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A B S T R A C T

In this paper, the potential of solar and wind energy-based distributed generation (DG) in Saudi Arabia is
simultaneously analyzed with the aim of maximizing the utilization of available resources. It begins with an
analysis of DG application potential for wind and solar energy resources in various regions of Saudi Arabia. The
progress of DG applications in terms of research, planning, and exploitation of wind and solar energy resources
is then presented. An assessment of the DG contribution to the energy sector of Saudi Arabia has been
conducted and the barriers and challenges for the implementation of DG systems in the country are discussed
with suggested measures to overcome the challenges. The main findings are that with the huge potential of wind
and solar resources for DG applications the country has targeted 50 GW of wind and solar capacity by the year
2040. The Saudi government is expected to provide full support in the form of financial incentives for solar and
wind energy projects in order to boost renewable energy development.

1. Introduction

Saudi Arabia's electric energy consumption is now about 256 TWh/
y, the highest consumption of all Gulf Cooperation Council (GCC)
countries. However, the fossil fuels on which the country mainly
depends for energy needs are limited, and are projected to be
exhausted within 100–150 years. Additionally, the carbon emission
released by burning fossil fuels is responsible for releasing greenhouse
gas (GHG) emissions which lead to global warming and therefore to
climate change, which all raise environmental concerns. Renewable
energy systems are an alternative method of reducing dependence on
fossil fuels. Wind energy systems have been used since ancient times,
such as the wind-driven waterwheels from the fourth century [1],
which are still in use today, especially in the coastal areas [2]. Among
renewable resources, solar energy systems are being used through
different configurations—such as hybrid and stand-alone—to improve
the energy supply of different countries [3,4], as well as the use of feed-
in tariffs to reduce the adverse effect of fossil-based energy systems on
the environment [5]. Distributed generation (DG) systems based on
renewable resources including wind and solar are crucial in countries
like the Kingdom of Saudi Arabia (KSA) which mainly depends on fossil
fuels for energy needs.

With DG, many power companies can invest in small scale renew-

able energy systems (RES) such as solar photovoltaic (PV), wind, small
hydro turbines, combined heat and power (CHP) or a hybrid of
different renewable energy resources [6]. DG is a small-scale energy
generation and is established close to the consumer's location [7]. The
amount of energy generated from DG system depends on the potential
of the natural and man-made energy resources available in a given
area. Therefore, it is quite important to know the energy production
potential of a given area for proper planning and exploitation of the
available energy resources. To assess whether DG systems offer
substantial benefits, it is important to investigate the previous research
and implementation of DG in the region [8] as well as the previous and
current work on DG applications in the Kingdom. If such information is
available, energy planning teams and policy makers can easily estimate
the resources necessary to boost the renewable energy sector. For
example, incentive programs and tax rebate schemes can be extended
to small scale DG operators to offset the high initial investment costs of
RES and support their application in KSA [9]. The multitude of barriers
for the implementation of such systems can also be assessed and
initiatives can be suggested to overcome them [10].

Studies on the application, development and consequences of
renewable energy systems are being conducted continuously, and a
pool of studies have examined the advantages of RE, such as the
reduction of GHG emissions primarily through simulating models
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relating to renewable energy penetration (REP) [11]. Environmental
issues are imperative considerations when dealing with energy produc-
tion since they carry costs to humanity that are rarely reflected in the
price that consumers pay for electricity [12]. National and international
efforts exist to incorporate the cost of emissions in energy production
costs. Approaches to incorporating ecological and environmental costs
and the economic value of electricity system expansion in Saudi Arabia
have been and are being made. For example, in [13] a projection of
energy consumption and CO2 emissions in the electricity sector of
Saudi Arabia was conducted in which solar PV and carbon capture and
storage are deliberated as the case study. Aldossary et al. presented an
analysis and discussion that focused on household energy consumption
trends in different locations in the KSA, which has large energy
consumption and GHG emission rates [14]. Although measures to
reduce GHG through enhancing carbon capture and storage are not
available yet [15], the development of research in renewable energy
development and production is intensifying in the KSA. Since the early
1970s, the country has been leading research and development (R &D)
of wind and solar energy. As an example, two major international joint
R &D programs were financed, in collaboration with the United States
and Germany, to advance RE technology and increase its application by
implementing various demonstration projects around several parts of
the country. Hence, in 2001 an assessment of the work related to solar
and wind energy for the previous 20 years was conducted, and its
possible contribution of renewable energy appraised in 2005 [16,17].

There is also increasing interest in DG mainly due to utility
restructuring and increased needs for power [18]. Energy resources
can be developed as stand-alone systems or arranged to operate as
hybrid systems, such as wind/PV, wind/PV/biomass, or PV/wind/
diesel systems. Hybrid DG systems are preferred to bridge the
difference between power generation and supply caused by uncertainty
in demand [19]. Any combination of DG resources to make a hybrid
system may have varying performance compared to others.
Nevertheless, for comprehensive financial evaluation, it is essential to
accurately characterize the energy resource in terms of wind and solar
power exploitability and scheduling, with levels of excess and shortages
before the practicability of alternatives can be evaluated [20]. For
example, Ramli et al. carried out an economic analysis of a PV/diesel
hybrid system with flywheel energy storage, focusing on the impact of
utilizing a flywheel on power generation, energy cost, and net present
cost for certain configurations of the hybrid system [21]. It was found
that flywheel use in hybrid systems greatly reduced the cost of energy
and the CO2 emissions.

