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ABSTRACT

In this paper, the potential resources of wind energy were examined, in the case of three different locations in
Southern Jordan. On the basis of the collection of wind speed data, this study attempted to estimate the potential
wind power. The empirical analysis was conducted using three different numerical approaches: empirical method,
energy pattern factor method, and method of the moment. Afterward, the energy yield was evaluated including
Weibull parameters, such as shape parameter and scale parameter. The analysis findings helped designate the most
prospective locations for developing the strong wind energy potential. The annual mean values of wind speed
observed in the typed locations were from 3.9 m/s to 4.9 m/s, and the theoretical wind power density distributions
were from 87.6 W/m? to 126.8 W/m?. The Agaba area would be the most promising wind power location due to
the greatest wind energy potential.

Keywords: wind energy potential, wind speed, wind turbine, Weibull distribution.

INTRODUCTION

11% renewable energy and 89% natural gas in
2018 [5-7]. Wind energy is one of the prospec-
tive options for energy sector development on a
large scale. The location chosen for a wind farm
installation is critical to the project’s success. The
following are the most significant aspects and
criteria for the construction of wind farms and

The increased growth rate of electricity de-
mand, which is linked to an increase in the cost
of energy production, surpasses the energy sec-
tor’s intentions to develop a strategy for maximiz-
ing the efficiency of existing production sources

[1-4]. Jordan is taking the steps to improve and
diversify its electrical system, with natural gas
accounting for 87% of electricity generation in
conventional power plants and renewable energy
accounting for 13% at the end of 2019, up from

the selection of a wind project site [8, 9]: (i) land
with a good wind resource, (ii) installable windy
area, (iii) grid connection and access to transmis-
sion lines and carrying capacity, (iv) transporta-
tion to transport all wind types of equipment from
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monitoring and building to the location, (v) land
use off-limits such as military use, wildlife sanc-
tuary, historical or religious, and (vi) residential
areas. There are also additional issues to consider,
including the agreement to sell energy generated,
the land leasing agreement with the landowner,
as well as the communications and cellular data
transmission availability.

Many statistical models have been developed
and examined for various locations in order to es-
timate the potential of wind energy. These models
assist energy planners, researchers, and policy-
makers in various ways. Wind power is a function
of wind speed; the approach is based on the con-
structing of a model for estimating values of wind
power by applying appropriate transformations
to wind speed measurements [10]. Chang [11]
used several approaches to derive the Weibull
parameters to evaluate the wind power density
from wind speed data for four sites. The results
showed that the graphical method (GM) yielded
results for all four stations. Still, energy pattern
factor method (EPFM) was the most suited for the
two sites, and empirical method (EM) displayed
the greatest outcomes for the other two stations.
Ouabhabi et al. [12] conducted a statistical analy-
sis regarding of the different methods of Weibull
distribution functions to predict the wind poten-
tial in the Tetouan area of Northern Morocco. Ex-
cept for the graphical method, the findings reveal
that the method of moment (MOM), EPFM and
EM offered more accurate results and are quite
comparable to the predictions made by the dif-
ferent Weibull curves. Azad et al. [13] compared
seven Weibull estimating techniques to estimate
wind potential. According to the study, the MOM
and maximum likelihood method (MLM) are the
best strategies at any height. In India, Ramach-
andra et al. [14] investigated the wind potential
in Kumta and Sirsi by collecting primary data
from the Indian meteorological department. The
results showed that the EPFM is a more suitable
approximation of the Weibull probability density
function (PDF) for the wind speed.

The wind potential in Jeddah, Saudi Arabia,
was investigated using wind meteorological data
obtained at the height of 10 meters with GM and
MOM by Bassyouni et al. [15]. The location was
considered a promising option for small-scale off-
grid wind energy use. Aukitino et al. [16] com-
pared seven approaches for assessing wind re-
sources at two locations in Kiribati. The findings
revealed that the (MOM) method was the best
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overall and was then used to assess power density.
Kidmo et al. [17] used six numerical approaches
to determine the Weibull parameters to simulate
the wind speed distribution in Garoua, Cameroon.
The EPFM performed the best, according to the
results. Marashli et al. [18] arrived at the same
conclusions as the previous research. The EPFM
methodology, according to the author, is the most
accurate and efficient method for calculating the
Weibull distribution parameters. Alsaad [19] used
the data from the local meteorological agency to
investigate the potential of wind energy in many
Jordanian sites (Ras Moneef, Al-Fjaij, Al-Hasan,
and Al-Safawi). The findings encouraged the con-
struction of potential 100 MW wind turbines for
energy generation in a few Jordanian locations.
Bataineh and Dalalah [20] introduced a techni-
cal assessment of wind power potential for seven
places in Jordan (Hofa, Ibrahimya, Ras Monief,
Tafila, Zabda, Fujaij, and Agaba) based on the
recorded wind data using statistical analysis. To
model the monthly average data and estimate the
wind power in the specified sites, the Rayleigh
distribution was utilized. With wind turbines of
various sizes, energy estimates, capacity factors,
and cost of wind energy generation were com-
puted for the specified locations. Jordan’s high
potential for wind energy has been proven, and
the development of wind energy can assist Jordan
in meeting its environmental and energy policy
goals. Ammari et al. [21] studied and evaluated
the wind power for five distinct sites in Jordan
(Ras-Moneef, Azraq South, Safawi, Queen Alia
Airport, and Aqaba Airport) using the data from
mean monthly wind speeds during a typical year.
In addition, the feasibility of employing five dis-
tinct wind turbines at each location for use in
wind farms was investigated.

