
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6.6.2 Electricity in Jordan

The history of the electricity industry in Jordan dates back to 1937 when the capital
city of Amman agreed to replace the street lights of the town with 200 light bulbs
from the Amman Company. The company leased a 70-horsepower engine from one
of the mills to operate the mill during the day and light the streets at night. The
Jordanian Electricity Authority was established by Law No. (21) in 1967 and
amended to Law No. (16) in 1986 so that the Authority is responsible for the process
of distributing energy to consumers and exporting them in Law No. 09 and
importing them and monitoring the method of generating electricity [226]. The
government interest in the electricity sector is growing, which has brought about
much improvement. The new Electricity Law No. 10 of 1996 was issued, which
resulted in the Jordanian Electricity Authority being transferred to a public joint
stock company called the National Electricity Company, which is wholly owned by
the Government. This is in addition to the presence of two other groups carrying out
the transfer and distribution of electric power, namely the Jordanian Electricity
Company and Irbid Electricity Company [227]. As a result of economic growth,
Jordan witnessed an increasing demand for electricity consumption, which led to an
increase in the quantities of production for this type of energy. In 2005, electricity
production was 9,654 GW, which increased to 11,120 in 2006, an increase of 15.2%.
Table 6.11 shows the quantity of electric power generated by type (C and O) for the
years 2000–2006 [228] (Table 6.12).

Table 6.11 Primary and final sectorial energy consumption, 2006 (000 toe)

Primary energy consumption

Primary energy Quantity of consumption Rate of consumption (%)

Crude oil and oil products 4,952.6 68.9

Natural gas 2,003.5 27.9

Renewable energy 95 1.3

Imported and exported electricity 135.7 1.8

Total 7,186.8 100

Final sectorial energy consumption

Sector Quantity of consumption Rate of consumption (%)

Transportation 1,822 37

Industry 1182 24

Domestic 1,064 22

Other services 621 17

Total 4,889 100
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6.6.3 Electrical Connection

The energy generated in Jordan is not sufficient to cover the maximum load in the
standard electrical system. Therefore, the Jordanian government imported part of the
electric power from Egypt and Syria through a process of connecting the electricity
between the Eastern and Western countries [229]. The past three decades have
witnessed significant achievements in the development of the electricity sector in
the Arab countries, to keep pace with the increase in electricity consumption of about
20 times. Thus, the Arab countries met these requirements by increasing the total
generation capacity to about ten times what it was during 1975, raising the efficiency
of generation and reducing the losses in transport and distribution networks
significantly [230].

The work on the electric link project between Jordan and Egypt started in 1998,
where the project included the establishment of an antenna of three phases with
500 kV link between the Egyptian and Jordanian networks in 1999. This line crosses
from Suez to the Egyptian border in Taba, and a 400 kV sea cable, with a length of
13 km, to the Gulf of Aqaba passes at a depth of 850 m to the point of connection to
the Jordanian network at 400 kV. In addition to the transformer stations established
in Suez and Taba [231], the connection between Jordan and Syria was implemented
in 2001, to exchange energy between the two sides at a rate of 03/400 KV [232].

As a result of the increase in the population in Jordan, as well as the economic
growth, consumption increases year after year. In 2006 the Kingdom consumption of
fuels amounted to 7,187 thousand tons, with an increase of 2.3% over 2005. In the
same period, the consumption of the electricity generation sector for fuel increased
by 13.8% in 2006 compared to 2005, with the consumption quantity reaching 2,724
thousand CM in 2006. Electricity consumption was 8,712 (GWS) in 2005, rising to
9,593 GW in 2006, an increase of 10.1% over 2005 [233]. Figure 6.6 shows the
distribution of electricity consumption across different sectors of the country

Table 6.12 Electricity production by type (GWh) for the period 2001–2006

Type of generator 2001 2002 2003 2004 2005 2006

Steam 6240 6771 6430 7168 7524 5731

Diesel/gas 83 115 262 464 341 67

Natural gas 769 680 746 776 648 943

Diesel 1 3 1 1 2 4

Hydro units 43 53 41 53 57 51

Winf 3 3 3 3 3 3

Biogas 5 5 6 6 5 6

Compound cycle 0 0 0 0 558 3,841

Electricity 7,144 7,630 7,489 8,471 9,138 10,646

Industry 405 502 505 496 516 474

Steam 364 434 428 422 445 446

Diesel 41 68 77 74 71 28

Total 7,549 8,132 7,994 8,967 9,654 11,128
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The per capita consumption of electricity consumed has also increased, and its
share of total energy consumption has increased as a result of the increase in
population and increased consumption of primary energy and use of
electricity [224].

The Jordanian government has studied the future demand for petroleum deriva-
tives and electric power using mathematical models that take into account the
relationship between demand for energy and petroleum products on the one hand,
and other significant variables such as income and population growth and prices on
the other hand.

The enormous burden on Jordan’s national economy requires the implementation
of a strategy and an efficient energy sector the aim of which is to provide energy at
the lowest cost [234]. This will reduce the burden on the economy by improving the
efficiency of energy consumption by using the best possible means and obtaining the
maximum potential return, by reducing and minimizing waste and improving tech-
nologies without affecting living standards and production [235].

Increasing energy efficiency awareness is a continuous process that can be
achieved through the use of active means of education. In some countries, energy
conservation studies indicate the possibility of improving energy efficiency by up to
15% during the first 5 years of rationalization programs at an annual rate of 3%.
Work is underway in Jordan to exploit all possible sources of primary energy with
the least cost and impact on the environment [235].

6.6.4 Renewable Energies in Jordan

Renewable sources of energy are permanent and immortal natural resources, avail-
able and continuously renewable as long as life exists. This type of power is
characterized by the availability of local energy. They are environmentally sound
and do not cause the emission of harmful gases in the air. There is no centralization
and they are used independently of the grid to allocate energy [236].

