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Abstract

In the present paper, the wind potential at some selected
regions in Lebanon using Two-Parameter Weibull distribution
function is investigated. In addition, two methods called
maximum likelihood (MLM) and moment (MM) methods are
used to estimate the parameters of Weibull function. The
Kolmogorov-Smirnov (KS) statistic and Chi-Square (CS)
statistic are calculated in order to assess the reliability of the
method. It is found that the MM method is provided a good fit
to the actual wind speed data. In addition, the wind power
densities are determined at different hub height using power
law method. The result showed that the wind speeds at the
selected study are within the range of 2.627 m/s and 3.56 m/s.
Furthermore, the wind speed densities are varied between
14.634W/m2 and 25.280W/m2, which classified as poor wind
power. Consequently, the result demonstrated that the small-
scale wind turbines are suitable to be used for producing
electricity in the studied regions.

Keywords: Lebanese coastal regions; Weibull statistical
distribution; wind speed characteristics; wind power density

1. INTRODUCTION

The global energy demand is rapidly increased because of the
growth of the population, consumption of fossil fuel [1, ].
Therefore, the increases of populations and energy demand
have increased in recent years the significance of renewable
energy as an alternative source especially wind energy for
electricity generating in Libya to reduce greenhouse gas
emissions (GHG).

Wind energy is recognized as a significant source for reducing
and consumption of fossil fuel [3, 4]. Additionally, wind
energy is a clean, environmentally friendly and inexhaustible
energy source [5-7]. An alternative source such as wind is
needed to reduce GHG emissions [7]. Wind energy can be
used as a power generator for home, businesses and so on [7-
10]. The wind turbine is used to convert the wind speed into
electricity [11].

Several researchers have studied wind and solar potential of
various locations in the world. For instance, Alayat et al. [12]
evaluated the wind potential at an eight-selected location in
Northern Cyprus. They concluded that small-scale wind
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turbine could be used for generating electricity in these
locations. Kassem et al. [13] evaluated the economic
feasibility of 12MW grid-connected wind farms and PV plants
for producing electricity at Girne and Lefkosa in Northern
Cyprus. The authors concluded that PV plants are the most
economical option compared to wind farms for generating
electricity in the selected studied. Kassem et al. [13] analyzed
the potential of wind energy at Salamis region in Northern
Cyprus. They found that high capacity wind turbine (MW)
could not be suitable for electricity production in the region
based on the value of wind power density. Solyali et al. [14]
studied wind power potential for Selvili-Tepe location in
Northern Cyprus. The authors found that wind energy sources
in this site are classified to be marginal (wind power class is
2). Azad et al. [15] investigated the wind energy assessment at
different hub heights in desired locations using the Weibull
distribution function. The results indicated that wind power
sources in the site are categorized to be poor. Albani and
Ibrahim [16] analyzed the wind energy potential at three
coastal locations in Malaysia. They concluded that wind farm
project could be feasible at some certain location in Malaysia.

The main purpose of this paper is to evaluate the wind
potential in three regions, namely, Beirut, Sidon, and Tripoli,
in Lebanon. The data consist of daily, monthly and yearly
wind speed data during seven years period (2010-2016) and
measured at 10m height. The Weibull distribution function is
used to analyze the wind speed characteristics of the selected
regions. Two methods (maximum likelihood (MLM) and
moment (MM)) methods are utilized to determine the
parameters (shape and scale parameters). In order to estimate
the wind speed and wind power density at different hub
heights, the power law model is used.

2. RENEWABLE ENERGY IN LEBANON

The clean power source is the power that generated using
natural energy such as hydro, solar, and wind and so on.
These natural sources are free and known as renewable energy
sources. Currently, the electrical energy in Lebanon is
generated by oil product, hydro-power, and importation as
shown in Figure 1. It is observed that approximately 95% of
the energy generated by oil product and 0.3% by renewable
sources. In addition, according to the global atlas map, the
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wind power density at the top of the mountains area is about
1500MW, but the total wind power investment in these areas
may be very expensive [17]. Generally, the wind energy
potential is depended on the measurement of wind speed at
specific regions and it can be collected from meteorological
stations. Several researchers have studied the wind potential at
several locations in Lebanon [18-24].