The availability of the required level of solar radiation for the target
energy generation should also be assessed to plan suitable implemen-
tation. Although some research papers have reported the study and
analysis of typical energy systems that can be implemented in different
regions of Saudi Arabia, a comprehensive study on the potential and
progress of DG systems is still necessary to access the level of R &D and
policy frameworks which are necessary to boost the implementation of
DG systems in the country. Therefore, this paper aims to provide an
analysis of the energy production potential of wind and solar in various
regions of Saudi Arabia, and to discuss the progress of DG applications
in the KSA. An assessment of the contribution of DG to the energy
sector of Saudi Arabia is conducted, and the barriers as well as the
challenges for the implementation of DG systems in the KSA are
discussed.

2. The potential of solar energy

A summary of key energy and economic information for Saudi
Arabia is given in Table 1. The country faces rising energy demand. The
current level of domestic consumption of fossil fuels for transportation,
industry, and electricity combined is 3.4 MBOE, and is expected to
increase to 8.3 MBOE by 2028. Peak power demand is expected to grow
from 55 GW to 121 GW by 2032, with a gap of 61 GW between the

output of planned projects and the expected volume of demand. It is
worthwhile to reduce the rising domestic consumption of oil, such that
a greater proportion of oil is reserved for more lucrative export.
Luckily, Saudi Arabia has resources that can be exploited to cover this
gap. It is said that the zone lying between latitudes 40°N and 40°S on
the world map is known as the “sunbelt,” and Saudi Arabia lies exactly
in the center of this region [22]. Therefore, solar energy can be used to
address the projected energy consumption needs if appropriate efforts
and technologies are applied to convert solar energy into electrical
energy.

Solar PV power penetration is expected to rise rapidly in many
countries in future. PV has average annual growth rate of more 50%
over the past five years, and is predicted to reach 11% global
penetration by 2050 [23,24]. Approaching 2030, the International
Energy Agency estimates that the global cumulative installed PV
capacity will reach 900 GW. In other words, in 2030 the PV power
capacity will be nine times that in 2012 [25]. In Saudi Arabia and the
Middle East and North Africa (MENA) countries, the regional demand
for solar PV power in 2013 recorded 625% increase from the previous
year [26,27]. Table 2 shows the target of Saudi Arabia energy
generation from non-hydrocarbon resources, which will contribute to
50% of total energy capacity. The country targets PV expansion to
achieve around 41 GW—25 GW concentrated solar power (CSP) and
16 GW PV—of solar energy capacity by 2040 [28], which is projected to
support the country's plan for increasing electricity generation capacity
to 120 GW [29].

GCC countries fall into a region of between 2000 and 2500 kWh/m2

a year of solar potential [30,31]. With an average annual solar radiation
of about 2200 kWh/m2, Saudi Arabia receives most intense range of
sunlight. This level of radiation is relatively high enough to generate
energy from sunlight if the required technology is applied efficiently to
achieve maximum power at all times, especially if maximum power
tracking systems are used [32].

Global solar radiation (GSR) totals are necessary to plan the kind of
solar systems to be implemented. In Saudi Arabia, several studies on
global solar radiation have been conducted for different regions

Table 1
Summary of key energy and economic information for Saudi Arabia: Modified from [22].

Economic output (UNDP 2013)

GDP (2005 PPP,109 $) 2011 601.8
GDP per capita (PPP) (2005 PPP $) 2011 21,430

Oil and gas (OAPEC, 2013)
Proved oil reserves (109 m3) at end of 2011 42.195
Proved natural gas reserves (109 m3) at end of 2011 8150

Electric energy (generation/consumption) (IEA, 2012; OAPEC, 2013)
Electric energy consumption (GWh) 256,331
Peak electric load (MW) (2012) 51,965
Installed electric generation capacity (MW)(2012) 62,132
Per capita electric consumption (kWh/y)(2010) 7967
Per capita CO2 emissions (103 kg) (2008) 16.6

Table 2
Non-hydrocarbon power capacity target for Saudi Arabia by 2040 [28].

Proposed capacity
(GW)

Total capacity (%)

Concentrated solar power
(CSP)

25 17.5

Photovoltaic 16 11.2
Wind 9 6.3
Waste-to-energy 3 2.1
Geothermal 1 0.7
Nuclear 17.6 12.2
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including seeking the most suitable locations for solar energy applica-
tions [33,34]. For example, 35 solar resource monitoring stations were
installed throughout the country to collect and monitor high-quality
data of solar resource [35]. Global horizontal radiation is a total of
diffused horizontal irradiance (DHI) and direct normal irradiance
(DNI). Fig. 1 shows a comparison of direct normal irradiance (DNI)
in January and July 2015. July represents summer, while January is

considered to be winter [36]. The selected range of the dataset is based
on the latest data available in the Renewable Resource Atlas. Clearly, in
July 2015 the northern region receives solar radiation at a higher
intensity than other regions, with a range of 8.5–9.5 kWh/m2/day. In
January 2015, solar radiation intensity is significantly lower through-
out the country. The western and northern regions receive 6–7 kWh/
m2/day, which is higher than the eastern region with 4–4.5 kWh/m2/

Fig. 1. Solar radiation intensity in Wh/m2 for (a) January 2015 and (b) January 2015.
Source: [35].
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day. It can be observed that the solar energy potential in the country is
enough to enable even large capacity solar energy systems. This energy
potential can be utilized to supplement fuel–based power generation.
Alternatively, the prediction of solar radiation using a support vector
machine and artificial neural networks was accomplished in the case
study locations of Jeddah and Qassim [37]. Results indicate that
machine learning methods can accurately predict solar radiation on
tilted surfaces.

