Engineering, Technology & Applied Science Research

Vol. 13, No. 2, 2023, 10578-10587 10578

Wind Power Potential Assessment at Different
Locations in Lebanon: Best—Fit Probability
Distribution Model and Techno-Economic

Feasibility

Youssef Kassem

Department of Mechanical Engineering, Engineering Faculty, Near East University, Cyprus | Energy,
Environment, and Water Research Center, Near East University, Cyprus

yousseuf.kassem @neu.edu.tr
(corresponding author)

Huseyin Gokcekus

Department of Civil Engineering, Civil and Environmental Engineering Faculty, Near East University,
Cyprus | Energy, Environment, and Water Research Center, Near East University, Cyprus

huseyin.gokcekus @neu.edu.tr

Ahmed Mohamed Salah Essayah

Department of Environmental Education and Management, Ataturk Faculty of Education, Near East

University, Cyprus
20215635 @std.neu.edu.tr

Received: 15 January 2023 | Revised: 19 February 2023 | Accepted: 28 February 2023

ABSTRACT

The objective of the current paper is to evaluate Lebanon's wind energy generation potential as an
alternative solution to the electricity supply to households and to enhance sustainable technological
development. Firstly, the paper aims to investigate the appropriateness of 44 distribution function models
for the evaluation of wind speed characteristics and compared them with popular models at 12 locations in
Lebanon for the first time. The results showed that Wakeby and Beta distribution functions gave the best
fit to the actual data for most locations. Secondly, the techno-economic and environmental feasibility
assessment for 10MW grid-connected wind farms was developed based on variations in financial
parameters using RETScreen Experts software. The findings demonstrate that the proposed power plant is
both technically and financially feasible. It was found that Ain ed Dabaa is the most viable location for the

installation of a wind farm.

Keywords-Lebanon; distribution function; wind energy potential; grid-connected; RETScreen

I.  INTRODUCTION

Wind energy has known increasing exploitation in power
generation [1]. The use of wind as an energy source is
imperative nowadays due to the lack of fossil fuel resources,
particularly in developing countries like Lebanon. Wind energy
is a clean, inexhaustible, and environmentally friendly energy
source. The generation of electricity from wind energy will be
an essential part of Lebanon’s future development.

In general, analyzing wind speed characteristics is essential
to assess the potential of wind energy in a given location.
Probability Distribution Models (PDMs) are utilized to

describe wind speed observations [2]. Thus, finding the most
suitable PDM is considered the first step for evaluating the
wind power potential at a specific location. Two-parameter
Weibull and Rayleigh distribution functions are the most used
for modeling the wind speed at specific locations [2]. Many
studies focus on analyzing wind characteristics using various
distribution models. Authors in [3] utilized parametric models,
mixture models, and one non-parametric model to evaluate the
potential of wind energy in the United Arab Emirates. The
results demonstrated that one-component parametric
distributions provided the best fit to the wind speed data for all
sites. Authors in [4] analyzed the distribution of wind speed in
Northern Cyprus using 2-parameter Weibull (2p-W), Gamma
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(G), Lognormal (Ln), Logistic (L), Log-Logistic (LL), Inverse
Gaussian (IG), Generalized Extreme Value (GEV), Nakagami
(Na), Normal (N), and Rayleigh (R) distribution functions. The
authors found that GEV showed the best fit for most selected
locations. Authors in [5] evaluated the wind energy potential at
different locations in Pakistan using various distribution
functions and GEV was identified as the best. Authors in [6]
analyzed the wind speed characteristics of 5 locations in Iran
using 8 PDMs. The authors concluded that Na and 2p-W gave
the best fit to the actual data. Authors in [7] used 2p-W, G, and
Inverse Gamma (IG) to study the characteristics of wind speed
in Peninsular, Malaysia. G and 2p-W gave the best fit for the
actual data. Authors in [8] utilized 37 distribution functions for
evaluating the wind energy potential at the Giizelyurt region in
Northern Cyprus. The authors concluded that Burr (4P),
Wakeby, and GEV provided the best fit. Authors in [9]
assessed the wind speed distribution at different locations in
India using 9 PDMs. The results showed that GEV provided
the best fit for the majority of the sites. Authors in [10]
evaluated the wind energy potential at 17 locations in Sudan
using 37 PDMs. The authors found that the Wakeby
distribution function provided the best fit for the wind speed
data for all locations. Authors in [11] studied the accuracy of
several PDMs for modeling the wind speed distribution at
different locations in Algeria. The results showed that the GEV
and Gamma models were the most appropriate. Wais [12]
studied the accuracy of 2p-W and 3-parameter Weibull (3p-W)
in analyzing the wind speed characteristics at 3 locations in
Poland. The author concluded that 3p-W gave a better fit to the
wind speed data.