Hydro
0.5%

Biofuels/waste
1.7%

___Geothermal/solar/wind
— 0.3%

Coal™
2.2%

Figure 1. Share of total primary energy supply in 2015 [25]

3. ANALYSIS PROCEDURE
3.1. Wind speed probability distribution

In the present study, probability and the cumulative density
function of Weibull distribution with two parameters are used
to study the characteristics of the wind speed. The probability
density (f(v)) and cumulative distribution (F(v)) functions
for Weibull distribution are expressed in Eq. (1) and (2) [26-
30]:

for= (5 )7
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where ¢ is the scale parameter in m/s and £ is the shape factor
of distribution.

Based on the previous scientific researches, several methods
have been used to determine the parameters of Weibull
distribution function [31]. In this study, two methods are used
to estimate the parameters of the distribution function.

3.1.1 Maximum likelihood method (MLM)

The MLM is a mathematical technique used to estimate the
Weibull parameters through a numerical iteration. The
Weibull parameters & and ¢ values are calculated by the
following equations
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3.1.2 Moment method (MM)

The oldest method used to determine the parameters of the
Weibull distribution function is MM. The Weibull distribution
can be estimated through an iterative resolution of Egs. (5)
and (6).
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where ¥ and o are the mean wind speed and the standard
deviation of the observed data of the wind speed, respectively.

3.2 Variation of Weibull parameters with height

Power law model is widely used to estimate the wind speed
(v) at a different hub height of wind turbine (z) [32]. It is
expressed as

VA a
)
where v, is the wind speed measured at 10m height (z,,),
and a is the surface roughness coefficient (Eq. (8)).
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The Weibull parameters at measurement height of 10m as
[33]:
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where ¢, and k, are the scale and shape factors determined for
the measured height, z;, is the height of the wind speed
measurements and z is extrapolation height. The exponent n
can be calculated by the relation given below [33].
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3.4 Wind power and energy density

The theoretically available kinetic energy that wind possesses
at a certain location can be expressed as the mean wind power
density (WPD). In other words, it is the maximum available
wind power at each unit area. The mathematical expression
for wind power density is given with the following relation
[32]:

P 1
—=—pp? 12
1= 3PV (12)
where P is the available power for wind per unit area in W/m?
and p is the density of air in kg/m?.
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Periodic wind power density per unit area (Monthly or
annually) is given with the following expression [34]:

_ 1 3
_ .3 2
P—ch F(1+k) (13)

The annual wind energy density (E) inWh/m? can be
estimated with the following equation [32]:

E =PT
where T is period (T = 8760h).

(14)

4. WIND DATA MEASUREMENT

In this work, wind speed data for the 7-year period (2010-
2016) are used. The data is measured at a height of 20m. The
location and regions specific information is shown in Figure 2
and Table 1, respectively.

L]
. Babda
o'Alayh

|
olan

inhte 1 o .

Figure 2. Location of the sites used in this study

Table 1. Description of the locations

Station Longitude Latitude  Period Height Year
(°E) (°N) records [m]
Beirut 35° 30' 33°53"  2010-2016 10 7
Sidon  35°22 33°33 2010-2016 10 7
Tripoli ~ 35° 50 34°26' 2010-2016 10 7

5. ASSESSMENT ANALYSIS OF MEASURED WIND
SPEED DATA

The measured wind speed data are the most critical key to
evaluate the characteristics of wind energy in specific regions.
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The evaluation of wind potential can be analyzed using
hourly, daily or monthly wind speed data using distributions
function. Power law model is also utilized to evaluate the
wind potential at a specific location in order to estimate the
wind speed and wind power density at various heights. In this
section, the characteristics of wind speed at three selected
regions are discussed in details.

5.1 Daily, seasonally and yearly wind speed data at 10m
height

Figure 3 illustrates the variation of mean daily and yearly
wind speed at three selected regions in Lebanon. It is observed
that the maximum and minimum daily wind speeds are
recorded in 2015 and 2016 with a value of 3.241 m/s and
2.083m/s, respectively at Beirut. For Sidon, it is found that the
minimum daily wind speed is achieved in 2016 i.e., 2.250m/s,
while the maximum daily wind speed is recorded in 2011
(4.050 m/s). In addition, it is noticed that the highest and
lowest daily wind speed is recorded in 2011 (4.500 m/s) and
2016 (2.500m/s), respectively. It is can concluded that Tripoli
has the highest annual wind speed (3.450 m/s) compared to
Sidon (3.11m/s) and Beirut (2.88 m/s).
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Figure 3. Mean wind speed data for three selected regions; (a)
Beirut, (b) Sidon and (c) Tripoli at 10m height
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The monthly wind speed data were calculated using a simple
statistical method. Figure 4 shows the variation monthly wind
speed at three studied regions in Lebanon. It is found that the
wind speed values in 2016 in the selected regions were
decreased with a percentage of about 11% compared to the
previous years. This may be due to the increase in the number
of a large building, which increased surface drag and wake
turbulence, and decrease wind speed as reported in Ref. [35].
Moreover, it is found that the highest wind speed is obtained
in January 2012 (winter season) with a value of 5.38m/s at
Tripoli, 4.84m/s at Sidon and 4.48m/s at Beirut. In addition, it
noticed that the maximum wind speeds are recorded in 2014
and 2013 summer and spring season, respectively as shown in
Figure 4.
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5.2 Wind speed distribution function