The KSA initiated a major effort to tap into solar energy with the
objective of preserving its vital oil commodity for export. By 2011 the
KSA was producing more than 50% of power from oil, using up to an
eight of total oil harvest of the KSA. With the cost of oil at $10 per
barrel, the loss of oil to electricity generation was not felt particularly;
however, oil cost rises towards $100 per barrel made it more reason-
able and attractive for the Kingdom to invest in renewable resources to
generate clean energy, and export the saved oil to the world market to
generate more income. This is possible given the fact that the KSA is
one of the leading net exporters of crude oil. In addition, it has been
projected that electricity consumption in Saudi Arabia will double by
the year 2020 [38]. Therefore, concerted efforts should be undertaken
to boost electrical energy production.

In Saudi Arabia, CO2 emissions are high since electricity is mainly
generated by using fossil fuels. Fig. 2 shows that in 1990, CO2

emissions were 208 million metric tons, an increase of about 17.5%
from 1980. In 2000, CO2 was 290.5 million metric tons, a 39.5%
increase compared to 1990, and in 2010, CO2 was 468.7 million metric
tons, a 61.3% increase from 2000. This analysis indicates that the
amount of CO2 has been significantly increasing over the past decade
due to the rapid industrialization and development [39]. The use of
renewable energy generation system is one of the ways to reduce CO2

emissions.
Several studies on the modeling and simulation of wind, solar, and

hybrid wind/solar systems have also been conducted for Saudi Arabia.
Ahmad et al. demonstrated a misting system powered by solar energy
in which the system is used to cool down an open area in Madinah,
Saudi Arabia [41]. The best PV array configuration, suitable to supply a
DC helical pump with the optimal amount of energy under the outdoor
conditions of Madinah places was determined [42]. PV water pumping
systems act as a suitable alternative to drain water in the isolated desert
areas for household and livestock consumption. A desalination system
based on reverse osmosis which is fed with energy from a hybrid wind/
solar is simulated and analyzed in [43]. The results of the simulation
are used to improve the system for the least cost per cubic meter of
desalinated water and the analysis indicates that the best system that
powers a 1-kW RO system for 12 h/day yields a minimum levelized
cost of energy (LCOE) found to be 0.624 $/kWh. An attempt is made to
use wind power for pumping water in areas located far away from the
national grid. Micro-turbines in the range of 1–10 kW power capacity
are selected with Gould 45 J type water pumps to generate wind energy
and pump water in the Rawdat Ben Habbas, Arar, and Juaymah areas
in the KSA [44].

Several studies have been conducted in past years on solar energy
for Saudi Arabia in the technical literature. An early study [45]
discusses a hybrid PV/diesel/battery system for a remote village in
the north-eastern region of the country. The study concluded that the
hybrid system is more cost-effective compared to a stand-alone diesel
system. The tendency was to substitute diesel with solar. Later, another
suggestion for utilizing a PV/diesel/battery hybrid system is also
offered for different provinces in Saudi Arabia. It is found that the
penetration of PV is higher in northern and southern provinces for a
given hybrid system [46]. Another comparative study of a PV system
and hybrid PV/wind and hybrid PV/wind/fuel cell was conducted in
Yanbu [47]. A PV system alone was found to be more economical than
both hybrid systems. A particular case-study of a PV/Hydrogen fuel cell
hybrid system for a typical house in the country was conducted to
estimate its return on investment (ROI) [48]. Alrashed and Asif [49]
recently conducted a research survey on the application of solar and
wind energy in Saudi Arabia. The research results show that the
residents chose PV technology as their preference.

3. The potential of wind energy

Saudi Arabia is seriously considering exploring wind energy re-
sources to generate power for its future energy supply. This option is in
line with the important strategy to diversify energy resources and
balance the energy mix of conventional and alternative energy
resources [50]. As shown in Table 1, the country has targeted 9 GW
of wind power generation by 2040, which will contribute to 6.3% of the
total power capacity.

The development of wind power systems requires accurate and
high-quality wind speed data for a successful feasibility study in the
context of wind energy exploration projects. Fig. 3 shows the wind map
for Saudi Arabia for February and August 2015. The five wind
monitoring stations established by KACARE are Riyadh City site A,
Riyadh City site B, Hafar Al Batin, Sharurah and Yanbu, each indicated
with a Δ (delta) symbol. As seen in the map of February 2015, the
average wind speed of the east coast Hafar Al Batin region was 7.5–
8 m/s, slightly higher than for other regions, where wind speed ranged
from 7 to 7.5 m/s in Yanbu on the west coast and Sharurah on the
south coast, and 5.5–6 m/s in Riyadh on the central region. In August
2015 the average wind speed was higher in Yanbu and Riyadh but
slightly lower in Sharurah. Yanbu on the western coast, had a wind
speed in the range of 9.5–10 m/s, while Sharurah on the south coast
recorded 6.5–7 m/s. The wind speed in Hafar Al Batin ranged from 7.5
to 8 m/s, while Riyadh was 5.5–6.5 m/s, the same as the wind speed in
February 2015.

It can be observed that the wind energy potential in the country is
enough to enable even large capacity wind energy systems. This energy
potential can be utilized to supplement fuel–based power generation.
The monthly wind speed at 60-m elevation for all wind monitoring
stations between October 2013 and December 2015 is given in Fig. 4
[35]. This dataset is collected from five wind monitoring stations—
established since October 2013—throughout the country.