Fig. 6.6 Sectorial
distribution of electricity
consumption (GW/h.)
for 2006
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Some of the most important sources of new and renewable energy in Jordan are
solar energy, wind energy, bioenergy, and watercourses, which is the most abundant
renewable and new energy producer in Jordan; the least is solar. The volume of
energy produced in 2006 from the water sources was 4,385 nm with a rate of 83.5%,
while the solar power provided in the same year was 95 mt, 1.8%. Waterfalls are one
of the best sources of new, renewable, and clean energy. Hydropower accounts for
17% of the world’s total electricity production. Table 6.13 shows local production of
renewable energy for the years 2000–2006 while Fig. 6.7 represents a plan for the
contribution of renewable energies to energy production for 2006 [237].

Jordan is a pioneer in the use of renewable energy despite the difficulties and
obstacles that have accompanied the process of starting the implementation of
renewable energy projects, whether legislative or societal, in accepting the idea of
switching from traditional to alternative energy. In the renewable energy field, there
are projects that generate about 1,000 MW that are being implemented by both the
private sector and the state. The government is expected to submit the “green
corridor tender,” which links the south of the kingdom, before the end of the
year [238].

In past years, the Jordanian government has shifted from the use of diesel and
heavy fuel to the use of gas, as 85% of the generation of electricity from liquefied
gas, which reduced the cost of the energy bill and reduced pollution from power
plants. Jordan has not left a source of conventional or renewable energy but sought to

Table 6.13 Local production
of renewable energies (toe) for
the period 2000–2006

Year Hydro Wind Solar Bio Total

2000 3,353 258 65 258 3,934

2001 3,697 258 65 430 4,450

2002 4,557 258 65 430 5,310

2003 3,525 258 65 516 4,364

2004 4,557 258 65 516 5,396

2005 4,901 258 65 430 5,656

2006 4,385 258 65 516 5,254

Fig. 6.7 The percentage of
contribution of variable
sources in power generation
for 2006
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use and invest in it to enhance the performance of the domestic energy sector, from
the use of wind and solar power, even oil shale, and uranium, to essential
projects [238].

The most recent Jordanian projects in this regard are the “Shams Maan” project,
with a Jordanian-Qatari Jordanian investment of over $170 million. It was
implemented by an energy consortium comprising Jordanian, Japanese and Qatari
companies. This project is the most extensive project of its kind in the Middle East in
the field of clean energy and has significantly benefited from the Japanese experience
in solar energy for its success in the areas of technology, cars, and architecture
[239]. The idea of the project is to utilize solar power through 600,000 panels in the
southern city of Ma’an, which has the highest solar brightness throughout the year in
Jordan. According to survey studies, the average solar brightness to the town is
286 days per year, with a radiation rate of up to 2,000 MW/m per hour. The daily
electricity production value of the project will be 52 MW hours [240].

The investment environment of Jordan has the necessary elements for the success
of local and foreign private sector investments. This is a safe, stable country with a
strategic location in the region. It is also a model country for crossing energy projects
in its territory to neighboring countries such as oil and gas pipelines [241]. The
government has also signed an agreement to connect a 17 MW solar power project in
the Rashadiyah area. In addition, the Jordanian government has launched several
tenders for the implementation of solar and wind power plants, such as the 50 MW
solar power generation project for each project in Mafraq [242].

The government planned that the renewable energy share of the total energy mix
would not exceed 6% by 2016. The national strategy issued in 2007 approved the
introduction of renewable energy as one of the leading sources of electricity gener-
ation [243]. The goal was to reach 7% as a contribution in the total energy mix in
2015 and 10% in 2020. If this ratio reflects electricity generation, then we are talking
about 16% in 2015 and 27% of electricity generated in 2020. The Jordanian
government has failed to make any significant progress in the field of energy
efficiency and investment in renewable energy until 2017 and still relies on oscilla-
tory sources such as Egyptian gas with the frequent interruption of supplies from the
Egyptian side [244]. The achievements of the government in field of renewable
energy for the period 2007–2010 have been quite slow, as there were many obstacles
to investment in renewable energy projects. These barriers include the lack of
legislation at the time, and because the investment law was not enough to attract
investments. The government issued the regulation of renewable energy and ratio-
nalization in 2010 as a temporary law, released in 2012 as a permanent law.
Al-Rabadi explained that the Renewable Energy Projects Law No. 13 of 2012
allowed for dealing with this file in three ways. The first is direct bids made by the
Ministry of Energy and Mineral Resources through offering the tender and specify-
ing the conditions for it within the technical capabilities available in the electrical
grid without any reinforcements. Which is what happened in the first round of direct
offers, the focus was on the south to absorb up to 200 MW in the system [245].

The approach to renewable energy will not take place overnight, but the aim is to
phase out fossil energy. The cost of solar and wind power is reasonable today.
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“The future of energy in Jordan” shows that 100% renewable energy dependence by
2050 provides about $80 billion in renewable energy (or $12 billion in value
standards today) and produces 30,000 new jobs [246].

The United Nations High Commissioner for Refugees (UNHCR) has operated the
newly constructed solar power plant at the Al-Azraq refugee camp, which opened in
Jordan in 2014 to receive Syrian refugees. The Ikea’s “Brighter Life for Refugees”
campaign funded a solar power plant that secured renewable energy for people who
had been living for 2 and a half years with only intermittent access to electricity. The
station will contribute to Jordan’s national energy strategy to reach a green economy
by 2020 [247].

The 2 MW solar photovoltaic plants will allow the Commission to provide
sustainable power to 20,000 Syrian refugees living in some 5,000 shelters in
Al-Azraq camp, which will meet the energy needs of the village connected to the
national grid. Every family can now operate a refrigerator, television, fan, shelter
light, and phone charger, which is crucial for refugees to keep in touch with their
relatives abroad. The solar power plant will provide $1.5 million per year and reduce
carbon dioxide emissions by 2,370 tons per year. When the capacity of the solar
power plant is raised from 2 to 5 MWs and is fully operational, these savings will
increase, CO2 emissions will decrease, and all energy-related needs will be met at the
Blue Camp. As the camp is connected to the national grid, the community will
benefit from any additional generation of electricity free of charge, which will
support its needs [248].

A Saudi company has also begun to set up solar and renewable power plants in
Egypt and Jordan. Today, the company is building two power plants using solar
power in Jordan with a capacity of 23 MW, and the second with a capacity of
10 MW, and it was expected to complete the first station in the city of Aqaba in the
fourth quarter of the year 2015 [249, 250].