TABLE L PREVIOUS STUDIES RELATED TO WIND
ENERGY POTENTIAL IN LEBANON
Ref. Location PDMs used Best
(13] Klaiaat, Cedars, Daher El Baydar, 2p-W )

Marjyoun, and Quaraoun

2p-W, G, Ln, L, LL,

[14] Beirut, Sidon, and Tripoli IG, GEV, Na, N and LL
R
Klaiaat, Les Cedres, Daher El
(151 Baydar, Quaraoun, and Marjyoun 2p-W )
[16] Rayak 2p-W B
[17] | Beirut, Zahleh, Sour, and EI-Abdeh R -
[18] Beirut, Sidon, and Tripoli 2p-W -
Younine, Birket Aarous, Ain ed
[19] Dabaa, Mqaybleh, Ras Ouadi Ed 2p-W )

Darje, Kfardebian, Qaraoun,
Khartoum, Iskandarounah and Beirut

Abboudiye, Tal keri, Darine, Heke El| G, 3p- G, IG, 3p-IG,
[20] Dabhri, Saadine, Semmagqiye, LL, 3p-LL, Ln, 3p-
TalAbbas and Tal El Bireh Ln, Na, 2p-W, 3p-W

3P-W and
3p-LL

Akkar, Baalbek, Beirut, Zahlé,

(21] Baabda, Nabatieh, Tripoli, and Sidon W B
Qlaiat, Ksara, Cedres, Dahr El
[22] | Baydar, Marjayoun, Beirut, Khaldeh, 2p-W -

Tripoli, Riaq

Numerous studies have evaluated the wind energy potential
in Lebanon using various distribution models as shown in
Table 1. Based on the findings, the most used distribution
function for analyzing the wind speed distribution is 2p-W.
Moreover, wind energy has been widely utilized globally to
generate electricity and reduce greenhouse gas emissions.

Authors in [4] conducted a techno-economic analysis for the
generation of power utilizing a small-scale vertical axis wind
turbine in 8 locations in Northern Cyprus. Authors in [13]
assessed and analyzed the electricity that 116 wind turbines in
Lebanon might produce.

The number of studies related to the analysis of wind speed
characteristics using various distribution functions is limited.
Furthermore, as a continuation of our study on the statistical
investigation of wind characteristics in Lebanon, the present
paper aims to evaluate for the first time the best-fit distribution
function to describe the wind speed data at 12 locations in
Lebanon. To fulfill this objective, 44 distribution functions
were used to model the wind speed characteristics at the
selected locations. The parameters of these distribution
functions were estimated using the maximum likelihood
method. Additionally, 3 goodness-of-fit test statistics were
applied to determine the best-fit PDFs. The present study was
performed on power produced by a wind turbine at a maximum
of I0OMW that may be installed in Lebanon.

II. MATERIALS AND METHODS
A. Study Area and Data Collection

The wind speed characteristics of 12 locations in Lebanon
should be fully understood in order to evaluate the wind power
potential (Figure 1). Table II lists the geographical coordinate’s
latitude, longitude, and elevation of the selected locations. The
monthly wind speed data from 2010 to 2017 were collected
from the meteorological service.

B. Probability distribution functions

In this study, 44 Probability Distribution Functions (PDFs)
are utilized to represent the wind speed frequency distribution
(Table III). The number of parameters for the selected PDFs is
within the range of 1-4. The probability density functions of the
selected PDFs can be found in [8-10, 23].

Hekr El Dahri [l tLd2ybleh

Map ata £2022 Gong = Maza GlSras imagery 82022 Tar

Fig. 1. Map showing the selected locations. © Mapa GISrael.
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TABLE II. INFORMATION ON THE SELECTED LOCATIONS
IN LEBANON
Location Latitude Longitude Elevation
[°N] [°E] [m]
Younine 34.0776 36.2750 1198
Birket Aarous 34.2911 36.1456 2766
Ain ed Dabaa 34.4431 35.8992 296
Mgaybleh 34.6460 36.3577 330
Ras Ouadi Ed Darje 34.2533 36.5775 1555
Kfardebian 34.0017 35.8349 1670
Qaraoun 33.5669 35.7193 913
Khartoum 33.4079 35.3751 305
Iskandarounah 33.1550 35.1685 53
Beirut 33.8938 35.5018 40
Khiam 33.3294 35.6148 697
Hekr El Dahri 34.6306 36.0237 10

C. Goodness-of-Fit Test

In this research, Kolmogorov-Smirnov (K-S) test is
employed to select the best-fit DF. The description of these
tests is given below [10].