It can be observed from Fig. 4 that wind speeds at Yanbu were the
highest of all the five stations, with a maximum of 10.3 m/s taking
recorded in September 2014, and the minimum of 6.4 m/s in
December 2014. Hafar Al Batin recorded the next highest speeds
however, they was far lower than those of Yanbu. Riyadh city stations
exhibited the lowest wind speeds. From these observations it is clear
that the wind speeds of stations vary significantly from month to month
with those at Yanbu recording more variations than others. This
implies that wind turbines used in this region should be able to operate
with the minimum speeds of this station as the cut-in speed, and
should continue to operate within other recorded wind speeds, which
are below a turbine's cut-out speed. This turbine limitation match with
wind speeds indicates they should be able to harvest a maximum of
wind power for use.Fig. 2. CO2 emissions of Saudi Arabia [40].
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Fig. 3. Average wind speed in m/s for (a) October 2014 and (b) February 2015.
Source: [35].
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In an earlier work, an atlas of wind energy formed part of the
earliest renewable energy development steps for Saudi Arabia. The
atlas was initially formed with data collected from 20 weather stations.
The atlas indicated speed profiles and wind power, and analyzed
diurnal deviations of mean speeds. The frequency distribution of wind
directions was also shown, and the speeds represented by contours. A
number of works related to wind energy were based on the develop-
ment of this atlas [51].

Table 3 shows the data composed of the coordinates, elevation, and
the corresponding period of time wind data has been recorded for each
location. Wind speeds were measured at a height of 10 m. The locations
in Table 3 were strategically chosen. For example, Jeddah was chosen
because measuring equipment was based there. Yanbu, Alwajh and
Jizan were selected because as these are coastal areas, they were
expected to have higher wind speed than other sites, and hence more
wind power could be harvested. Makkah was selected because of its
power requirements; it is a home to social and religious activities
because it houses the Kaaba which receives many visitors and tourists
throughout the year.

The King Abdullah City for Science and Technology (KACST)
considered wind research in some locations, including some of those
described above, in order to study their wind power potential. The data
for some other selected sites is given in Table 4.

The wind speed data was taken at heights of 20 m, 30 m, and 40 m,
while wind direction data was collected at 30 m and 40 m. The wind
data was recorded hourly, daily, and monthly with average speeds
calculated every 10 min at the Riyadh site, while a 30-min interval was
used for the other stations. A standard deviation (STD) was computed
and given in Table 5 with wind speeds l, 2, and 3 representing those
speeds at heights of 20 m, 30 m, and 40 m, respectively. Arar station is
observed as the highest average speed at 4.40 m/s, while Qassim
corresponds to the lowest speed of 3.4 m/s. The wind data discloses
that if the height in Riyadh was increased by 10 m, there would be a
corresponding increase in speed of 3–13% in daytime and 7–20% at
night.

The wind direction is also indicated in Table 5, showing none of the
stations experienced similar wind directions. The wind direction in
Dhahran, Riyadh, and Arar flowed generally from the north—from the
northeast and northwest—more than 40% of the time.

The wind speed frequency distribution indicates that for more than

80% of the time, speed ranged from 3 to 6 m/s for all locations and
altitudes. On the other hand, a 4 m/s wind speed occurs 30% of the
time. Unfortunately, a speed greater than 7 m/s was recorded in Arar
in more than 15% of recorded intervals at 20 m, 24% at 30 m, and 25%
at 40 m. Other sites show such speeds only 10% of all recorded period.

Table 6 shows the coordinates of the sites under consideration and
the period for which the wind data was collected. As seen in Table 6,
similar sites were studied as discussed in Table 3 above, however,
Riyadh was not selected [53]. As seen from the table, different stations
have different recording elevations. This is due to the geographical
nature of the area under study. For example, wind speed at Dhulum
was recorded at an elevation of 1117 m because it is located far below
the sea level, while Dhahran station was set at 3 m because it is near sea
level. The most important issue is to target the level at which a
considerable amount of wind can be obtained for maximum harvest of
wind power.

The maximum and mean values of wind speed at 40 m height
during the collection periods at half-hour intervals are detailed in
Table 7. It can be observed that the highest annual average speed
occurs at Dhulum with 5.7 m/s which occurred more than 10 months a
year followed by Arar with a speed of 5.4 m/s occurring more than 5
months. Since these two regions are remote with smaller populations,
the wind speed suggests it is feasible to consider the establishment of a
wind harvesting to provide wind power to households. The average
speed recorded at Qassim was 4.3 m/s, while that at Yanbu was 4.7 m/
s, both slightly lower than those of Arar and Dhulum. At Dhahran, the
annual wind speed was 5.3 m/s, which is also suitable for wind power
generation given a wind system with a hub cut-in speed of 5 m/s. The
mean power density for Dhahran was found to be 154 W/m2, Arar
(164), Yanbu (134), Dhulum (186), and Qassim (81), which are
proportional to the wind speeds discussed. Such power densities can
be found to contribute a considerable amount of power to the renew-
able mix of the country.

The speed study helps to establish the cut-in and cut-out, survival
and rated speeds for a wind power system to be used in a specified site.
The energy in kWh obtained from a wind energy system is computed
based on the wind duration expressed in terms of hours. Al-Hadrami
evaluated the energy output and plant capacity factor (PCF) of small
wind turbines in the ranges of 1–3 kW, 5–10 kW, 15–20 kW and 50–
80 kW. He further studied the implication of varying hub heights on
energy output and the PCF, and concluded that the horizontal axis
wind turbines Fortis Passat with a PCF of 44.4% at 15 m hub height,
the Aeolos-H 5 kW with a PCF of 20% at 20 m hub height, and the
CF6e with a PCF of 32.5% at 20 m hub height were recommended for
different load requirements [54]. Therefore, if necessary the power
output can be modified by changing the hub height and PCF.

