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variations of wind and solar energies in the city. The essentiality of the study relies on the
added benefits to the country where this research can help in finding other alternatives
of energy other than fossil fuel. The Weibull distribution function and the Angstrom
techniques were respectively used for the wind and solar resources assessments. The
meteorological data involved are for ten years (2010-2019) including wind speed and
direction, direct and diffused solar radiations. The results show that the prevailing wind
direction at 10 m and 80 m altitudes were north and north-northwest, respectively.
Meanwhile, the mean wind speed at 80 m altitude is found to be 4.36 m/s and 3.72 m/s
at 10 m altitudes. The highest wind power and wind energy densities were at 80 m
altitude with the value of 192.19 W/m?2 and 247.29 kWh/m?2, respectively. In terms of
solar resources, the site has an average potentiality of global solar radiation of 23.13
MJm?2. The highest average possible sunshine duration occurred mostly in February, June,

Keywords: and November with respective values between 12.00 and 12.034 hours for most of the
Renewable energy; wind energy; solar  years. Lastly, the highest Angstrom’s ratio occurred during June 2016 scoring 0.7942
energy; resources assessments while the lowest on the other hand was in December 2015, scoring 0.4253.

1. Introduction

Energy is the primary key to the development of a nation. Energy consumption is increasing
rapidly as the world is experiencing an industrial and technological revolution. Even though energy is
helping technological advances, it has its negative contribution that needs to be taken into account.
Pollution and global warming are prominent examples of what fossil fuels can do to the planet. As
the awareness of energy utilization rises, energy alternatives have been established [1].
Nevertheless, due to the increasing energy demand, it has become necessary to study the various
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energy sources such as wind and solar [2-4]. Wind energy resources, for instance, varies depending
on specified criteria such as elevation on the ground from the sea level and the surrounding where
wind might not reach the turbine sufficiently. Wind energy has the potential to provide
approximately about 10 million MW of energy, which is enough to replace the use of fossil fuels [5].
Such potentials could be harvested by utilizing appropriate designs of wind turbines [6-9].
Additionally, solar energy has the capability to provide energy for a variety of applications [10]. Solar
energy (photovoltaics, solar thermal, solar power), on the other hand, provides significant
environmental benefits in comparison to the conventional energy sources, thus contributing, to the
sustainable development of human activities [11]. Solar energy technology has plenty of advantages
such as reduction of the emissions of the greenhouse gases, reduction of the required transmission
lines of the electricity grids; and improvement of the quality of water resources [12].

Saudi Arabia has a desert climate characterized by scorching heat during the day, sudden
temperature drops at night, and little and irregular rainfall bringing higher chances of solar energy
utilization. Nevertheless, due to the varying altitude and temperature fluctuations, wind and solar
energy can be affected by different climatic conditions between coastal areas and inland areas [13].
In the next two decades, Saudi Arabia's total power generation capacity is expected to reach a total
of 120 gigawatts. The country's rapid population growth and low electricity prices have led to the
expansion of electrical services in the region [14]. Saudi Arabia was positioned seventh on the planet
in 2012 in the rundown of 10 best places in clean energy overall [15]. Saudi rough fare limit would
fall by around 3 million BPD to under 7 million BPD by 2028 except if homegrown energy request
development is checked [16].

Due to the complexity of the data available for estimating the potentiality of wind energy, Bilir et
al., [17] suggested that a technique known as Weibull distribution should be used to provide a clear
view of the available potentials. The statistical two-boundary distribution method is widely used in
estimating the frequency and density of wind speed circulation [18,19]. On contrary, the Angstrom-
Prescott technique is the most commonly solar assessment method due to its simplicity and validity
[20]. A study conducted by Didane et al., [21,22] and Hassane et al., [23] in Jordan and Chad, revealed
that wind energy has a promising potential to provide electricity in the two countries. They studied
13 meteorological stations in the country's three main zones. In another study carried out by Ramli
et al., [24] the power density and frequency distribution of wind speeds were also calculated using
Weibull distribution. The results of the study revealed that Jeddah recorded medium wind speeds
producing low power density. Such a low speed recorded resulted from the low height of the wind
speed in which it was assessed at 10 m height.

On the contrary, Zell et al., [25] aimed to investigate and assess solar resources in Saudi Arabia.
The data were collected from 30 meteorological stations across the country during the 12 months
from October 2013 to September 2014. The annual average daily Diffuse Horizontal Irradiance (GHI)
varied widely across the country ranging from about 5700 Wh/m? to 6700 Wh/m? with steadily higher
values inland and lower values along the coasts. The data collected showed that solar technologies
could perform well in most locations. However, high temperatures may affect the performance of
some types of solar panels.