L
D = max,cien (FCx) = 21— F ) ()
where:

E,(x) = % X (Number of observations < x) 2)

TABLE IIL SELECTED DF MODELS AND NUMBER OF
PARAMETERS (NP)
Model Model Model Model
No. Name NP No. Name NP
DF#1 Beta 4 | DF#23 Log-Gamma 2
DF#2 Burr 3 DF#24 Logistic 2
DF#3 Burr 4 DF#25 Log-Logistic 2
DF#4 Cauchy 2 | DF#26 Log-Logistic 3
DF#5 Dagum 3 | DF#27 Lognormal 2
DF#6 Dagum 4 DF#28 Lognormal 3
DF#7 Erlang 2 | DF#29 | Log-Pearson 3 2
DF#8 Erlang 3 | DF#30 Nakagami 2
DF#9 Exponential 1 DF#31 Normal 2
DF#10 Exponential 2 | DF#32 Pareto 2
DF#11 Gamma 2 | DF#33 Pareto 2 2
DF#12 Gamma 3 DF#34 Pearson 5 2
DF#13 Generalized 3 | DF#35 |  Pearsons 3
Extreme Value

DF#14 Generalized Gamma 3 DF#36 Pearson 6 3
DF#15 | Generalized Gamma 4 | DF#37 Pearson 6 4
DF#16 | Generalized Logistic 3 DF#38 Pert 3
DF#17 Generalized Pareto 3 DF#39 Rayleigh 1
DF#18 Gumbel Max. 2 DF#40 Rayleigh 2
DF#19 Gumbel Min. 2 | DF#41 Reciprocal 2
DF#20 Inverse Gaussian 2 DF#42 Wakeby 5
DF#21 Inverse Gaussian 3 | DF#43 Weibull 2
DF#22 Kumaraswamy 4 DF#44 Weibull 3

D. RETScreen

A techno-economic assessment was made for the
generation of electricity using 3 wind turbines with various
specifications in the selected locations using RETScreen
software. RETScreen Expert is a clean energy management
tool developed by the Canadian government. It is a decision
support tool that is utilized to determine the potential of energy,

costs, savings, greenhouse gas (GHG) emission reduction, and
economic viability. The RETScreen utilizes the long-term
monthly average meteorological data from the National
Aeronautics and Space Administration (NASA) database as a
source of meteorological information for the specific location.
Recently, RETScreen has been commonly employed to explore
the feasibility of grid-connected wind and PV power systems.
Capacity factor, annual power production, GHG reductions,
and economic indicators are determined using RETScreen [10].

II. RESULTS AND DISCUSSION

A. Description of Wind Speed Data at a Height of 10m

The descriptive statistics of each location are listed in Table
IV. Moreover, the monthly variation of wind speed for all the
selected locations is illustrated in Figure 2. It is found that the
mean wind speed varied between 2.81m/s and 4.90m/s (Table
1V). The values for mean speed and standard deviation (SD)
indicate that the wind behavior is quite consistent. The
coefficients of variation (CV), which range between 6.52 and
17.25%, are relatively low. The minimum and maximum
values are recorded in Younine and Ain ed Dabaa, respectively.
For the majority of the chosen locations, the skewness (S)
values are negative, indicating that all distributions are left
skewed. Additionally, the values of kurtosis (K) vary from
-1.46 to -0.19, and they are also moderately low.
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Monthly average wind speed for the selected locations (2010-
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TABLEIV. DESCRIPTIVE WIND SPEED DATASET
Location Mean | SD | CV_|[Min |Max| S K
Younine 290 | 045]15.37|2.32]3.51 | 0.03|-146

Birket Aarous 301 |031]10.14|2.44|3.45]|-0.56]|-0.26
Ain ed Dabaa 490 | 0.53]10.79|4.00| 5.82 | -0.15| -0.41
Mgaybleh 291 |0.30]10.14 | 2.36 | 3.34 | -0.56 | -0.26
Ras Ouadi Ed Darje | 3.19 | 0.45]14.05|2.54 | 4.03 | 0.52 | -0.19
Kfardebian 348 [041]11.66]3.04]4.2210.82]-0.75
Qaraoun 2.86 | 0.19] 6.52 | 2.51 | 3.08 | -0.54 | -0.81
Khartoum 281 |0.18| 6.52 | 2.47 | 3.03 | -0.54 | -0.81
Iskandarounah 332 | 057 (17.25(2.72| 427 | 042 | -1.46
Beirut 348 | 041]11.66]3.04|4.22 | 0.82|-0.75
Khiam 2.81 |0.18| 6.52 [ 2.47 | 3.03 | -0.54 | -0.81
Hekr El Dahri 291 [0.30]10.14]2.36 | 3.34 | -0.56 | -0.26