In order to calculate the wind power density at each region,
the air density was assumed to be 1.23 kg/m? for 10m height
and other heights in this study. Figure 5 compares the
observed data and probability density calculated using MLM
and MM methods for three selected regions. Kolmogorov-
Smirnov (KS) and Chi-square (CS) are calculated in order to
choose the accuracy method. The method (MLM or MM) with
a minimum value of KS and CS will be selected to be the best
model for the wind speed distribution at each station.
Moreover, the wind power density at 10m height is presented
in Tables 2. It is observed that the highest power density value
was observed in Tripoli.

5.00 - (b)

4.50 4
= 400
-2
Eas0 -
'E 200 - - Winter
_: 250 I Spring
=
g 200 A W Summer
g 1.50 1 A utumn
£ 1.00 -

—tp— A VErEEE
0.50 4
000 4

2010 2011 2012 2013

Year[-]

(b)

2014 2015 2016

. Winter
I Spring
I Summer
I Autumn

e A vErage

2016

Figure 4. Seasonally wind speed data for three selected regions; (a) Beirut, (b) Sidon and (c) Tripoli at 10m height
Table 5. Weibull parameters and the selected method (in bold) for each station at 10m height (2010-2016)

Regions Method k ¢ [m/s] Mean [m/s] PWD [W/m?]  Kolmogorov-Smirnov Chi-square
Beirut MLM 25.646 2.934 2.872 14.614 0.505 0.414
MM 35.44 2.922 2.877 14.634 0.440 <0.0001
Actual data - - 2.876 14.570 - -
Sidon MLM 25.645 3.168 3.101 18.397 0.504 0.396
MM 35.44 3.155 3.106 18.422 0.440 <0.0001
Actual data - - 3.106 18.353 - -
Tripoli MLM 25.646 3.52 3.446 25.236 0.506 0.402
MM 35.44 3.506 3.452 25.280 0.440 <0.0001
Actual data - - 3.452 25.195 - -
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Figure 5. Wind speed probability frequency for the year 2010-2016 at 10m height

5.3 Wind speed information at various heights

The best wind speed to establish a wind turbine should be
within the range of 6.7 and 11m/s [36]. Therefore, in this
study, the power law model has been used to calculate the
wind power density at different heights. The surface
roughness (a), have been determined using Eq. (8), values for
different locations of Lebanon's coastal regions are shown in
Table 3.
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Table 3. Roughness value for different regions in Lebanon

Regions Roughness value (o)
Beirut 0.277
Sidon 0.270
Tripoli 0.261

In this paper, annual mean wind speed has been calculated
using the value for a at various heights various from 20 to
130m. Figure 6 presents the vertical wind shear profile at six
studied sites for various heights.
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Tripoli
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Figure 6. Vertical wind shear profile at studied sits
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Using the power law model, the actual data collected at the
height of 10 m is synthesized to the height of 1300 m at which
wind speed will be above 6.7m/s. The 130 m synthesized data

Frquancy [%]
o [ N w = w o ~ (=]

9

b‘["

s’
o
s

—

53 54: 55: /56 57 58 59 60 61 62

wind speed [m/s]

Beirut

Obseravtion

MLM

Frquancy [%]

is presented in Figure 7. As per the actual data at 130 m, the
synthesized data is also matched with using MLM and MM.
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Figure 7. Wind speed probability frequency for the year 2010-2016 at 130m height

Moreover, the WPD was obtained at various heights and is
tabulated in Table 4. Lebanese coastal regions have been
found to have a maximum wind power density value of
59.743 and 90.330 W/m? at 30 and 50m heights at Tripoli.

MLM

=3 Obseravtion

According to wind power classification [37], the WPD is
considered as poor wind power at the selected study.
Therefore, a small-scale wind turbine could be suitable to
generate wind power at the studied regions.