Perhaps the most critical challenge facing Jordan in the field of renewable energy
is the lack of “stability legislation,” because of its impact on the confidence of
investors. Valtalimat customs exemptions and other factors that relate to renewable
energy law have not yet been set out. The expansion of customs and tax exemptions
to all energy-saving systems is significant in increasing national and foreign invest-
ments in the renewable energy sector [251].

It is essential to learn from the experience of other countries not to put restrictions
on the spread of renewable energy. Renewable energy has two advantages: reducing
the oil bill and reducing the investment volume required by the government [254]. In
most energy-related cases, the investor and the consumer are the citizens, which
means exempting the state from investments that it had to comply with or at least
“insure the investor” so that it becomes a burden on the state’s overall financial
situation [255, 256]. The Jordanian government should start enacting legislation that
pushes for the use of renewable energy or energy conservation. Badran said that it is
still “modest” to a large extent [257]. For example, what prevents us from providing
each school with solar energy, which operates during the day?
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Chapter 7
Adopted Iraqi Photovoltaic Projects

7.1 Introduction

God has given Iraq many gifts. These gifts have contributed to the development of
Iraqi society over its long history by changing its lifestyles and transforming it from a
primitive area to an urban and suburban area. The great impact of the formation of
communities and cities on the banks of the Tigris and Euphrates for thousands of
years and the exploitation of fertile land in agriculture and grazing, so-called the land
of Iraq “the land of blackness” because of the large areas of cultivated land and the
spread of green areas throughout [1].

After the industrial revolution and the need for searching for sources of energy for
industrial progress, Iraq’s abundant oil had the most significant effect in its devel-
opment. This country reached the ranks of the developed countries with Iraq relying
on its own abilities to explore, extract, and export oil. However, Iraq has entered into
a series of consecutive problems, which have not yet been realized, leading to loss of
rank and status [2].

Oil as a nonrenewable energy must one day be depleted, so Iraq must rely on
alternative sources, renewable and clean, to meet the country’s need for energy. Iraq
today needs 30,000 megawatts (MW) of electricity; the thermal, gas, and hydroelec-
tric production plants supply Iraq with about 17 thousand MW at best. To meet this
the shortage in electricity, the Ministry of Electricity has resorted to importing
electricity from neighboring countries at a rate of 1,700 MW to address the differ-
ence between the country’s actual need for electricity and production capacity
[3]. However, the electricity conditions in Iraq have not resolved changed this
difference. The great demand for electricity is still urgent and necessary. In the
summer temperatures exceed 50 �C, which has led to the private sector being called
on to adopt diesel generators to generate electricity. These generators have become
widespread in every neighborhood and alley, with wires extended and leading from
and to everywhere, in a scene that can best be described as “non-civilized” [4].
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There are more than 150,000 generators in the capital Baghdad alone. The
average consumption of one generator of diesel is 120 L per day. A simple calcu-
lation shows that a total of 18 million L of diesel is burned daily in Baghdad alone to
generate electricity by diesel generators [5]. In addition to the noise caused by these
generators, they create clouds of black smoke, an important cause of global warming
and climate change. Thus, this provides a picture not befitting Baghdad’s beauty,
without even considering the volume of fuel being used in the 18 other Iraqi
provinces [6].

It has become urgent and necessary to find energy alternatives, and one such
alternative presents itself in the desert of western Iraq. Specifically, the investment is
to generate electricity from the solar energy that is abundant throughout the year.
Findings of a historical Western study that are circulated by the Iraqi trustees state: If
Iraq takes advantage of an area in the western desert (as much as the area of Kuwait)
for solar energy projects, this country will be able to generate electricity to meet the
needs of half a billion people. So, what if more areas of the western Sahara were
exploited?

The western region of Iraq is not only abundant in solar energy, it also contains
the raw materials used in the manufacture of solar panels, silica sand. International
companies can set up manufacturing plants for solar panels, taking advantage of the
raw materials used in those industries, providing job opportunities for Iraqi youth,
thus reducing the current high unemployment rates [7].

It is not fair to say that solar energy projects are expensive. Over the past 14 years,
Iraq has spent more than $45 billion on the electricity sector. Iraqi citizens have spent
in the same sector over the past 14 years more than $80 billion. The value of the
money spent during that period can improve the reality of electricity enough to buy
General Electric’s assets with all its branches, and use it to produce lines and cover
the cost of transporting them to Iraq to start setting up new power plants in each Iraqi
city [8].

The price of solar cells is ever decreasing and the area occupied by the panels are
also constantly decreasing as a result of the technological progress in the solar panel
industry. The amount of solar power the average Iraqi citizen who will need to install
solar cells on the roof of his home in any Iraqi city, where the sun shines more than
10 h a day, to operate a television, computer, refrigerator, and water cooler in
addition to the electric light bulbs, will not exceed the solar energy capacity of 1.5
kilowatts [9]. The generation of this amount of electricity requires up to $2500 (to set
up six solar panels each of 260 watts and converters and wires to connect with the
house) in the USA. Prices have begun to fall sharply with the technological devel-
opment that has been achieved in the production and improvement of the quality of
solar panels [10].

There is a difference in the generation of power panels ranging from 10 watts that
are used to charge small batteries and mobiles. The larger the photovoltaic
(PV) panel the more effective the electricity that is generated, up to 200 watts. In
residential homes, the PV panels cost up to $200 per plate with a length of 1.5 m and
width of about 80 cm and weight of about 14 kg. Another problem that hinders the
advancement of this type of alternative energy is the low availability of batteries in
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today’s world to store and provide energy to the consumer quickly and cheaply, in
addition to their cost, which are still “imaginary” compared to lithium batteries
[11]. The German company Solarpateri has produced a small battery that can be
hung on the wall of the basement and can save the solar energy produced by the solar
panels on the roof of the house, and will be available to the homeowner at a price
lower than the traditional grid [12].