B. Wind Resource Assessment at a Height of 10m

The deep assessment of wind resources using various wind
speed probability functions at 12 locations in Lebanon is
investigated in this paper. According to [24], selecting the best-

fit DF is an essential step in determining the average wind
turbine power production. Therefore, the most suitable
distribution that best fits the actual wind speed is assessed
using the K-S test. Figure 3 shows the statistic value of K-S for
all the selected distributions. It should be noted that the best fit
to the wind speed has the lowest statistic value of K-S. Based
on the K-S test (Figure 3 and Table V), Wakeby distribution
has the lowest value, so it is considered the best distribution
function to study the average monthly wind speed
characteristics for Younine, Birket Aarous, Mqaybleh, and
Hekr El Dahri. Moreover, Beta is among the distributions
giving better fits to investigate the distribution of wind speed at
Khiam, Iskandarounah, Khartoum, and Qaraoun. Gumbel Min
and Gen. Logistic provide the best fit to wind speed at Ain ed
Dabaa and Ras Ouadi Ed Darje, respectively. Additionally, to
explore the distribution of the average monthly wind speed at
Kfardebian and Beirut, 3p-Log-Logistic is one of the
distributions offering the best fit for wind speed.
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Fig. 3.

The essential characteristic of skewness (S), which is
defined as the third central moment, measures asymmetry [11].
When the long tail is on the peak's negative (positive) side,
there is a negative (positive) skew. Kurtosis (K) is a measure of
tailedness, defined as the fourth central moment, if the data
have higher [11]. A higher (lower) K value indicates that there

Statistic and rank for various locations based on K-S value.

are more (fewer) extreme values or fatter tails (middles) on the
data curve. Table V compares the S and K values calculated
using the best DFs distributions. These values are compared
with widely used DFs (Weibull, Rayleigh, and GEV) to show
the efficacy of the selected DF models. Some PDF figures can
be seen in Figure 5.
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C. Wind Power Density (WPD) Calculation at 10m Height

WPD is the expected value for the potential wind energy at
a specific location. WPD for a region can be calculated by:

v f(v) 3)

where P is wind power density (W), v is the wind speed (m/s),
A is swept area (m?), p is the air density (kg/m’) and f(v) is the
PDF.

Additionally, the mean WPD can be determined by:
“)

where P is the mean wind power density and ¥ is the mean
wind speed.

P
A

| ™

1 -3
-pv
2~ 2P

In the literature, the air density value is 1.23kg/m’. Using
(4), the WPD was calculated and tabulated in Table VI. It is
found that the value of WPD is within the range of 13.26
(Khiam and Khartoum) - 72.64 (Ain ed Dabaa)W/m’.
According to the wind power density classification [5], the
wind energy potential in the selected locations is classified as
class 1 (poor). Based on the findings, a small-scale wind

5
Mean wind speed [m/s]

52 54 56

— Rayleigh — Weibull — Gen. Extreme Value

Statistic and rank for various locations based on K-S values.

turbine can use wind energy to generate electricity at the
selected locations.

D. Summary

The findings of this study are significant for the installation
of wind farms and many wind energy applications in the future.
No single distribution can accurately describe the wind speed
distribution based on the summary of previous scientific
studies. The 2p-W is a common tool used in the assessment of
wind energy for a specific region. Accordingly, the distribution
function is chosen based on the available wind speed data and
the utilized statistical methods. The main aim of this study is to
evaluate the suitability of different probability functions for
estimating wind speed characteristics at different locations in
Lebanon. In this study, various distribution functions with a
various number of parameters are utilized for the first time to
estimate the characteristics of wind speed. Based on the
findings, Wakeby, Beta, and GEV are considered effective,
since they provide the best fits for the actual wind speed data
for all locations. The annual values of WPD were calculated
using the best distribution functions. Based on the findings, the
WPD at the selected locations can be exploited using a small-
scale wind turbine.
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TABLE V. DESCRIPTIVE WIND SPEED DATASET
Location DF Parameter Mean | V SD S K Statistic | Rank

Actual 2.90 - 0.45] 0.03 | -1.46 - -

Beta ,=0.38225 0,=0.40879 a=2.32 b=3.512 290 | 0.20 | 045 | 0.06 | -1.58 0.15 3

2 Gen. Extreme Value k=-0.25596 5=0.4583 p=2.7263 286 | 022 | 046 | 0.07 | -0.26 0.16 5
g Gen. Pareto k=-0.93858 ©=1.501 p=2.1217 290 | 0.21 | 046 | 0.05 | -1.18 0.13 1
= Rayleigh 0=2.3107 290 | 229 [ 1.51 ] 0.63 | 0.25 0.40 6
Wakeby a=1.501 B=0.93858 y=006=0 &£=2.1217 290 | 0.02 | 046 | 0.05 | -1.18 0.13 2