Saudi Arabia, especially the western coastal region, has a large potential for wind and solar
energy. A coastal city such as Yanbu which is about 200 km away from Jeddah city, was proven to
have a sufficiently good potential for wind and solar energy to be utilized [26]. Ramli et al., [24]
performed a wind and solar hybrid system with battery storage. The results indicated that the
western coast of Saudi Arabia has the potential to receive solar and wind energy. Saudi Arabia is
bordered by seven countries and has three bodies of water. The Red Sea and the Gulf of Agaba
coastal border of almost 1,800 km extends to the southern part of Yemen and follows a mountain
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ridge for approximately 320 km as shown in Figure 1. Jeddah generally is categorized as dry with a
lack of precipitation rate most of the year. However, November considers the rainiest month. The
Geographic coordinates of King Abdulaziz International Airport (KAIA) meteorological station are 039-
11 East, 21-42 North, and 15 m for longitude, latitude, and elevation, respectively.
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Fig. 1. Map of Saudl Arabia
2. Methodology and Theoretical and Mathematical Formulation

After the desired Meteorological Data are collected, they were statistically analysed where the
average mean wind speed, temperature, and status of the sky will be obtained. The analysed data
are used for further equations that aimed to assess wind and solar resources which eventually
determine the amount available of power to be utilized.

2.1 Wind Resources

Before the calculation of the wind energy potential, various steps are needed to be taken into
account. These include the calculation of the wind density and the amount of energy that the wind
produces. Various assessment techniques are used to evaluate the wind potential of a site. The most
commonly used assessment technique is the Weibull distribution. This distribution is a special case
of the Pierson class Il distribution and can represent the wind variations at a given site. Before the
calculation of the wind power density, the pre-assessment steps are followed. This equation is shown
below as Eq. (1) where I is the gamma function, p is air density 1.225 kg/m? at sea level with a mean
temperature of 15 °C and 1 atmospheric pressure [18,21,22].

- = f —pv3f(v)dv = —p c3r (k+3) (1)

The wind is a kinetic energy source that is affected by the mass of air in Earth's atmosphere. The
air density, which is the mass of air relative to the volume of air, influences wind power density. It
can also be estimated by dividing the cross-sectional area of wind by the velocity of the wind. Wind

power density can be estimated by using Eq. (2) where p is the density of air, A is the cross-sectional
area where the wind comes through, and V is the velocity of the wind [18,21,22].

P =~ pAV3 (2)
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As wind speed varies, the carried amount of energy varies too, this means it is desired to estimate
which wind speed has the maximum energy carried. Such requirement can be determined by using
Eg. (3) below, where ¢ and k are the Weibull scale parameter and Weibull shape parameter,
respectively. C, K, and I can be calculated using Eq. (4), Eqg. (5), and Eq. (6) while Eq. (7) is specialized
in estimating the energy density of the wind [18,21,22].

Vinaxe = C(1+2) /¢ 3)
o =4[5 o
K = 0.83Vay"° (5)

- F(Yf—% (6)
F- @) o

2.2 Solar Resources

The Sun experiences diffuse and incident solar radiation due to the various factors that contribute
to its attenuation. These include water vapor and dust particles. The solar flux at the earth’s surface
is given as the sum of incident and diffuse radiation. Global solar radiation H;, maybe represented by
Eq. (8). Kt is the Clearness Index and Ho is the extraterrestrial solar radiation on a horizontal surface.
Ho is only a function of latitude and is independent of other location-specific parameters. The daily
clearness index Kr is also given as H,/H,. Due to the attenuation, Hy, is highly dependent on the
location of the place on the earth’s surface; and its value is less than extra-terrestrial irradiation, H,
[23].

Hp = KrH, (8)

This step is the finalizing one in assessing solar resources where the Angstrom equation is to be
used as shown in Eq. (9); where it is the ratio of monthly averaged daily global to monthly averaged
daily extra-terrestrial radiation on a horizontal surface. This ratio, known as the clearness index, gives
the percentage deflection by the sky of the incoming global radiation and therefore indicates both
the level of availability of solar radiation and changes in atmospheric conditions in each locality while
relative sunshine duration, n/N is a measure of the cloud cover. Here, a and b are regression
coefficients. The extraterrestrial solar radiation on a horizontal surface is calculated from the
following Eq. (10), where d is the day of the year, Ig¢ is the solar constant with a value of 1367 Wm?,
@ is the latitude of the location, & is the declination angle, and w is the sunset hour angle. The
declination angle, sunset hour angle and maximum possible sunshine duration are presented in the
following Eq. (11), Eqg. (12), and Eqg. (13), respectively [23].