This battery can be considered a revolution in the world of alternative energy,
starting with the crucial second phase of a solar lifecycle. This battery saves not only
a lot of money for the consumer, but also contributes to the preservation of the
environment. It can also launch an era of electrical “individuality” where each
household produces the amount of energy it needs without the need for large
networks. With such a battery, the consumer may be able to produce enough energy
to sell the excess to the neighbors’ house or perhaps to a nearby store [13].

The Iraqi government should raise the awareness of citizens in this area through
technical support by preventing the production and use of electric water heaters in
houses and laboratories, and providing compensation for solar systems. The gov-
ernment should also encourage and facilitate the establishment of solar cells and
establish companies that produce solar cells, as well as encourage the use of solar
energy as clean energy. Iraq is a prime candidate for such projects [14].

Clean energy represents an important focus of most countries. The adoption of
solar energy in the production of electricity needs mechanisms and plans prepared by
experts specialized in this regard. Some experiments carried out on a small scale in
some cities and towns of Iraq have achieved acceptable results, and it is important to
develop them in a deliberate manner and expand horizontally according to their
economic feasibility. The move towards clean energy requires communication with
specialized international companies that can accomplish such projects that are in line
with global trends. This step allows the country to communicate with the developed
world, which has adopted this type of advanced service [15].

The employment of successful experiences of neighboring countries can help to
overcome many of the challenges facing the adoption of clean energy in Iraq. The
Iraqi government should form committees of different competent bodies working to
develop the adoption of this technology. This experience can be successful when
quality solar panels that reduce costs and effort are adopted [16].

With regard to the issue of clean energy (solar), the interests of many Iraqi
citizens were not met after the failure of many experiments to achieve good results.
Projects such as the lighting of roads adopted in some cities of Iraq went out of
service after a short period of operation, creating a culture of mistrust and causing
these projects to lose the opportunity to achieve their goals. The success of these
projects depends on the success of selecting specialized companies that supply the
equipment used in these types of services. This is especially important since many
countries in the world are beginning to rely on clean energy to provide many services
to their populations [17].

The experience of lighting some streets in Baghdad and other Iraqi cities with
solar cells was a big failure, which adversely affected the confidence of citizens in
this technique. The Iraqi government wasted $17,780,000 as a result of the failure of
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the Baghdad solar street lighting project. The electricity distribution departments on
both sides of “Karkh” and “Rusafa” carried out a project to install solar lighting in
the streets starting in late 2008 and continuing through 2009 and 2010. They then
raised some of these systems of solar panels, based on a charging system, and
integrated lighting fixtures from 2011 to 2016. The failure of the lighting the streets
project of the capital by solar energy led to the waste of the purchased solar units and
the entire amount spent on the operation of the project, maintenance, and
upgrading [18].

The absence of plans and programs in advance of the installation of these
structures in the areas of Baghdad was the reason why many of these projects did
not succeed in using solar cells raised and stored in the warehouses of the director-
ates of the ministry. It requires the Ministry to take quick and appropriate action
toward the rehabilitation of these cells and the preparation of engineering designs for
use in small projects to produce electricity. When conducting several contracts with
foreign and Iraqi companies for the purpose of buying units of lighting, including
solar cells and transformers and batteries, the Ministry of Electricity did not conduct
a study into the technical and economic feasibility of the process of lighting the
streets of Baghdad and the provinces depending on solar energy by specialists in the
ministry and the directorates affiliated to them [19].

7.2 Modern Projects

The interest in the use of solar cells to produce electricity has increased after many
studies have shown high rates of environmental pollution resulting from generating
electricity with local generators. Although the beginnings were faltering and slow,
the future is promising due to the availability of all the requirements for the
successful use of solar cells from capital, environmental, and human potential.

Al Mansour General Company has a newly integrated laboratory for the produc-
tion and testing of solar panels of all kinds imported from an Italian company
specialized in the field of energy. The production capacity of this plant is 3 MW/
year. The company also signed a contract with the Industrial Research and Devel-
opment Authority (one of the Ministry of Industry’s formations) for the purpose of
processing 565 solar panels with a capacity of 250 W each. This contract has been
completed, and many contracts with the ministries and state institutions have been
conducted successfully [20].

The General Enterprise for Groundwater has previously endeavored to utilize
solar energy in the provision of water. This experiment has achieved great success in
operating the irrigation systems from wells to serve the citizens and select the latest
and most suitable systems to keep pace with the continuous development in this field
[21]. This energy has helped ease demands on electricity and reduced the high costs
of fuel, lubricating oils, and maintenance. Therefore, the Enterprise has developed
professional competencies through training pumping crews in several training cen-
ters for the development of solar systems to be distributed to most of Iraq’s
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governorates. The success rate of this experiment has been estimated at 90% or
more. The advantages of using this energy include very little damage since the solar
panels are guaranteed for 25 years while other systems are guaranteed for not less
than 5 years. Unlike other technologies, this technology has contributed to the
maintenance of our economy and reduces the noise and pollution of the environment
that was caused by generators, in addition to the rationalization in electricity
consumption [22].

The exploitation of solar energy in pumping systems for wells is a big and highly
technical step carried out by the General Enterprise of groundwater in Iraq. Having
contributed to the advancement and development in various areas, the exploitation of
solar energy and harnessing of the operation of these systems helps to obtain
abundant water and maintain a clean environment free from pollution. For greater
success of this experiment, the Enterprise has used these solar-powered systems in a
number of wells that have been completed in the alternative water project “Al-Saqi”
in the holy province of Karbala [23]. This project aims to avoid the interruption of or
decrease in water levels in the Euphrates River and to provide the basic water needs
in emergency situations that the province may be exposed to. The plan is to equip
these wells with 20 solar pumping crews. During the course of this project, 11 solar
pumping crews were installed and 19 pumping crews were equipped. The projects of
the General Enterprise for Groundwater blocked the immediate needs in this area and
provided large amounts of water to cover the daily needs of citizens in villages and
areas suffering from water scarcity, as well as providing irrigation for animals and
agricultural land [24].

Al-Ezz General Company, one of the Ministry of Industry and Minerals compa-
nies, has manufactured a solar system for domestic use. The company manufactured
a solar energy system to provide an electrical capacity of 1 kW and was able to
manufacture another system with a capacity of 2.2 kW. The system will provide
electricity for 10 h a day and 6 h a night. It consists of solar cell panels that are
guaranteed for 20 years and are claimed to not be affected by climatic conditions in
Iraq. The company itself has equipped many areas in Baghdad with solar lighting
poles [25].