Weibull 0=6.5369 B=3.0351 2.83 | 0.26 | 0.51 | -0.42 | 0.12 0.16 4

Actual 3.01 - 0.31 | -0.56 | -0.26 - -

4 Dagum k=0.31321 0=33.389 B=3.2552 3.01 | 0.09|0.30]-083 | 1.52 0.12 2
g Gen. Extreme Value k=-0.56484 5=0.34662 p=2.9426 3.01 | 0.11 | 032 ] -0.80 | 0.62 0.16 4
f Gen. Logistic k=-0.14575 ¢=0.17083 p=3.0521 - - - - - 0.12 3
—g Rayleigh 0=2.4017 3.01 | 248 | 1.57 | 0.63 | 0.25 0.40 6
M Wakeby 0=3.8783 B=4.3227 y=0.08856 6=0.20184 £=2.1705 - - - - - 0.11 1
Weibull 0=9.9843 B=3.1091 296 | 0.13 | 0.36 | -0.64 | 0.57 0.21 5

§ Actual 4.90 - 0.53 | -0.15 | -041 - -
8 Dagum k=0.41765 0=25.218 B=5.2488 491 1029 ] 054 | 050 | 122 0.13 3
g Gen. Extreme Value k=-0.3961 0=0.57967 p=4.7359 490 | 030 | 0.55 | -035 | -0.15 0.12 2
5 Gumbel Min 06=0.41251 p=5.1387 490 | 028 | 0.52 | -1.14 | 240 0.12 1
g Rayleigh 6=3.9101 490 | 6.56 | 2.56 | 0.63 | 0.25 0.41 5
Weibull o=10.146 B=5.0377 480 | 032 ] 057 | 0.64 | 0.59 0.18 4

Actual 291 - 0.30 | -0.56 | -0.26 - -

Dagum k=0.31334 0=33.401 B=3.1518 292 1 0.09 029 ]-083 | 1.52 0.12 2

o) Gen. Extreme Value k=-0.56493 ©=0.33539 p=2.8494 291 | 0.10 | 0.31 | -0.80 | 0.62 0.16 4
% Gen. Logistic k=-0.14579 5=0.16529 p=2.9553 - - - - - 0.12 3
g Rayleigh 0=2.3256 291 | 232]152] 063 | 025 0.40 6
Wakeby 0=3.7758 B=4.3574 y=0.08812 $=0.19228 £=2.1008 - - - - - 0.11 1

Weibull 0=9.9875 B=3.0105 2.86 | 0.12 | 0.34 | -0.64 | 0.57 0.21 5

o Actual 3.19 - 0.45 | 0.52 | -0.19 - -
g Burr k=0.73124 0=14.691 B=3.0386 3.19 10221047 | 1.19 | 469 0.09 3
= Gen. Extreme Value k=-0.07482 ¢=0.40347 p=2.9829 319 | 022|047 | 0.75 | 0.88 0.10 4
g Gen. Logistic k=0.12273 ©=0.25573 n=3.1353 - - - - - 0.09 1
§ Log-Logistic (3P) 0=5.5837 B=1.3577 y=1.7727 320 | 0.25 | 0.50 | 2.04 | 1548 0.09 2
2 Rayleigh 06=2.5435 319 | 278167 ] 063 | 025 0.39 6
~ Weibull 0=8.2109 B=3.2847 3.10 | 0.20 | 045 | -0.55 | 0.36 0.14 5
Actual 3.48 - 041 | 0.82 | -0.75 - -

- Gen. Extreme Value k=0.14286 ©=0.28756 p=3.2647 348 | 022 | 046 | -2.43 | 1454 0.14 4
£ Gen. Pareto k=-0.16182 0=0.58192 n=2.9767 348 | 0.19 | 044 | 1.30 | 1.69 0.12 2
g Log-Logistic (3P) o=1.4625 B=0.30081 y=3.0211 3.79 - - - - 0.12 1
g Rayleigh 0=2.7747 348 | 330 [ 1.82 ] 0.63 | 0.25 045 6
Wakeby 0=0.58192 B=0.16182 y=056=0 &=2.9767 348 1 0.19 1044 | 130 | 1.69 0.12 3

Weibull 0=9.3692 B=3.5804 340 | 0.19 | 043 ] -0.61 | 0.50 0.20 5

Actual 2.86 - 0.19 | -0.54 | -0.81 - -

Beta 0:=0.7163 0,=0.45516 a=2.514 b=3.077 2.86 | 0.03 | 0.19 | -0.42 | -1.23 0.12 1

g Gen. Extreme Value k=-0.61707 5=0.21637 p=2.8216 2.86 | 0.04 | 0.20 | -0.94 | 0.98 0.13 4
§ Gen. Pareto k=-1.8226 ©=1.1791 p=2.4405 2.86 | 0.04 | 0.19 | -0.55 | -0.97 0.13 2
o Rayleigh 0=2.2806 2.86 | 223149 | 0.63 | 0.25 0.46 6
Wakeby o=1.1791 B=1.8226 y=08=0 £=2.4405 2.86 | 0.04 | 0.19 | -0.55 | -0.97 0.13 3