The EM technique was also used to com-
pute the value of the Weibull parameters. The
authors concluded that the wind speed data over
the last five years is fitted to the Weibull distri-
bution, which is the most often used and suited
for characterizing the frequency distribution of
wind flowing across Jordan. The greatest values
of k and ¢ parameters may be found at Aqaba
Airport. Alrwashdeh [22] employed mathemat-
ics and a world wind atlas to produce a wind
distribution map of all Jordan provinces and the
most suitable sites for wind farms. It was ob-
served that when the hub’s elevation is increased
from 50 to 200 meters, the mean power density
increases. The highest monthly wind speed was
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determined at Agaba, the minimum at Al-Salt,
and the mean power density increases toward
the southern provinces.

The purpose of this work was to develop an
approach for accurate wind energy evaluation in
the case of three samples of Jordanian locations.
The research examined average wind speed and
power, Weibull distribution, density and output
power, characteristic of capacity factor. In ad-
dition to statistical approaches, a mathematical
model was used to determine the desired pa-
rameters. Additionally, a wind rose for each site
location was drawn, including speed variation,
major directions, frequency, and energy. Finally,
the optimum capacity for prospective wind farm
determined, and various types of wind turbines
proposed.

METHODOLOGY

The location site selection

Some organizations, such as the Ministry of
Energy and Mineral Potential (MEMR) and the
Royal Scientific Society of Jordan built precise
measurement devices to assess the wind energy
resources of various Jordanian locations [23].
Most of Jordan’s wind energy installations are lo-
cated in the southern regions (MEMR, 2018). In
the north of Jordan, there are small and ancient
wind power plants in Hofa and Ibrahimiya, with
an electrical capacity that does not exceed 320
kW and 1125 kW, respectively [24].

In order to comprehend wind statistics, it is
worth noting the diversity of Jordan’s terrain,
which results in significant variances in wind
flow and turbulence. Jordan’s topography, which
stretches from north to south, may be divided
into three primary regions: (A) the Jordan val-
ley (Ghor) region, (B) the highland and plain
plateau region, and (C) the arid region (Figure
1). Three locations in southern Jordan were se-
lected for this study to investigate the installation
of wind farms: the Ma’an, Batn Al-Ghoul and
Agaba areas. The Ma’an region is a desert area
with huge open expanses, located 10 kilome-
ters northwest of Ma’an city and 210 kilometers
north of Amman city. The Aqaba area is a desert
region with mountain ranges to the northwest of
Aqaba. Batn Al-Ghoul is 65 kilometers southeast
of Ma’an, around halfway between Maan and Al
Mudawara. Mountains, hills, and arid regions are

intermingled with scattered plants in these loca-
tions. The suggested research locations are in re-
gions designated as a priority for the development
of wind farm projects.

Data collection

The speed wind data was obtained by masts
with a height of around 50 m, and recorded read-
ings every 10 minutes. The accumulated wind
speed throughout the day was recorded. Monthly
wind speeds were calculated as shown in Table
1. It was observed that the Ma’an region has the
highest mean wind speed during February and
April, whereas the Aqaba region has the highest
mean wind speed during the summer. The Batn
Al-Ghoul area, on the other hand, displays winter
peak wind speed. The average velocity is a cru-
cial parameter of wind spectrum data at a loca-
tion, and it is calculated using the formula:

|
b=-Tl v (1)
where: ¥ — the average wind velocity (m/s),

v —wind speed (m/s),
N — the number of wind speed data.