Iraq, the World Technology Company, and the Ministry of Municipalities and
Public Works carried out the largest solar project in the Middle East with the
deployment of 729 integrated solar plants for the purification and desalination of
wells, ponds, rivers, and drinking water supplies. They were distributed to 700 vil-
lages to cover the needs of more than 1.5 million citizens. The project was
implemented in two stages: Phase I - construction of 379 stations during the period
2009–2010; Phase II, the construction of 350 stations for the period 2010–2011. The
project reduced production costs by up to 70%. In addition, it provided potable water
for villagers and rural areas [26].

The Iraqi Ministry of Electricity concluded the first two contracts to install and
operate four photoelectric stations working on solar energy by investing 230 MW in
the provinces of Al-Muthanna and Najaf Governorate. The four photovoltaic stations
will be distributed in Al-Muthanna Governorate (Sawa, one station with a capacity
of 30 MW, two stations with a production capacity of 50 MW, and Al-Khuder with a
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capacity of 50 MW); the total capacity in Muthanna Governorate is 130 MW. The
fourth station has a production capacity of 100 MW in the Al-Haidariyah area in
Al-Najaf Governorate. Such contracts represent a new direction for the ministry in
the investment of sunlight to generate electricity. The investment of this gift is
positive in increasing the productive capacity of the national electrical system,
which is reflected in the increase in hours of processing for citizens [27].

The General Company for Electrical and Electronic Industries, one of the com-
panies of the Ministry of Industry and Minerals, set up a solar water filtration and
sterilization system in a school in the city of Samawah. The company is seeking to
use renewable energy in the field of treatment, sterilization, and filtering of water by
wells where there was a successful experiment to install a system at a break station
for visitors in Karbala and was intended to provide water. The use of such systems
reduces the amount of environmental pollution and noise, is considered environ-
mentally friendly, and is used in remote areas away from the city where there is no
electricity [28].

The Iraqi Ministry of Science and Technology is studying the project of installing
solar panels on citizens’ houses to reduce the cost of electrical energy and activate
the mutual sale between these panels and the national network. The project of
installing solar panels on the roofs of citizens’ homes in order to reduce the pressure
on electricity and not rely on the national network mainly aims to create mutual
benefit between the citizens and the Ministry of Electricity. As the link of those
panels will contribute to reducing the pressure on energy, citizens can sell the
ministry any quantity that exceeds their own need. The most striking feature of the
project is that the panels are cheap worldwide and will not significantly affect the
state budget as they claimed. This does not mean that this project does not need
money, however, especially as it is a new project for the first time in the country, but
it will provide great benefit for several years under the system of sustainability of
energy [29].

Iraq has abundant sun, but does not invest that energy. This project will open new
horizons for the country, including the investment of solar energy as heat energy for
the purposes of steam, heaters, and other purposes. Iraq is one of the 110 member
states in one of the organizations in Abu Dhabi concerned with environmentally
friendly energies [30].

Al-Zawra General Company, one of the Ministry of Industry and Minerals
companies, announced the manufacture of solar energy systems in cooperation
with the Ministry of Electricity. The Ministry of electricity will be the beneficiary
of this project by exploiting the disabled solar cells located on the pillars of lighting
rehabilitation and operation. This project is based on the dependence and utilization
of the idle solar cells currently located on the poles of street lighting where these cells
are collected for recycling into multi-capacity electric systems. The 15 kW system is
installed in state institutions and circuits and is synchronized with the national grid.
In turn, it receives the extra electrical energy produced by this system, thus forming a
source of support and utility for national electricity in Iraq. The adoption of a hybrid
home system with a capacity of 5 kW will generate electricity for homes, charge
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batteries, and then return to the national network excess electricity, thus contributing
to the reduced cost of electricity that currently sits on the shoulders of the citizen.

The Ministry of Electricity has contracted with a commercial bank that adopts the
subject of financing and the purchase of systems to be sold to citizens in the form of
installments as a plan to market this product. A specialized team will be established
and trained to maintain these systems. The company also received an invitation from
the Ministry of Electricity to set up a solar power station with a capacity of 1 MW to
provide 50% of the electricity needed by the headquarters of the ministry. There is
also a move by the Ministry of Industry and Minerals to the General Zora Company
to set up a power station similar to the project of the Ministry of Electricity to meet
the electricity needs of the headquarters of the Ministry of Industry, and this will
determine the capacity of the station according to the available space for the
installation of solar cells.

Iraq has suffered a shortage of electricity since the beginning of 1990, but in the
past 3 years it has seen an improvement in the provision of electric power after the
opening of a number of electric stations. These stations include Zubaidiyah in Wasit,
Al-Khayrat in Karbala, Haidariyah in Najaf, and the gas station in Maysan, in
addition to the two stations in Diwaniya and Sadr station in Baghdad. The Shatt
al-Arab and Rumaila stations in Basra and the gas station in Kirkuk entered to
surface [31]. The electricity operating and supplying hours continued to be about
20 h, especially in low temperatures. Working hours are significantly reduced with
higher temperatures and increasing loads on the power plants during peak times.
Therefore, the Ministry of Electricity has initiated the design and construction of a
5 kW domestic solar system, which will contribute to solving the problem of remote
villages and districts, and may be introduced in the residential sector to reduce peak
loads. This system works with the conditions of the Iraqi network and in three
operational modes at the same time (with the national network, without the national
network, and without national electricity). The system will export the surplus of its
daily production to the national network. This system can solve the problem of
remote villages and districts isolated from the national network [32].

The Iraqi Ministry of Electricity announced on 19 October, 2016 a plan to invest
in solar energy and encourage its use to meet the shortfall suffered by Iraq in this
area. It will start with Muthanna province, because the region is suitable for this
specialization. The Muthanna Desert is characterized by its vast area, very high
temperatures, and intense brightness, in addition to the existence of corridors of
wind. The industrial boom witnessed by the province provides the need for clean
energy in quantities of suitable production up to 400 MW until 2020 [33].