Weibull a=15.456 B=2.9261 2.83 | 0.05]0.22 ] -0.80 | 1.03 0.16 5

Actual 2.81 - 0.18 | -0.54 | -0.81 - -

Beta 0,=0.71911 0,=0.45588 a=2.473 b=3.028 2.81 | 0.03 ]0.18 | -043 | -1.23 0.13 1

S Gen. Extreme Value k=-0.61795 5=0.21306 p=2.7767 2.81 | 0.04 | 0.20 | -0.94 | 0.99 0.13 4
g Gen. Pareto k=-1.825 0=1.1626 p=2.4011 2.81 | 0.04 | 0.19 | -0.55 | -0.97 0.13 3
v Rayleigh 0=2.2442 2.81 | 216|147 | 0.63 | 0.25 0.46 6
Wakeby 0o=1.8650E+5 B=77661.0 y=1.1613 6=-1.8236 &=0 - - - - - 0.13 2

Weibull o=15.442 B=2.8795 2.78 | 0.05 | 0.22 | -0.80 | 1.03 0.16 5

Actual 3.32 - 0.57 | 042 | -146 - -

g Beta 0,=0.28827 0,=0.45156 a=2.719 b=4.27 332 | 033 ]057 | 044 | -140 0.11 1
g Gen. Extreme Value k=-0.00205 0=0.48503 n=3.0443 332 | 038 ]0.62 | 1.13 | 2.34 0.15 2
g Erlang m=33 p=0.09894 327 1032]0.57 ] 035 | 0.18 0.17 3
4 Weibull 0=5.9937 B=3.4797 323 |1 0.39 ] 0.63 | -0.37 | 0.03 0.20 4
- Rayleigh 0=2.6516 332 | 3.02]1.74] 0.63 | 0.25 0.41 5
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Location DF Parameter Mean | V SD S K Statistic | Rank
Actual 3.48 - 041 | 0.82 | -0.75 - -
Gen. Extreme Value k=0.14286 ©=0.28756 n=3.2647 348 | 0.22 | 046 | -2.43 | 14.54 0.14 4
= Gen. Pareto k=-0.16182 5=0.58192 p=2.9767 348 | 0.19 | 044 | 1.30 1.69 0.12 2
-5 Log-Logistic (3P) o=1.4625 B=0.30081 y=3.0211 3.79 - - - - 0.12 1
- Rayleigh c=2.7747 348 | 330 | 1.82 | 0.63 | 0.25 0.45 6
Wakeby 0=0.58192 B=0.16182 y=006=0 &=2.9767 348 | 0.19 | 044 | 1.30 | 1.69 0.12 3
Weibull 0=9.3692 B=3.5804 340 | 0.19 | 043 | -0.61 | 050 | 0.20 5
Actual 2.81 - 0.18 | -0.54 | -0.81 - -
Beta 0,=0.71911 0,=0.45588 a=2.473 b=3.028 2.81 | 0.03 ] 0.18 | -0.43 | -1.23 0.13 1
= Gen. Extreme Value k=-0.61795 0=0.21306 p=2.7767 2.81 | 0.04 | 0.20 | -0.94 | 0.99 0.13 4
-;E Gen. Pareto k=-1.825 5=1.1626 n=2.4011 2.81 | 0.04 | 0.19 | -0.55 | -0.97 0.13 3
5 Rayleigh 5=2.2442 281 | 216 | 147 | 063 | 025 | 046 6
Wakeby 0=1.8650E+5 P=77661.0 y=1.1613 5=-1.8236 £=0 - - - - - 0.13 2
Weibull a=15.442 B=2.8795 2778 | 0.05 | 0.22 | -0.80 | 1.03 0.16 5
Actual 291 - 0.30 | -0.56 | -0.26 - -
g Dagum k=0.31334 a=33.401 B=3.1518 292 | 0.09 | 029 | -0.83 | 1.52 0.12 2
A Gen. Extreme Value k=-0.56493 5=0.33539 n=2.8494 291 | 0.10 | 0.31 | -0.80 | 0.62 0.16 4
o) Gen. Logistic k=-0.14579 0=0.16529 p=2.9553 - - . . - 0.12 3
% Rayleigh 0=2.3256 291 | 232|152 063 | 0.25 0.40 6
T Wakeby 0=3.7758 B=4.3574 y=0.08812 5=0.19228 £=2.1008 | - - - - - 0.11 1
Weibull a=9.9875 B=3.0105 2.86 | 0.12 | 0.34 | -0.64 | 0.57 0.21 5
TABLE VL WPD (W/m?) VALUE FOR EACH LOCATION (L) E. Techno-Economic Feasibility
DF WPD | L DF WPD This section aims to encourage governments to develop
Actual 14.94 Actual 14.36 wind farms to achieve sustainable energy infrastructures,
o Beta 1494 | Beta 14.36 particularly in developing countries like Lebanon. The
g (Gen.Exireme Value | 14.34 | 5 Gen. Extreme Value | 14.36 investigation of changing tariffs influencing the wind energy
35 Gen. Pareto 14.94 5] Gen. Pareto 14.36 . . h S .
3 Rayleigh 129 & Rayleigh 1436 market in Lebanon is discussed by proposing 9 scenarios as
Wakeby 14.94 Wakeby 14.36 shown in Table VII. Moreover, the capital, operation, and
Weibull 13.92 Weibull 13.91 maintenance costs associated with turbines can be assumed
Actual 16.77 Actual 13.69 based on previous scientific studies [25]. In this study, the
g Dagum 16.82 g Beta 13.69 technical viability of 3 wind turbine models (WTMs) is