n
——a+bﬁ (9)

14



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 96, Issue 1 (2022) 11-24

H, = W%Xnﬂ X (1 + 0.033 cos (360 3%5)) cos® cosd sinw + wsin@ sind (10)

§ = 23.45 sin(36o %) (11)

® = cos~}(—tan@ tand) (12)
2

N =S0= (E) (0) deg (13)

3. Results and Discussion

This section explains in detail the assessments of wind resources for different levels of altitudes
as 10 m and 80 m, as well as solar resources for the city of Jeddah in Saudi Arabia. Moreover, it
demonstrates seasonal variations for the period between 2010 to 2019. On the other hand, this
section elucidates the prevailing wind directions demonstrated in the wind rose. The relationship
between the climate parameters and the potentiality of utilizing wind and solar energies are
discussed.

3.1 Monthly Wind Speed Variation

Understanding the wind speed variation is very important when it comes to choosing a wind
turbine site. Figure 2 shows the wind speed variation for a decade from 2010 to 2019. Generally, it
can be seen that the relationship between altitude and wind speed is proportional. June always
scores the highest wind speed at 4.36 m/s and 3.73 m/s for 10 m and 80 m altitudes, respectively.
Nevertheless, seasonal variations were major contributors to wind speed. This is clearly shown in
October which achieve the lowest wind speed for the total assessed period.

Moreover, the highest wind speed over the years at 10 m altitude was in 2019 in the month of
March with a score of 4.25 m/s, while the lowest was in 2012 in October as shown in Figure 3. In
terms of seasonal variation, the highest wind speed falls always during the summer solstice which
starts from June the 7th to September the 5th. During this season, the precipitation rate is at its
lowest whereby it always approaches the zero mm. This shows an inverse relationship between the
precipitation rate and wind speed; meaning the less the precipitation rates the higher the average
wind speed.

For a better comparison between the years, the average monthly wind speed was obtained for
each year which resulted in Figure 3. The figure illustrates the monthly variation of wind speeds for
the period of ten years (2010-2019). It can be noticed that the highest average wind speed occurred
in January 2011, while the lowest was in October 2012. Nevertheless, the average wind speed at 80
m altitude is higher than 10 m with an average of 80%. Such a higher average wind speed will surely
result in a higher power density.
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Fig. 2. Monthly average wind speed variation for 10 m and 80 m altitudes
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Fig. 3. Monthly wind speed variation for 10 m altitude for the period (2010-2019)

3.2 Wind Resources Parameters

In assessing wind resources, wind speed only is not sufficient. Hence, parameters such as wind
speed carrying maximum energy, wind power density, and wind energy density are required. In
detail, the Weibull probability distribution is used to determine the stated parameters. Wind power
density and wind energy density for 10 m altitudes were found to be 44.09 W/m? and 285.46 kWh/m?
respectively as shown in Table 1. In comparison between 10 m and 80 m altitudes, the wind
parameters are appeared to be higher. Wind power density and wind energy density for 80 m
altitudes were found to be 192.19 W/m? and 247.29 kWh/m?, respectively. This proves a proportional
relationship between altitude and wind speed. However, even though wind parameters were
affected positively by the altitude, the case was different for the wind energy density. This is due to
the higher scale parameter ‘k’ mainly and the other parameters on the other hand.
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Table 1

Average wind parameters for 10 m and 80 m altitudes

Parameters

KAIA Station K C Vmean  VMaxg  Vmp T P/A E/A
Unitless m/s m/s m/s m/s  Unitless W/m?  kWh/m?

10 m altitude  1.75 3.56 3.28 5.50 2.20 0.59 44.09 285.46

80 m altitude 4.09 8.19 3.89 8.31 7.48 0.42 192.19 247.29

The mean power density for 10 m and 80 m altitudes shown in Figure 4 illustrates proves that
higher levels of altitudes result in more power density. From the figure, it can be noticed that the
highest average wind speed produces the highest mean wind power density which occurred in 2015.
The highest wind power density for 10 m and 80 m altitudes were 58.33 W/m? and 362.29 W/m?
respectively. Furthermore, even though the wind speed and wind power density are related, it is not
a sufficient parameter to assess the wind. Moreover, the lowest mean power density in 2016 did not
occur during the lowest average wind speed in 2010. Such a confusing relation is a result of the effect
of other parameters such as ‘c’, ’k’, and ‘I’ as scale parameter, shape parameter, and gamma
function, respectively. Detailly, the values of scale and shape parameters in 2016 where the lowest
average wind speed was achieved were less compared to the remaining years. Such a comparison is
detailed in Table 2.