The Ministry of Electricity has called on the investment companies to set up a
50 MW solar PV plant in Salman district as part of this campaign. The Ministry of
Electricity has announced that it has identified 12 sites for the construction of
investment solar systems, which is expected to contribute about 1,500 MW to the
national system by 2020.

The government and popular tendencies towards the use of solar cells is still new
and in its infancy. The Iraqi government must support this trend aggressively in
order to improve air quality, increase electricity production capacity, and reduce
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dependence on fossil fuels. The move toward photovoltaic cell stations is the first
step to help solve the real energy problem in Iraq and the beginning of self-
sufficiency in energy. The use of clean and available solar energy represents one
of the methods of self-reliance and reduces the need for traditional energy methods.

7.3 Conclusions

Iraq’s major achievements and recommendations on renewable energy development
can be summarized as follows:

• Government support is needed for implementation of small renewable energy
pilot projects, especially those that serve people in rural areas.

• Financial support for studies that lead to the investigation of renewable energy in
Iraq and their applications is needed.

• Introduce solar thermal collectors in public buildings to produce hot tap water can
be considered as an introduction to reducing dependence on fossil fuel resources.

• Introduce of solar photovoltaic and water pumping systems for irrigation appli-
cations for the public.

• Increase people’s awareness towards using renewable energy and, particularly,
photovoltaic systems.

• Encourage and sponsor fourth-year projects in renewable energy. In addition,
support and encourage research programs as well as M.Sc. and Ph.D. programs in
renewable energy science that will serve in the workforce and as catalysts in
promoting increased use of renewable energies in Iraq.

• Encourage the gradual move toward a more conscious and sustainable use of
energy resources.
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Chapter 8
Iraq’s Future Strategies in the Use of PV
Plants

8.1 Introduction

The task of preserving the Iraqi environment, improving its properties, solving its
problems, and harmonizing with its national, regional, and international require-
ments is one of the most important challenges facing Iraq. The environment in Iraq
suffers from many problems caused by natural and human factors as well as the
wrong policies of previous governments, which resulted in several wars and inter-
national sanctions and unfair and abhorrent economic blockade. All these factors
have affected the environment, and the restoration of the former environment needs
to combine the efforts of the citizens and the government with the development of
sophisticated and deliberate strategies [1].

Achieving clear development in the field of energy is done by identifying national
energy policies, including but not limited to climate protection by reducing green-
house gas emissions, developing and diversifying national energy sources,
protecting the health of citizens by reducing pollutants emitted into the air, and
avoiding high-risk technologies such as nuclear power. The use of renewable
energies can be considered appropriate for many, if not all, of these objectives.

Air pollution is an important issue as Iraq lacks data on this aspect. Pollution is
calculated using estimated data obtained through the amount of fuel used in furneces
and boilers, and from the amount of exhuast gases emitted from burners. The
burning of fossil fuels in these sources results in air pollutants such as particulate
matter, lead, carbon dioxide, sulfur dioxide and ash. Environmental pollution is
linked to the rate of economic growth and the increase in primary energy consump-
tion. Therefore, the talk about pollution and how to limit it is in the field of
economics. The talk about reducing pollution necessarily means slowing economic
growth, especially in the short term. It is known that this is contrary to the economic
objectives of most societies aimed at continued growth [2].

The increasing demand for energy at the present time and in the future prompted
the countries of the world to research the use of all available alternatives from energy
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sources. The research, development, and application of renewable energies have
become a priority in terms of clean, available, and free sources, which are promising
and appropriate alternatives to meet the growing demand for electricity [3].

Iraq has abundant sources of renewable energy, especially solar energy, as this
country is located adjacent to the solar belt area, in addition to the potential to take
advantage of its water resources. The optimal solution to compensate for the acute
shortage of power supply is to exploit available renewable sources of energy. The
Iraqi government has adopted the transfer of technologies for the exploitation of
solar cells to generate electricity and equipment manufacturing as a strategic option
to ensure the lack of electricity supply and diversification of energy sources of the
country. Reducing the consumption of fossil fuels, as Iraq is one of the most
important producers globally, means keeping fossil resources as strategic stocks
for future generations. The encouraging geographical position for Iraq calls for
benefiting from this energy and the use of other resources such as oil and gas to
finance and develop PV projects, especially in remote locations, which require high
costs of electricity power [4, 5].

Iraq’s power generation systems rely on traditional power generation units that
cover day-to-day loads, taking into account the nature of peak times and the
availability of adequate rotary reserves. Iraq’s richness in oil and natural gas supports
this. However, oil prices have seen a series of collapses in recent times and are still
deteriorating. This fluctuation caused oil prices to be reflected in the income of many
countries with a rent economy, including Iraq, which depends on oil revenues
mainly in the establishment and sustainability of development. In Iraq, the risks of
this collapse are reflected in the erosion of foreign currency reserves. It is expected
that this will lead to the disruption of many development programs in light of the
urgent need for the continuity of such plans to prevent further deterioration of
aspects of economic and social development [6].

In light of the instability in the oil markets between 2008 and today, the search for
other nontraditional sources of energy, especially renewable sources, can be relied
upon to contribute to meet the increasing demand. Diversifying energy sources,
improving production efficiency, and reducing demand are critical for Iraq. Statis-
tical estimates indicate an increase in electricity demand with an average annual
growth rate of about 8% [7].

The development of the Iraqi electricity sector is of central importance in the
future of Iraq. The biggest challenge is to provide an adequate supply of electricity to
citizens and to eliminate the large generation deficit in relation to the demand
resulting from the harsh conditions experienced by the country over the past
30 years. Meeting the increase in demand due to economic and population growth
depends on the development of the electricity system in Iraq in a way that supports
economic and social development to the fullest, especially by making sound choices
regarding the technologies and fuels used to generate electricity and through
improving the network infrastructure and reforming the electricity system from
generation, transportation, and distribution [8].

Thermal power stations account for 93.5% of generated energy, while the
remaining 6.5% of energy sources are 6.2% hydraulic energy and 0.3% wind and
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solar energy. Steam and cycle units based on diesel and natural gas are most
commonly used to produce electricity [9].