Wind was available for 85% of recorded times. The details of the
civil construction specification, including the cost of concreting foun-
dations and control room for the wind machines, are detailed in [55].
The present value cost (PVC) is about US$0.97 million, $1.32 million,
$1.97 million for the 600 kW, 1300 kW, and 2500 kW machines,
respectively. It was found that the maximum energy was obtained at
Yanbu corresponding to 4942 MWh for a 2500 kW wind machine,
263 MWh for 1300 kW, and 1295 MWh for a 600 kW machine. The
minimum value of 1640 MWh was obtained at Nejran from a 2500 kW

Fig. 4. Monthly average wind speed in October 2013–December 2015.
Source: [35].

Table 3
Coordinates, heights, and period of recording data for each location [51].

Location Longitude
(degrees)

Latitude
(degrees)

Altitude (m) Period of record
(years)

Alwajh 36 26 19 16
Yanbu 37 24 6 12
Makkah 39 21 310 7
Jizan 42 16 5 14
Jeddah 40 21 17 16

Table 4
Geographical data for the selected locations [52].

Site Latitude (degrees) longitude (degrees) Elevation (m)

Arar 30.8 41.3 550.0
Dhahran 26.1 50.1 3.0
Qassim 26.3 43.97 648.0
Riyadh 24.6 42.6 620.0
Dhulum 22.7 42.2 1117.0
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machine, while 940 MWh and 469 MWh obtained from the other
machines.

At coastal areas such as Dhahran, Al-Wajh, Yanbu, Jeddah, and
Jizan, the wind was present above the necessary speed in excess of 50%
of recorded intervals. On the other hand, at some inland locations such
as Riyadh, Medina, Badana, Rafha, Qaisumah, Turaif, and Taif the
required wind speed was present approximately 45% of the time.
Moreover, at Taif, Al-Jouf, Qassim, Nejran, Hail, and Bisha the
required wind was available only 35 ± 2% of periods per year. This
further confirms that coastal areas are the priority candidates for wind
power generation in this region. This can be additionally proved by the
low cost of energy observed at these locations where by the minimum
cost of electricity generated using 2500 kW, 1300 kW, and 600 kW
machines at the coastal area of Yanbu was found to be 0.0234, 0.0295,
and 0.0438 US$/kWh respectively, while the corresponding maximum
at the inland Nejran was 0.0706, 0.0829, and 0.121 US$/kWh.

4. Development of DG applications in Saudi Arabia

As mentioned earlier, Saudi Arabia targets generation of 50 GW
from solar and wind energy installations, a total largely dominated by

solar, by the end of 2040. Of the 9 GW of wind power expected to be
procured, just less than 2 GW is due to be tendered over this year
(2016). Some 100–150 MW is expected to be contracted during the
introductory round. Following this, 650 MW of wind power generation
is expected to be tendered in the first round and 1.05 GW in the second
round. The first and second rounds are planned and were launched
between 2013 and 2016. A 20-year power purchase agreement with the
state-owned Sustainable Energy Procurement Company has been
completed to underpin each wind project [56]. To ensure these targets,
initial procurements are set to be more than the projected periodic
targets to allow for uncertainties. The key features of the proposed
competitive procurement process (CPP) can be found in [57].

In the plan of proposed energy mix by 2040, wind energy is to be
dedicated to powering desalination plants [58]. Over the past decade,
the use of solar and wind energy for desalination plants has been
dramatically growing. Several research works have been based on the
application of wind and solar energy to water desalination in Saudi
Arabia. For example, Mokheimer et al. [59] presented modeling and
simulation of a wind/solar hybrid system for a reverse osmosis
desalination system. The analysis of the system performance under
Dhahran weather conditions was undertaken, and concluded that the
proposed system has a minimum cost lower than that in the literature.
In another work, analytical modeling and simulation was presented for
a photovoltaic reverse osmosis (RO) water desalination system with
experimental verification. The effect of PV panel slope and azimuth
angle was investigated using PV and RO models [60]. A brief summary
of literature review is presented by Hepbasli and Alsuhaibani [61] for
solar energy development status in Saudi Arabia. Part of their review
discusses the use of solar energy in water desalination plants, while the
fuel subsidies for electricity generation are found to be the major
barrier to solar energy deployment.

As wind energy is still under procurement process, one may notice
there has been a multitude of research studies on the feasibility of wind
energy throughout the KSA in the past few years. An early study (2007)

Table 5
Wind data for different heights.

Location Wind speed1
(m/s)

STD 1 Power density1 w/
m2

Wind speed2
(m/s)

STD 2 Power density2 w/
m2

Wind speed3
(m/s)

STD 3 Power density3 w/
m2

Direction of wind

Arar 4.4 1.5 29.6 4.8 1.6 38.6 5.3 1.8 52.5 NW
Dhahran 4.0 1.2 22.2 4.3 1.3 27.0 4.5 1.4 30.4 E
Qassim 3.4 1.2 13.8 3.8 1.3 19.0 4.0 1.3 22.4 ESE
Riyadh 3.9 1.4 20.0 4.2 1.4 25.5 4.5 1.5 30.6 NW

Table 6
Sites location, height and period of data collection.

Station Qassim Arar Yanbu Dhahran Dhulum

Longitude
(deg E)

43.97 41.3 38.3 50.1 42.18

Latitude (deg
N)

26.3 30.8 23.9 26.1 22.74

Elevation (m) 648 550 11 3 1117
Data

collection
period

Dec 5,
1995-Oct
24, 1998

Jun 6,
1995-
Dec 31,
1998

Sep 17,
1996-Oct
21, 1999

Oct 4, 1995-
Nov 30,
2000

Nov 1,
1998-Oct
12, 2002

Table 7
Speed of the wind and power density for the five stations (Half-hour data).