Table 4. The wind power density of Lebanon's coastal regions (2010-2016)

Height Region Method k ¢ [m/s] 'E/In?ﬁs? [5\/\//\/”?2] chlm?gnoor\?v— sqcuhe:;e
MLM 25.646 4.006 3.921 37.199 0.505 0.183
Beirut MM 35.440 3.961 3.900 36.454 0.440 <0.0001
Calculated - - 3.899 36.309 - -
MLM 25.645 4.262 4,172 44,796 0.505 0.285
30m Sidon MM 35.440 4.245 4.179 44871 0.440 <0.0001
Calculated - - 4.180 44.726 - -
MLM 25.637 4.689 4.590 59.654 0.507 0.195
Tripoli MM 35.440 4.670 4.598 59.743 0.440 <0.0001
Calculated - - 4.598 59.548 - -
MLM 25.646 4.562 4.466 54.937 0.505 0.183
Beirut MM 35.440 4.563 4,492 55.730 0.440 <0.0001
50 Calculated - - 4.492 55.513 - -
MLM 25.645 4.893 4.790 67.784 0.506 0.171
Sidon MM 35.344 4,873 4,797 67.877 0.440 <0.0001
Calculated - - 4.799 67.676 - -
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Height  Region Method K ¢ [mis] 'E"nfg? [CVV/Vsz] Koimogorov- Sé:uh;;e
MLM 25.647 5.358 5.245 89.004 0.505 0.185
Tripoli MM 35.440 5.360 5.277 90.330 0.440 <0.0001
Calculated - - 5.254 88.829 - -
MLM 25.647 5.219 5.109 82.255 0.505 0.190
Beirut MM 35.440 5.009 4931 73.721 0.440 <0.0001
Calculated - - 4,931 73.425 - -
MLM 25.647 5.358 5.245 89.004 0.505 0.185
70 Sidon MM 35.440 5.336 5.253 89.122 0.440 <0.0001
Calculated - - 5.255 88.903 - -
MLM 25.643 5.850 5.727 115.842 0.506 0.410
Tripoli MM 35.440 5.826 5.736 115.997 0.440 <0.0001
Calculated - - 5.736 115.600 - -
MLM 25.646 5.392 5.278 90.714 0.505 0.460
Beirut MM 35.440 5.370 5.287 90.836 0.440 <0.0001
Calculated - - 5.286 90.480 - -
MLM 25.646 5.734 5.613 109.087 0.506 0.261
90 Sidon MM 35.440 5.771 5.682 112.743 0.440 <0.0001
Calculated - - 5.625 108.996 - -
MLM 25.644 6.246 6.114 140.996 0.506 0.266
Tripoli MM 35.440 6.221 6.125 141.226 0.440 <0.0001
Calculated - - 6.125 140.738 - -
MLM 25.646 5.970 5.844 123.118 0.505 0.470
Beirut MM 35.440 5.945 5.853 123.251 0.440 <0.0001
Calculated - - 5.853 122.824 - -
MLM 25.642 6.333 6.199 146.970 0.506 0.438
130 Sidon MM 35.440 6.307 6.209 147.165 0.440 <0.0001
Calculated - - 6.212 146.857 - -
MLM 25.648 6.876 6.731 188.108 0.506 0.511
Tripoli MM 35.440 6.848 6.742 188.377 0.440 <0.0001
Calculated - - 6.742 187.691 - -

6. CONCLUSIONS

In the current study, the availability of wind energy in three
coastal regions in Lebanon was evaluated using Weibull
diestribution function. The time series of wind speed data has
been collected at 10m height and analyzed using two-
parameter Weibull distribution. Additionally, monthly average
air density values were calculated using the collected pressure
and temperature values and applying ideal gas law.
Furthermore, time series of wind speed data that has been
collected at 10m height above the ground were extrapolated to
30, 50, 70, 90 and 130m heights, which had been chosen as
the wind turbine hub height, using power law model.
Following conclusions can be drawn from this paper:
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Based on the analysis, it is found that the annual
wind speed at the selected regions is higher than
2m/s.

The MM is the best method used to fit actual wind
speed data at 10m height for the three studied regions
to identify and describe the wind.

During the investigation period, it is found that the
value of wind power densities at the selected regions
was varied between 14.634 W/m? and 25.28 W/m? at
10 m height and 36.454 W/m? and 59.743 W/m? at
30m height. These values show that the wind
potential is considered as class 1 (poor) according to
wind power classification. It can be concluded that
small-scale wind turbine is suitable to utilize wind
power.
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