When calculating wind energy, the velocity
should be weighted for its power content while
calculating the average. As a result, the average
wind velocity is calculated as follows [25]:

Fig. 1. The perspective wind power locations in
Jordan: A — the Jordan valley (Ghor) region, B — the
highland and plain plateau region, C — the arid region
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Table 1. Monthly average wind speed (m/s) for selected locations

Month Ma’an region, H=51m Agaba region, H=50 m Batn Al-Ghoul region, H =50 m
E 758451, N 3350752 E 700245, N 3298836 E 781955.1, N 3295469.9
Jan 4.17 3.69 4.15
Feb 5.42 4.15 4.54
Mar 3.65 4.85 4.72
Apr 5.04 5.14 4.68
May 3.74 5.36 4.64
Jun 4.10 5.19 3.79
July 4.25 5.20 2.97
Aug 3.93 5.28 3.00
Sep 3.41 5.43 3.35
Oct 4.01 4.82 3.63
Nov 342 5.14 3.61
Dec 3.87 3.96 3.65

N
_— 331
o= ) v @)
i=1
To calculate the standard deviation o of the
time-series of recorded monthly wind speed data,
Eq. (3) was used [26]:

o= i Ziea - 07 3)

where: o — standard deviation of the observed data.

Statistical analysis

Many different distributions, including
Weibull, Rayleigh, gamma, lognormal, and logis-
tic, are used to fit a recorded wind speed prob-
ability distribution in a specific location during a
period of time [13]. The Weibull density function
represents the probability f(v) for a specific wind
speed value within a specified time, and is given
by Eq. (4) [27, 28]:

kvk_l

F) =—

where: ¢ — the scale parameter (m/s),
v — the wind speed (m/s),
k — the shape parameter.

o @F

4

The cumulative Weibull distribution F(v) can
be determined using Eq. (5):

— Ok
Fw)=1- ¢ @ (5)
There are six different numerical approach-
es for estimating Weibull parameters: graphical
method, maximum likelihood estimation method,
energy pattern factor method, modified maximum
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likelihood estimation method, method of mo-
ment, and empirical method [25]. In this statistical
study, three methods were chosen (EM, EPFM,
and MOM) for estimating Weibull parameters:
shape parameter (k), and scale parameter (c).

Empirical method

This approach is also known as the least-
square method standard deviation and mean wind
speed method. When the mean speed (v) and stan-
dard deviation (o) for a location are known, the
Weibull shape and scale parameters can be deter-
mined using Eq. (6):

o )
k

Following the determination ¢ and v, the
Weibull parameters are calculated using Egs. (7)
and (8) [29]:

k= (c/o)"" (7

(8)
where: /(x) — gamma function, can be approxi-
mated by [30]:

1) = (V2w ) () (e™)

c=v/r(1+5)

1 1 139 (9)
(1 -I_E-}_ZSSJC2 - 51840x3 )
and
1 k 1.1
r(1+7) =28 @+ (10)

where: x — any positive real number
(x=0,1,2,..).
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and
az(k) =-0.0053%* + 0.0837k* + 0.502k + 0.3429
(11)

Energy pattern factor method

The EPFM approach is a simpler formulation,
easier to implement, and involves less comput-
ing way of determining the possible wind power
density of an area, with wind speed fluctuation
accounting for the energy power density over a
particular period. This method is defined by the
following Egs. (12-14) [31]:

E =V/% (12)
k=1+(3.69/E ?) (13)
¢ = /T(1+1/k) (14)

where: £ — the energy pattern factor.

Method of moment

The MOM approach was one of the first esti-
mating methodologies. To calculate the Weibull
parameters, Eqs. (15-16) were used:

k= [0-9274’]1.0983 (15)
v

¢ :r(%+1) (16)

Wind power density estimation

Wind power density (WPD) is a key factor in
determining available resources at potential sites.
Wind power per unit swept area of a turbine (4) is
proportional to the cube of wind speed (v) and is
given by Eq. (17):

P(v)=1/2 p-A-v* (W/m?) (17)
where: p — the air density.

Monthly or annual wind power density per
unit area of a location based on a Weibull or Ray-
leigh density function can be determined by Egs.
(18-19):

WPD =P /A=1/2p-c-['(1+3/k)  (18)

WPD =P /A=3/np v’ (19)

where: P is the Weibull power density and P is
the Rayleigh power density.