Site Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Dhulum Wind speed (m/s) Max 17.4 22.7 23.9 19.6 20 15.1 23.7 17.2 16.6 16.5 16.4 17.3 23.7
Min 6.1 6.6 6.7 5.9 5.7 5.8 6.5 5.8 5 5 5.7 5.8 5.7

Power density (W/m2) 197 249 278 197 176 165 226 166 114 109 175 178 186

Arar Wind speed (m/s) Max 16.4 15.2 19.2 18.6 20.7 14.6 15 12.5 18.2 16.5 16.2 20.1 20.7
Min 5.2 5.1 6.1 5.7 5.4 5.8 6.3 5.3 5 5.1 4.5 4.9 5.4

Power density (W/m2) 142 159 241 200 182 181 211 148 129 143 107 125 164

Yanbu Wind speed (m/s) Max 14.4 15.4 15.2 15.1 14.2 14.7 14.4 15.1 14.4 12.8 17.2 14.3 17.2
Min 4.7 4.9 5.3 5.1 4.9 4.7 4.7 4.9 4.8 4.6 4.3 4 4.7

Power density (W/m2) 122 149 184 178 142 137 142 152 130 96 95 76 134

Qassim Wind speed Max 12.9 13.5 15.3 17.5 22.7 11.5 12.3 11.1 10.9 11.4 11.5 12.3 22.7
Min 4.3 4.8 4.9 4.9 4.3 4.3 4.3 4 3.9 4.1 3.9 4.1 4.3

Power density (W/m2) 78 104 125 125 91 72 73 57 55 66 63 68 81

Dhahran Wind speed (m/s) Max 15.8 15.8 16.2 19.2 19.3 16.1 18.5 15 16.5 13.1 16.2 13.2 19.3
Min 5.2 5.7 5.8 5.9 5.2 5.7 5.7 5.1 4.8 4.7 5 4.9 5.3

Power density (W/m2) 145 179 197 207 151 200 188 137 114 95 123 112 154
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describes a quantitative assessment of wind resource based on hourly
mean wind speed data in Dhahran on the eastern coast of Saudi Arabia
[62]. The case study concluded that although wind power is viable for
the city, large wind power systems are needed to meet the peak load in
August–October, and that diesel generators and batteries should be
integrated to overcome this requirement. Later, other studies were
conducted for other parts of the country, including Dhulum in the
western region [63], Al-Wajh, Jeddah, Yanbu, Jizan in coastal locations
[64], the western province [65], and the three locations of Rawdat Bin
Habbas (inland north), Juaymah (east coast), and Dhulum [66]. There
has also been an assessment of wind resource and characteristics for
Jubail industrial city, the Middle East's largest industrial base [67]. As
a conclusion, those studies reveal that the western region has more
potential for wind energy than other regions. These results are in
agreement with the potential of wind energy described in the previous
section.

In the first stage of implementation to achieve the projected targets
Saudi Arabia, through the King Abdullah City for Atomic and
Renewable Energy (KACARE) is targeting power generation of 500–
800 MW from renewable energy resources. The planning is done in
such a way that five to seven small projects of different technologies are
presented to bidders at places which could easily be integrated to the
grid network. The other two rounds are to target 2–3 GW and 3–4 GW
respectively. It is anticipated that a sole round would last for about 6–
10 months. Table 8 shows the renewable energy targets and current
installed capacity in Saudi Arabia [68].

The King Abdullah University of Science and Technology (KAUST)
Industry Collaboration Program (KICP) conducted a feasibility study
on the future development of solar energy systems and components
within the kingdom [69]. The KICP's annual strategic study's findings
are divided into short, medium, and long-term potential depending on
what can be achieved in that period.

The short-term is defined as two years, in which the employment of
two or three PV industrial projects is expected to cost $200–500
million in capital expenditure each, with the additional outcome of the
creation of 1000 jobs. The ingots/wafers, silicon, and perhaps thin-film
solar cells required for solar systems are the three major options

anticipated to be produced in this period, according to the report's
recommendations. Another CSP production project ( > 50 MW) was
expected in this period on condition that at least one solar power plant
would be built in the country.

In the medium-term plan, it was observed that within at least five
years from 2009, advancement of PV technology in KSA could be
realized should the market be improved concurrently with PV devel-
opment in the region. It was also anticipated that one fuel cell and PV
module manufacturing project could be realized. Moreover, the study
endorsed the development of a pure industrial solar cluster, including
two to three prominent R &D institutes, two to three industrial parks,
and numerous manufacturers and installation companies werea realis-
tically expected.

In the long-term potential, the study highlighted that more than five
years from 2009, solar energy could have the capability to become a
major industrial sectors providing roughly 50,000 jobs, sales worth US
$10 billion, and at least 50% of the KSA's export revenues. In that way,
the solar industry could serve as a foundation for downstream
industrial development in the KSA.

The report also recommended the Kingdom entice solar companies
in the research field by creating attractive research environments such
as that formed at KAUST. This could also involve extending financial
facilities to state-of-the-art solar companies. The study also recom-
mended the formation of a center for accreditation of solar-related
products to enable updating these products for the international
market, and to foster production of solar products on a commercial
scale. The most applicable solar technologies and research areas for the
KSA are identified in Fig. 5. The selection is based on the market
potential and synergies for the Kingdom.

In the selection process, five solar technologies succeeded: crystal-
line silicon PV, CIGS thin-film PV, concentrated PV (HCPV), third
generation PV, and solar thermal heat and solar thermal power (CSP).
The study in [70] details the reason why they were recommended.