010 m E80 m|

400 A

300 A
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0 T T T T T T T T T

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
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Fig. 4. Wind power density for 10 m and 80 m altitudes

Mean power density (w/m?)
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Table 2

Average yearly wind parameters for 10 m and 80 m altitudes

Year Unit 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
10 m altitude

Vavg m/s 3.05 3.14 3.14 3.17 3.16 3.57 3.37 3.46 3.325 3.41
Viaxe M/s 546 532 535 566 570 615 511 581 569 580
Vimp m/s 1.79 2.00 2.00 191 1.849 2.35 0.84 2.40 2.22 2.34
r Unitless 0.57 0.59 0.58 0.57 0.57 0.57 0.76 0.58 0.57 0.58
C m/s 3.30 3.37 3.38 3.45 3.42 3.92 2.52 3.81 3.65 3.77
K Unitless 1.61 1.70 1.70 1.62 1.60 1.72 1.31 1.78 1.733 1.76

P/A W/m? 36.10 38.04 38.27 40.77 40.30 58.33 24.57 52.89 47.09 51.18
E/A kWh/m? 263.48 257.18 25892 294.21 296.62 389.13 234.41 335.09 309.97 329.82
80 m altitude

Vavg m/s 3.78 4.00 3.78 3.54 3.60 4.17 3.96 4.10 3.92 4.14
VMaxg M/ 8.18 8.22 8.19 8.14 8.23 8.54 8.42 8.40 8.40 8.44
Vimp m/s 7.4 7.46 7.58 7.36 7.26 7.63 7.65 7.53 7.46 7.41
r Unitless  0.57 0.59 0.58 0.57 0.57 0.58 0.76 0.58 0.57 0.58
C m/s 7.70 7.75 7.81 7.66 7.64 7.00 7.94 7.00 7.82 7.82
K Unitless ~ 5.32 5.34 6.00 5.30 4.73 5.00 5.40 4.84 4.88 4.63

P/A W/m? 250.32 261.03 255.70 245.89 253.42 286.91 362.28 284.49 272.56 277.47
E/A kWh/m? 304.87 313.14 255.34 302.52 374.08 386.92 430.84 403.83 382.69 423.75

3.3 Weibull Distribution

For clearer observation between the actual and predicted readings; Figure 5 and Figure 6
elucidate the highest and lowest wind frequency with respect to wind speed bins. For the 10 m
altitude, the highest frequent Weibull wind speed is between 1.00 and 1.99 (m/s) scoring 22.14%
which is lower compared with 26.66% for the measured wind speeds. The lowest frequency of wind
speeds for measured and Weibull is between 13.00 to 13.99 (m/s) with 3 times of frequency. Even
though bins 13 and 14 are the highest wind speed, they are not probable. This means for a wind
turbine to be efficient, the wind speed should not be only high, but continuous and probably frequent
as well. Moreover, for 80 m altitude, the highest frequency of wind speed was in the range between
4.00 to 4.99 (m/s) scoring 25.7%. By following a sequence of calculations as shown in the
mathematical formulation section, Weibull parameters were obtained. Furthermore, the values with
zero frequency were neglected which justifies the reason where the graph began from bin 4 (m/s).

The cumulative distribution for the KAIA station for 10 m and 80 m altitudes can be seen in Figure
7 and Figure 8. In comparison between the two altitudes, it can be noticed that the nature of trends
varies. It is justified that 80 m altitude has higher speed records with more frequency occurrences
compared with 10 m altitude.
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3.4 Wind Direction

The importance of evaluating wind direction is associated with revealing the impact of
geographical features on the wind and assessing wind speed and its direction flows with respect to
the number of occurrences among a specified range. However, Figure 9 and Figure 10 illustrate the
wind rose which explains the wind speed flows and its polar direction for both assessed altitudes 10
m and 80 m. For 10 m altitude, the highest number of occurrences is 11,864 times, flowing from the
north direction achieving a wind speed between the range of 0 to 5 (m/s). In the second place is
north-northwest with 9,453 times of occurrences achieving a wind speed in between the range 0 to
5 (m/s). Even though the range 10 to 15 (m/s) has higher values of wind speed, it is not probably
occurred. The highest number of occurrences for such a range is 44 times, flowing from south-
southeast.