Government participation varies with the diverse organizational structures of the
energy sectors. While independent government bodies deal with renewable energy
issues in several Arab countries such as the Kingdom of Saudi Arabia, the United
Arab Emirates, and those around the Mediterranean Sea, the past few years have
witnessed a marked boom in the establishment of institutions and legislation that
regulates work in renewable energy. We find the inventory of renewable energy
activities in the sub-departments within the Ministry of Electricity in Iraq, and so far,
there is still a clear lack of legislation governing the work in the field of renewable
energy. Despite the magnitude of the renewable energies, such as Iraq’s solar energy,
its contribution to the energy balance does not reflect the reality of the available
resources that can be utilized [10].

The Iraqi Ministry of Electricity has set a plan for the years 2012–2015 aiming to
reach a participation rate of up to 2% of renewable energy by the end of 2015. The
ministry also aims to activate efficient and rationalization programs by introducing
solar heaters and efficient LED lighting equipment, as well as using self-generating
systems in the energy distribution sector. It is worth mentioning that Iraq is one of
the pioneer countries of the Middle East in the adoption of solar pilot projects by
introducing 20,000 solar street lighting systems. The Ministry of Industry has
developed a solar panel assembly plant in 2010, in addition to the adoption by
several ministries of the state of some pilot projects that focus on the use of solar
energy systems in the field of watering, irrigation, and water purification. The
strategy of the Ministry of Electricity is based on the contribution of solar cells in
the total electricity produced by 10% by the end of 2020 [11].

8.2 Strategic and Institutional Determinants

As for the components of solar water heating systems, many Arab countries have
been able to localize their industries due to the simplicity of their technologies
compared to other systems such as solar cells and wind power, which helped the
growth of the use of these systems in some Arab countries, such as Jordan, Tunisia,
and Lebanon, in spite of after-sales service difficulties.

Today, Iraqi solar water heaters, energy-saving lighting systems, solar thermal
power, and photovoltaic solar systems are available in local markets, although it
suffers from marketing obstacles. These systems lack long-term marketing plans
associated with the deployment of renewable power outlets for domestic, commer-
cial, or industrial applications. These systems suffer from high prices of renewable
energy systems, resulting in the competitiveness of these systems with their con-
ventional counterparts based on traditional energy. The lack of national marketing
plans for these systems is included in the financing facilitation of those wishing to
install these systems. This is reflected in the delayed integration of renewable energy
applications into the Iraqi market. Such concessional financing can be provided
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through national banks or regional banks characterized by low interest rates and long
repayment periods [12, 13].

The most important determinants that hinder the spread of solar energy in Iraq
[14, 15] are the following:

1. Limited policies that attract the private investments and lack of government
resources allocated to them

2. Weak policies aimed at creating partnerships in the use of renewable energy
sources

3. Limited institutional capacity to develop renewable energy systems and the
difficulty of coordinating them

4. Low public awareness of available resources and renewable energy systems that
can be used technically and economically

5. The difficulty of implementing a government funding system for renewable
energy

6. Limited regional cooperation and coordination in financing renewable energy
projects and relying on foreign financing programs

In addition, more importantly, from the point of view of securing energy sources,
the role of renewable energy in diversifying energy sources is great, especially for
electricity production, thermal heating, and energy security. Solar energy can be
considered the best way to enhance energy and oil security for the comming Irqi
generations.

Many European countries have enacted laws that encourage investors to engage
in electricity production as renewable energy. As for Iraq, the electricity sector relies
on the state to own, operate, and manage power stations. The priority of the Iraqi
government is to provide this service to citizens in any form regardless of the
technologies and the role of the private sector.

The high cost of constructing solar power plants compared to fossil fuel stations
and the absence of laws and regulations governing the entry of investors, especially
those related to the tariffs and prices of clean electricity produced, as well as other
factors related to the large wealth of Iraq and the sources of oil and natural gas, which
can be used as fuel to produce electricity at prices much lower than Renewable
energy plants, and all these reasons have led to maximizing the role of fossil sources
compared to renewable sources of energy.

8.3 Awareness Rising

The Iraqi government has not yet implemented awareness campaigns and programs
aimed at users in the domestic, industrial, and governmental sectors as one of the
most-used sectors of electricity. Such programs aimed at introducing the importance
of the use of alternative sources of electrical energy should be supported by the
efforts of the governmental organizations and NGOs or nongovernmental organiza-
tions. These organizations can serve to create and organize workshops with public
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awareness bodies in cities and villages, and awareness campaigns in schools, rural
areas and remote communities. Awareness campaigns may include the development
of pilot models such as solar water heaters in some service areas (youth pilot centers,
health units, etc.). By fermenting such projects in rural areas and training women to
use these systems, the general acceptance of these techniques will be faster and
smoother. In spite of all the Iraqi universities and research centers in the field of
awareness, there is more that can and should be done to change the culture of Iraqi
citizens in terms of the importance of the inclusion of renewable energy sources in
the daily use associated with normal human activity [16].

8.4 Tariff

One of the most important shortcomings of the Iraqi authorities is the
non-application of an electricity tariff related to the time of use. This makes the
shift to the use of electrical energy sources from other sources for small units in the
residential and commercial sectors very limited, leading to the lack of awareness of
the user on the importance of these systems and their economic and environmental
feasibility. There is a need to develop mandatory laws for electric tariffs and
incentives to promote the use of renewable energy systems and the sale of electricity
on the basis of the benefit of companies operating in this field [17].

There are three problems to getting going with renewable in Iraq however:

1. The price of electricity is highly subsidized in Iraq and is sold well below the
actual cost of generation. The price of power is hence a very politically sensitive
issue.

2. The actual cost of the current generation is already low, because it is based on
government subsidized oil and gas prices. Government subsidies to electricity
tariffs have made the government’s payment for oil and gas supplies very large. If
this subsidy is reduced or canceled, the fuel can be sold at a much higher price
that improves the state treasury. In Europe and the USA, market gas prices lately
have been $8, although right now the US price is over $13/MCF (the highest it is
ever been).