In an implementation driven through a recommendation in the
report, some pilot solar PV parking lot projects have been established
such as those discussed in the progress section. In addition, the
Kingdom has increased the funding of research for higher institutions
of learning such as universities and colleges through the establishment
of the National Science, Technology and Innovation Plan (NSTIP), a
body that invites and funds successful research proposals from
researchers. To date, neither the above short-term nor the medium-
term recommendations for industrial establishment have been imple-
mented. We are yet to see what happens to the long-term recommen-
dation in terms of execution.

Since the mid-seventies, Saudi Arabia has been conducting research
and development for RES production, and more specifically in solar
energy. The main pertinent accomplishments included the use of a PV
system to provide electricity to run highway devices, and presenting
and ordering the use of water heating systems powered by solar for
household heating. As a result, about 1100 solar flat plate solar
collectors were fitted on the rooftops of 380 homes in the campus of
KACST in Riyadh during 1996 [71]. The other major implementations
are discussed in the following subsections.

Table 8
Renewable energy targets and current installed capacity.

Electricity

Sector Technology Value Description Year
Electricity Solar PV 16 GW Targeted total installed

solar PV capacity
2040

Electricity Solar PV 25 MW Targeted total installed
CSP capacity

2040

Electricity Solar PV 6 GW Targeted total installed
solar PV capacity

2020

Electricity Solar PV 1 GW Targeted additional
installed solar PV
capacity

2013

Electricity Solar PV 10,000
Units

Targeted additional
installed solar PV panels

2013

Heating/cooling
Heating/

Cooling
Solar

Heating/cooling 25 GW Targeted total installed
solar thermal capacity

2040

Not specified
Electricity Non-Technology

specific
54 GW Targeted total installed

renewable capacity
2040

Primary energy
Non-Sector

specific
Non-Technology
specific

23–30% Targeted share of
renewables in total
primary energy supply

2040

Installed Capacity
Electricity Solar PV 12 MW Total installed solar PV

capacity
2013

Electricity Solar PV 2 MWp Total installed solar PV
capacity

2010

Fig. 5. Solar technologies for research and development in KSA [69].

M.A.M. Ramli et al. Renewable and Sustainable Energy Reviews 70 (2017) 287–297

294



4.1. Solar power station at Farasan Island

The first solar power project was inaugurated in October 2011 [72].
The solar plant is located in the neighborhood of Jizan, a town on the
south eastern coast of the Red Sea. The plant comprises 6000 solar cells
and is integrated to the power grid of the Jizan wing. It was built by
Showa Shell Sekiyu (SSS), an energy company from Japan in close
partnership with Saudi Electricity Company (SEC), a government
utility company. The project is owned partially by SSS Company and
by Saudi Aramco, a Saudi oil company. Being a remote location with
limited access to the grid, the island was selected as the best alternative
for solar power installation to provide electricity to the area. Therefore,
it was chosen to reduce the oil consumption required to generate the
distributed power for this region. According to the memorandum of
understanding, SSS Company is to remain a partner of this project for
15 years, beyond which the ownership is to be shifted to SEC.

4.2. The 10 MW PV carpark system

A solar PV carpark system was constructed by Saudi Aramco at
their offices in Dhahran. It consists of 10 MW capacity spanning spaces
on the top of 4500 parking shades [73]. This solar power project is
intended to provide the energy demand of Al-Midra Tower at Dhahran
owned by Aramco. SSS company supplied the 120,000 PV panels which
were used to accomplish the project [74]. This project was covered by a
$100 billion fund set aside by the kingdom in early 2011 to decrease
oil-based power generation based on oil. This plant is believed to be the
world's biggest solar facility on a parking lot.

4.3. The 2 MW PV plant at KAUST

The solar power plant was setup on the rooftop of KAUST by a
German PV company, Conergy [75]. The farm was completed in 2010.
The company built the power plant in collaboration with the kingdom's
solar system integrator Saudi Arabian National Solar Systems (NSS).
NSS provided the installation and operational management of the
power plant, while Conergy was in charge of the design and compo-
nents supply in addition to the development, planning, supervision,
and commissioning of the power plant. The solar farm is formed by two
portions of 1 MW solar PV installations each and comprises 9300
Conergy solar modules as well as Conergy 280 K central inverters. The
power plant covers an acreage of 11,577 m2 (124,600 square feet) and
was expected to produce about 3332 MWh annually.

4.4. The 3.5 MW PV park in Riyadh

The Phoenix Solar Company planned and built the 3.5 MW PV
project in January 2013 [76]. Solar PVs were installed on racks in an
open space, and the project took 20 months to complete. Suntech
Power Holdings provided the 12,684 PV modules, while SMA Solar
Technology AG delivered the inverters. The division of tasks among
different companies facilitated the speed of implementation of this
project and the diversification of technology. The produced energy is
fed straight into the grid which is at medium voltage at the station.
However, the solar installation firm faced several challenges due to lack
of data on solar projects in desert areas, as there are very few countries
in the Gulf region that have implemented similar projects before, or
with proper data records. As a solution to some of these challenges, the
company established a distinct solution to accommodate the high
temperatures and sand storms, whereby the PV system control boxes
were enclosed in a well-insulated, air-conditioned inverter building.
This method substantially enhanced the conditions of the power plant
for easy maintenance, and ensured the long life of the PV system
components.

4.5. Princess Noura University solar thermal plant

This plant uses 36,305 m2 of solar arrays with a capacity of
25.4 MWth. It has been operating since 2012 and supplies 900,000 l
of hot water for about 40,000 students in the campus area. The plant is
the largest solar thermal plant in the world [22].