For 80 m altitude, the highest number of occurrences is 11,572 times, flowing from the north-
northwest direction achieving a wind speed between the range of 0 to 5 (m/s). In the second place
in the north direction with 8,948 times of occurrences achieving a wind speed in between the range
0 to 5 (m/s). Different from the 10 m altitude, there were some occurrences in between the range
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15 to 20 (m/s). Even though the range is higher in wind speed, it must be high in occurrences as well
to be considered.
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Fig. 9. Wind rose and direction for 10 m altitude
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Fig. 10. The wind rose and direction for 80 m altitude

3.5 Global Solar Radiation (Hpy)
The global solar radiation simply is the summation of direct and diffused radiations measured in

(MJm?). Figure 11 and Table 3 demonstrate the global solar radiation for Jeddah between (2010 and
2019). From the figure, it can be observed that June had always the highest global solar radiation
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scoring 28.83 MJm? at the highest occurred in 2016. The least scoring occurred at the beginning and
the end of the year achieving 15.15 MJm? in 2015 during December. Nevertheless, global solar
radiation is heavily correlated with the reflected and diffused radiation which is shown clearly in
Figure 12. It has been noticed that the highest global solar radiation occurred always when the
highest diffused solar radiation occurred which indicates a proportional relationship. Furthermore,
the diffused solar radiation is referred to the scattered radiations and beams hitting an object at
different angles which are the total opposite of the direct radiation. The excursion in global solar
radiation can be resulted due to the precipitation rate at the location and lower air mass.

—=—2010 ——2011 ——2012 2013 ——2014
—=—2015 —=—2016 —=—2017 ——2018 ——2019

Global Monthly Solar Radiation
(Mjm?)

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

Fig. 11. Global monthly solar radiation for every year between (2010-2019)
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Fig. 12. Comparison between diffused and global solar radiations (MJm?) for every year
between (2010-2019)
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Table 3
Global monthly solar radiation (MJm?) for every year between (2010-2019)
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2010 1794 2099 2393 2645 27.70 28.22 2692 25.08 23.28 20.80 18.85 17.05
2011 16.66 20.83 23.46 25.27 27.74  28.27 27.07 26.18 2454 20.62 19.08 17.25
2012 17.08 1996 2432 26.86 27.93 28.22 27.40 26.55 2416 2299 18.59 16.72
2013 17.09 21.07 2425 26.74 27.88 28.26 27.14 26.00 2466 2159 18.71 16.89
2014 1740 2116 23.73 2596 2733  28.12 2759 25,67 2391 2155 18.77 17.17
2015 17.86 20.78 23.90 26.65 27.57 28.20 2798 2578 2448 2163 18.53 15.15
2016 17.12 19.79 23.78 26.27 27.86  28.38 27.08 25.84 2405 2180 18.79 16.43
2017 17.60 19.12 24.00 26,50 27.34  28.08 2751 2575 2440 2186 18.50 17.37
2018 1795 20.72 2450 26.61 27.76  27.33 27.23  26.17 2398 2145 17.98 16.59
2019 16.90 19.73 24.00 26.75 27.51 27.04 26.80 24.87 22.09 1988 18.28 16.86

4. Conclusion

In this study, an assessment of wind and solar energy in the city of Jeddah, Saudi Arabia has been
analyzed using ten years of data from 2010 to 2019. The wind power assessment involved the use of
the Weibull distribution function at 10 m and 80 m altitudes, while the Angstrom technique was used
for the solar assessments. The results show that the wind speed increases with height and therefore,
the 80 m altitude wind is found to be higher than 10 m altitudes, with respective highest wind speeds
over the ten years being 4.36 m/s and 3.72 m/s. In terms of seasonal variation, the highest wind
speed falls always during the summer solstice which starts from June to September.

Moreover, the shape and scale parameters were 1.75 and 3.56 m/s at the 10 m altitude and were
respectively 5.15 and 7.80 m/s at 80 m altitudes. Meanwhile, the wind power density and wind
energy density were found to be 44.09 W/m? and 285.46 kWh/m?, respectively for the 10 m altitudes,
while for 80 m altitude was 192.19 W/m? and 247.29 kWh/m?, respectively. The highest frequency
of wind speed was in the range between 4.00 to 4.99 (m/s) scoring 25.7%. The prevailing wind
direction at the location chosen for 10 m and 80 m altitudes were north and north-northwest with
frequencies of 11,864 and 11,572, respectively over the years 2010 to 2019.

While the solar energy potentiality on the other hand achieved the highest radiation and
Angstrom’s ratio during the summer in the middle of the year (May, June, and July). Furthermore,
the location has an average potentiality of global solar radiation of 23.13 MJm? during the 10 years
period (2010-2019), which is high as it emphasizes its utilization. Nevertheless, global solar radiation
is heavily correlated with reflected and diffused radiations. It has been noticed that the highest global
solar radiation occurred always when the highest diffused solar radiation occurred which indicates a
proportional relationship.
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