2 Gen. Extreme Value | 1677 | 5| Gen. Extreme Value | 13.69 evaluated. Generally, wind farm performance in terms of wind
= Gen. Logistic - E Gen. Pareto 13.69 power production and capacity factor is affected by the
= Rayleigh 1677 12 Rayleigh 1369 eographic location and wind speed distribution. Thus, the
M Wakeby - Wakeby - geograp: I¢ Sp o y
Weiball 501 Weiball 13.26 Electricity Exported to the Grld'(EEC'}) and the Capacity Factor
B Actual 7240 | - Actual 2257 (CF) were estunatgd for Younmc'e (it has the lgwest monthly
% Dagum 72.64 g Beta 2257 wind speed) and Ain ed Dabaa (it has the maximum monthly
A | Gen. Extreme Value | 72.38 | | Gen. Extreme Value | 22.57 wind speed) for the selected location. The mean EEG monthly
ks Gumbel Min 7238 |72 Erlang 2141 value of for all the proposed models is shown in Figure 5. It is
3 Rayleigh 72.38 |2 Weibull 20.69 observed that the EEG is within the range of 604.38-
Weibull 67.83 Rayleigh 22.57 3999.537MWh. The lowest value of EEG is recorded at
113\2:;1?111 125; Gon. EXA;;‘:i Value ;gzz Ygunine using WTM#I, while the hi'ghest yalue is recorded at
% Gen. Extreme Value |__15.23 | = Gon. Parcio 25.87 Ain ed Dabag using WTM#. It is notlced' that WTM#Z
> Gen. Logistic N £ [ Log Logistic (3P) 33.54 produced the highest EEG. Moreover, for Youpme location, the
s Rayleigh 1523 |M Rayleigh 25.87 annual value of EEG of the proposed system is 14057.47MWh
Wakeby - Wakeby 25.87 for WTM#1, 17152.08 for WTM#2, and 18268.02 for
Weibull 14.45 Weibull 24.10 WTM#3. For Ain ed Dabaa, the annual value of EEG of the
= Actual 19.93 Actual 13.69 proposed system is 32030.96, 38252.56, and 37642.62MWh
=) Burr 19.93 Beta 13.69 for WIM#1, 2, and 3, respectively. The annual CF was
3 [ Gen. Extreme Value 19.92 £ | Gen. Extreme Value 13.69 lculated for all wind turbi h in Fi 6. It i
o Gon. Logistic 000 2 Con Parcto 1369 calculated for wind turbines as shown in Figure 6. It is
g g = .
g Tog-Logistic (3P) 2004 1% Rayleigh 13.60 observed that the annual CF varied from 16..05% t0.43.67%.
2 Rayleigh 1902 Wakeby _ The r.esults demonstrate that among all wind turbines, the
~ Weibull 1827 Weibull 13.26 capacity factor of WTM#2 was the highest. These results can
Actual 25.87 Actual 15.23 be supported by previous scientific studies. For instance,
g [ Gen. Extreme Value | 2587 % Dagum 15.27 authors in [26] found that the CF values of the proposed wind
Z Gen. Pareto 2587 | 4| Gen Extreme Value | 15.23 farms varied from 9.79% to 51.93% and authors in [27] found
g | Log-Logistic (3P) 3354 |m|  Gen Logistic - that the CF values of the proposed farms were within the range
& Rayleigh 2587 1% Rayleigh 15.23 of 5-42%. Authors in [28] found that the proposed farm
Wakeby 25.87 = Wakeby - . . R .
Weiball 2410 Weibull 1245 projects in Pakistan have a CF ranging from 19% to 34%. The
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economic analysis is essential when one wants to know if the
project is economically viable and sustainable. Thus, the
techno-economic feasibility of the proposed projects was
evaluated using RETScreen for different Scenarios as shown in
Table VII. The used financial parameters include inflation rate
(2.9%), discount rate (5.4%), reinvestment rate (9%), project
life (25 years), debt ratio (70%), debt interest rate (8.9%), and
debt payments (15 years) as input parameters, assumed based
on previous studies. Based on these input parameters, NPV,
ALCS, SP, EP, LCOE, and the internal rate of return (IRR)
were estimated using RETScreen software.