5. Challenges and policy framework

5.1. Challenges facing the exploitation of solar and wind energy in
Saudi Arabia

The major challenges include the following:

• Although constant sunshine is good, solar panels become less
efficient if they become too hot. The development of solar PV power
systems may have challenges when implemented under extreme
weather conditions such as at high temperatures. Therefore, in a
large scale PV deployment in the region, comprehensive studies
must be undertaken to ensure that suitable PV panels which can suit
these temperatures are applied.

• Dust is a problem which results in partial shading, affecting power
output and the overall performance of a PV system [77]. It is
therefore important to track the maximum power point (MPPT) in
all circumstances by automatically adjusting the control algorithms
of the power electronic devices to achieve the maximum power
output during time of variations of light level, shading, temperature,
and PV characteristics [78]. This means considerable manpower
may be necessary to continuously brush and clean solar panels,
which may increase the operating cost of PV systems, especially if
large PV firms are established [37]. However, several studies have
been conducted on MPPT under partial shading condition [79–81],
which suggest the use of soft computing techniques to track the
MPPT efficiently. The main challenge may be increases in cost of PV
systems with an embedded MPPT algorithm, which might limit the
investment as well reducing the ROI of the PV system. This decrease
in ROI may deter potential investors in Saudi Arabia.

• Natural gas has also been identified to pose a challenge as an
alternative to solar energy to provide energy in KSA, which is similar
to the U.S. where cheap natural gas is making it challenging for
renewables to compete [77].

• There is also a problem of lack of data related to solar energy
development within the Gulf region, as there are very few earlier
solar projects completed and documented in these areas.

• Market technology: Konstantinos et al. observed that there is a
challenge resulting from firm dispatch in grid operations [82]. Wind
and solar power cannot easily be integrated and dispatched within
the grid of a utility company because of the intermittent nature of
their supply, and therefore this may require special dispatch
measures.

• RE penetration is hindered by sub-optimal pricing for power,
subsidies and delayed restructuring of power sectors, and delays
in policymaking related to renewable energy applications.
Streamlining RE tariffs is believed to promote energy conservation
activities, and at the same time favor DG systems. Alternatively, in
addition to restructuring the power sector, an RE policy is an
important requirement to transform end user choice into a larger
market share for RE technologies [83].

5.2. Policy frameworks

Nevertheless, policy frameworks have a significant role to play in
the determination of hybrid DG systems. Therefore, to fully function,
DG systems investors should be supported by national policies. A long-
term vision of science and technology has been developed in the KSA
through various initiatives [84]. The policy framework supports any
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technologies leading to fuel economy, improved efficiency, reduced
impact on the environment, and research for sustainable development.
Some technology areas in this plan are GHG avoidance, renewable
energy generation, and assessment and monitoring technologies.
Hybrid DG systems operators can, therefore, easily obtain funding
from funding agencies through government support, together with
their collateral securities. The government is also expected to provide
full support in the form of financial incentives for solar and wind
energy projects in order to boost renewable energy development.

It is also necessary to embrace the feed-in-tariff (FIT) policy as
suggested in [85]. Saudi Arabia has always been at the forefront of
promoting research and development of RES, leading other countries
in the GCC, and more generally in the Middle East. Therefore, the
application of FIT is likely speed up RE development as it will attract
more investment due to increased investment security and incentives
that come with its implementation.

Some analysts suggest that the FIT may not be effective in countries
such as Saudi Arabia because of the more centralized nature of the
country's utilities, and the lack of tax systems. It is suggested that a
possible alternative approach is the Renewable Portfolio Standard,
which dictates that a portion of energy supply mix should come from
specific technologies, such as solar and wind, or from renewables [86].
Such a policy may enforce the investment in renewable energy,
especially it is backed by other government fiscal and financial policies.

There is a need to restructure the power utility of the country to
introduce competition in the energy market to guarantee a higher
quality of service and lower tariffs. This is because the limited extent of
private competition for power generation reduces RE development
[87]. In order to increase RE investments, a level playing field should
be created by policy-makers between independent state-owned enter-
prises and power producers, as well as other network operators.
However, this is likely to take considerable time to materialize given
the nature of the current vertically-integrated power system in the
country. This issue also applies to other Gulf countries such as Qatar
and the United Arab Emirates, and therefore similar approaches can be
applied.

To promote renewable energy further, as well to create unpolluted
atmosphere within the country, fines should be introduced for conven-
tional energy-generating companies which produce emissions greater
than a specified cap. AlMasoud et al. observed that although environ-
mental protection standards in Saudi Arabia stipulate the average
concentration of particulate matter (PM) must not exceed 80 µg/m3

per year at any site, in reality PM concentrations are 113 µg/m3 in
Saudi Arabia as reported [88]. Such policies should be enforced
purposely to promote renewable energy systems and enforce environ-
mental protection policies.

6. Conclusion

Development of wind and solar energy resources which do not
threaten the environment because they have little or zero carbon
emission is crucial. Saudi Arabia has long been depending mainly on
power generated from fossil fuels. This paper has collectively discussed
the potential of wind and solar energy-based DG in Saudi Arabia, which
aims to maximize the utilization of the available sources. The analysis
in this paper has pointed out that the country possesses enough
potential in wind and solar energy resources to produce sustainable
energy and save non-renewable resources, which are likely to diminish
in the near future. The analysis further revealed that the Kingdom has
been at the forefront of promoting renewable energy since early 1970s
and several initiatives are underway to exploit available potential.
Therefore, efforts to implement development programs should be
intensified to achieve the target of 50 GW of solar and wind capacity
by the year 2040. Some suitable policy frameworks to increase
investment in renewable energy have also been suggested.
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