3. In theory there could be a partial subsidy for renewable energy through carbon
trading, but the Omani government has not set up the required internationally
recognized authorities to allow trading in carbon offsets under the Kyoto Protocol
(currently worth at least $20 per ton of CO2 saved). At that price, this could then
be used to lower the effective “gas price equivalent” by more than $1.20
per MCF.
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8.5 Studies, Scientific Research, and Development

There are several research and development centers in the field of renewable energy
and energy efficiency. However, the percentage of these centers’ participation in the
development of future plans and strategies is still limited. These centers have
adopted scientific research on a standard basis that takes into consideration the
development of means of monitoring, analysis, and measurement. The aim to
make a serious contribution to improving the performance of renewable energy
systems and raising their role and share of electricity is generated [18].

There are clearly a number of research and development centers in renewable
energy and energy efficiency in Iraq. However, the number of these centers is still
small, particularly in the field of energy efficiency, and is usually not specialized,
and does not have a clear impact in the development of future plans and strategies.
To date, there are no plans and research projects in the field of renewable energy and
energy efficiency that reflect the importance of the subject and the possibility of
contributing to the coverage of energy demand now and in the future. The centers
have not produced research and development plans and projects that focus on
renewable energy and energy efficiency [15].

The Hashemite Kingdom of Jordan and the Republic of Tunisia focus their
research and development plans on solar thermal, photovoltaic, water, wind, biogas
and photovoltaic. The Syrian Arab Republic and the Arab Republic of Egypt focus
on research and development projects and pilot projects on the energy of photovol-
taic and solar thermal systems in the services sector with the addition of biomass
research projects. For the State of Palestine, there are limited projects on thermal
power. The Iraqi research has included all these options from all practical and
scientific aspects, but unfortunately without being taken by decision-makers [19].

Renewable energy has become a focus of most universities and educational
institutes in Iraq. Many of them also offer a master’s and doctoral degree in
renewable energy and energy efficiency. The Nahrain Research Center for Renew-
able Nanomaterials was inaugurated at Al-Nahrain University, Baghdad. The Uni-
versity of Anbar has also opened a center for renewable energy research. The
University of Technology in Baghdad preceded them by establishing the Energy
and Renewable Energies Technology Center. These research centers aim to provide
many future goals such as [20, 21]:

1. Uniting the efforts of ministries, companies, and research centers of common
interest in energy projects and renewable energies. The university and its
researchers shall be participants and supervisors of all researches and projects
of the State in the field of renewable energies.

2. The introduction of sources of renewable energies and projects within the State’s
future plan to produce energy and rationalize consumption.

3. Proposing and adopting different forms of support for renewable energy products
and subsidizing prices to encourage their use and dissemination of their culture.

4. Establishing assessment, classification, and testing centers whose equipments are
sufficient to provide global reliability.
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5. Establishing information, training, and development programs for specialized
technical personnel.

8.6 Expected Results and Summary

The best solar radiation in the Middle East is in the far south - in Saudi Arabia and
Yemen, however, Iraq has very good solar resources. The average solar radiation in
Iraq is similar to that in North Africa. Iraq also has some history of research on solar
energy, which has been greatly reduced in decades of wars and sanctions, and the
Ministries of Electricity and Science and Technology are sponsoring solar research
activities. The Ministry of Electricity has a number of research solar stations
operating outside the network. Despite the strong financial resources of the Ministry,
the generation of photovoltaic (PV) or concentrating solar power station (CSP) will
remain a high cost option compared to fossil fuels. The Iraqi state is expected to add
a small amount of solar PV – less than 50 megawatts – by 2035.

The increase in the participation of PV plants in electricity production is expected
to have significant economic consequences, such as:

1. Increasing the proportion of investments and industrial and commercial compe-
tition, which contribute to the increase of regional capital

2. Increasing the cash reserves by encouraging and activating foreign investments in
this field

3. Achieving significant savings in the consumption of fossil fuel sources, which
provides the opportunity to benefit from export at international prices instead of
selling locally at subsidized prices

4. Activating carbon trading and green certificates in the Iraqi environment sector
under the Clean Development Mechanism (CDM)

5. Creating new areas of work at the regional level, in particular with regard to the
construction of local industries for renewable energy technologies

6. Reducing dependence on fossil fuel sources, which constitute a heavy burden on
the public treasury

7. Supporting the requirements of sustainable development through the exploitation
of all energy sources of the countries of the region

This participation also has environmental consequences, including:

1. Reducing pollution and contributing to reducing climate change
2. Taking the advantage of the global carbon trade

As for the social results, the most important are:

1. Fighting unemployment by providing new jobs in the field of renewable energy at
the technical, administrative, and legislative levels.

2. Improving the standard of living of individuals by meeting their energy require-
ments, especially in rural areas, thus reducing the phenomenon of rural-urban
migration.
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3. Creating jobs directly related to the development of renewable energy and the
development and localization of their technologies.

4. Increasing the energy security of Member States, contributing to sustainable
development processes.

5. Reducing the phenomenon of poverty in the Arab countries by providing the
necessary energy for the poor areas that will create new jobs and improve the
social level in these areas.

8.7 Conclusions

The implementation of the strategy relying on renewable energy sources in an
integrated and effective manner and achieving its objective requires a clear definition
of the responsibilities and follow-up mechanisms. A plan of action should be
established for periodic follow-up of all stages of implementation, coordination of
cooperation with neighboring countries, and the proposal for continuous develop-
ment and updating of the strategy. The activation of the strategy of developing
renewable energy use can be achieved through:

1. Adopting national policies to create the appropriate climate for the development
of renewable energy technologies and the dissemination of their applications on
the ground while increasing the contribution of their sources to the energy mix
used in sustainable development processes.

2. Strengthening regional and international cooperation mechanisms and sharing
experience in this area while promoting awareness of the technical and applied
potential of renewable energy systems.

3. Encouraging the private sector to participate in the development of renewable
energy systems and uses, with the support of scientific and applied research in the
field, leading to the availability of renewable energy equipment at affordable
prices.

4. Increasing the reliance on research centers and universities in spreading the
awareness on the use of solar cells and in developing the necessary plans and
monitoring their implementation.
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