TABLE VII.  THE DEVELOPEPD THREE SCENARIOS TO
SHOW THE IMPACT OF POLICY CHANGES ON THE
FINANCIAL VIABILITY OF WIND POWER PLANTS IN

LEBANON
Input Scenario Scenario | Scenario
Al B1 C1
Capacity 10MW
Turbine model#1 AAER-A-2000 - 100
Project Life 20 years
Array Losses 4%
Airfoil Losses 2%
Miscellaneous Losses 6%
Availability Factor 98%
Electricity Export Cost [US Cents] 6.75 1045 13.52
Input Scenario Scenario | Scenario
Al B1 C1
Capacity 10MW
Turbine model#2 DW 52 - 500kW - 75m
Project Life 20 years
Array Losses 4%
Airfoil Losses 2%
Miscellaneous Losses 6%
Availability Factor 98%
Electricity Export Cost [US Cents] 6.75 10.45 13.52
Input Scenario Scenario Scenario
Al B1 C1
Capacity 10MW
Turbine model#3 W2E100/2000 - 100m
Project Life 20 years
Array Losses 4%
Airfoil Losses 2%
Miscellaneous Losses 6%
Availability Factor 98%
Electricity Export Cost [US Cents] 675 | 1045 | 1352

The NPV was determined for each location and each value
of Electricity Export Rate (EER) and is illustrated in Figure 7.
It is found that the value of NPV for each value of EER is
positive, which indicated that the project is potentially feasible
[29, 30]. Besides, it is noticed that there is a strong correlation
between NPV and EER. Moreover, IRR is estimated to
evaluate the economic viability of the project. The IRR
provides the true return of interest over the life of the project.
The results showed that increasing rate of exporting electricity
led to an increase in the value of IRR. In addition, it is
observed that the value of IRR of all locations is higher than
the required rate of return of the project. Furthermore, ALCS is
calculated by using NPV, discount rate, and project lifetime. It
is found that ALCS is within the range of 67438-6790429
USD/year for all proposed projects.

According to previous scientific studies, the economic
viability of a project is estimated by determining the payback
period, which indicates the time required to recover the initial
investments, with net positive income. Figure 7 shows the
payback period including EP and SP for all selected locations
based on various scenarios. It is found that the EP and SP are
within the range of 1.1-16.1 and 2.9-15.7 years, respectively.
WTM#2 has the lowest value of EP and SP compared to other
models. The results reveal that the increase in EER will lead to
a decrease in EP and SP. Moreover, the Electricity Production
Cost (EPC) is found within the range of 0.038-0.104-0.038
USD/kWh. The EPC is lower compared to previous studies
[25, 31] and the electricity tariff in the country [19].
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F. Climate Co-benefit Assessment

The climate co-benefits in terms of GHG emission
reduction were calculated using RETScreen software for each
location and are listed in Table VIII. The results indicate that a
large amount of CO, emissions can be avoided by
implementing the developed wind project in each location. It is
noticed that the Wind Farm (WF) using WTM#3 (WF-
WTM#3) has the highest amount of CO, emission reductions.
The total amount of CO, emissions reduction for each location
is determined based on the electricity generated annually [32].
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Fig. 7. Economic performance of the developed wind project in Younine
and Ain ed Dabaa.
TABLE VIII. NET ANNUAL REDUCTION OF GHG EMISSIONS
(tCOy)
Location WF-WTM#1 | WF-WTM#2 | WF-WTM#3
Younine 9244.15 11279.21 12013.05
Ain ed Dabaa 23142.37 27637.47 27196.79

IV. CONCLUSION

In this paper, the wind speed distribution and the potential
of wind energy were assessed at 12 locations in Lebanon. For

wind speed distribution, 44 distribution models were utilized to
analyze the wind speed characteristics in the selected locations.
The results demonstrated that Wakeby and Beta distribution
functions gave the best fit to the actual data for most locations.
Moreover, a 10MW wind farm's viability was examined for the
climate conditions of various locations in Lebanon using
RETScreen software. The results indicated that the proposed
wind farms are feasible both technically and economically. Ain
ed Dabaa is the most suitable location for installing a wind
farm in the future.

The developed projects provide a significant insight into the
economic feasibility of the project for all locations. Wind
energy exploitation is able to solve the chronic problem of the
lack of electricity and reduce the electricity import cost in
Lebanon.
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