The I"(1+ 3/k) was obtained from Eq. (20) [32]:
3 %) 2.1
F(l +;)= aST (1+;)k (20)

where:

a,(k)=—0.012k*+0.1958k* — 0.1496k + 1.5179
(12)

Wind energy density estimation

Wind energy density (WED) can be calculat-
ed by multiplying WDP by the number of hours
(7). To obtain the yearly WED, multiply by 8760
h to obtain the wind energy density in kWh/m? on
a Weibull or Rayleigh density function, as pro-
vided by Egs. (22-23):

WED=12p I'(1+3/k) T (22)
WED=3/mpv’'T (23)

It should be mentioned that two criteria are
required for the development of a wind energy
project: (i) the most probable wind speed, and (ii)
the speed carrying the maximum energy to the
wind regime. According to the wind’s cubic ve-
locity-power relationship, the velocity supplying
the maximum energy is usually higher than the
most frequent wind velocity [33]. The following
equation can be used to compute the most prob-
able wind speed (U, ) using the Weibull param-
eters [34]:

U, =c-[(k-I)/k]" (24)

Fm

The speed carrying the maximum energy
(U,,,.) 1s obtained by the following equation:

U, =c[(k+2) /K" (25)

E)

Wind rose evaluation

The directional frequency distribution is a key
property of wind resources. A wind rose is a polar
plot that shows the frequency of occurrence by di-
rection. A wind rose can also assess speed or en-
ergy distribution. Some plots frequently indicate
the time the wind flowed in specific speed ranges
by splitting each map segment into separate color
bands. Another figure shows the fraction of total
energy in the wind that comes from each direc-
tion. These plots are occasionally blended into
one. The plots are generated by sorting the wind
data into the necessary number of sectors, which
is usually 12 or 16, and then computing the rel-
evant statistics for each sector.

Several ways to design wind rose include
utilizing specific websites, special wind analysis
applications, or Microsoft Excel. The following
are the procedures for plotting a wind rose in a
Microsoft Excel program: (i) arrange the wind
data in a table based on the direction and speed
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Rated speed

100

Power kW

cut-in speed

T Wind speed m/s T

cut-out speed

Fig. 2. The ideal wind turbine power curve

classifications; (ii) determine the number of ob-
servations for each wind speed class and direc-
tion; (iii) create a wind rose data highlight table
and place a filled radar with markers chart; (iv)
the percentage of time the wind blows from any
direction is calculated by dividing the frequency
of an observed data value by the total data num-
ber values and then calculating the percent style;
(v) wind energy is estimated by taking the prod-
uct of the percentage frequency and the cube of
the mean wind for each direction and dividing it
by the sum of those products for all directions.

Power and energy output

The most significant metric for assessing a
wind turbine is its annual energy output. The ideal
wind turbine power curve is depicted in Figure 2,
in which the turbine starts to operate at the cut-in
speed (V), then the power output rises with wind
speed, following a cubic curve until wind speed
reaches the rated speed (V)), at which point the
turbine begins to operate at its rated power. When
the wind speed exceeds the cut-out speed, the ro-
tor comes to a cut-out speed (V). The power of a
wind turbine lies between its cut-in speed and its
rated speed, for the speed range V. < V'<V can be
stated as Eq. 26 [35]:

P P VZ _ VCZ
— IR (VrZ _ ch)
where: P — wind turbine power at speed V;
P=P,forV.<V<V,P=0for V<V,
and V=V,

(26)

The capacity factor (C,) is one of the wind tur-
bine performance metrics that must be addressed.
The capacity factor of a wind turbine is equal to
the actual energy output (£,) for the year divided
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by the energy output if the turbine operated at its
rated power output (P,) for the year (7) [21]:

(27)

The energy generated by any wind turbine at
any site over a year may be calculated by multi-
plying C, by the rated power and time period. The
yearly energy production is the primary criterion
for assessing a wind turbine; one technique for
estimating annual energy output is to utilize the
wind power density method, as shown below in
Eq. 28 [36]:

E.=C P, h (28)
P,=A4-WPD (29)
where: 4 — number of hours in a year (8760).

RESULTS

The Weibull parameters results

The shape parameter (k) controls the distri-
bution’s width; a higher value suggests a smaller
frequency distribution (i.e., a steadier, less vari-
able wind). The scale parameter (¢) has a speed
dimension closely tied to the mean wind speed.
The results of £ and ¢ parameters presented in
Table 2 were derived using Eqgs. (7-8, 13-16) for
wind speed data obtained of a selected areas in
South of Jordan. The results show that the average
values of k was from 1.5 for the Ma’an region, to
2.2 for the Aqaba region. Average ¢ values ranges
from 4.3 to 6.8.

Figure 3a depicts the EPFM approach of
shape parameter, which reflects the range of wind
speed distributions; greater values of & suggest
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Table 2. The values of Weibull parameters according to three approaches: MOM, EM, and EPFM

Ma’an region Agaba region Batn Al-Ghoul region

Month MOM EM EPFM MOM EM EPFM MOM EM EPFM
k c k c k ¢ k c k c k c k c k c k c
Jan 18 |1 47 |18 | 58|19 |47 | 20 |42 |21 |52 |21 (42| 19 |47 |19 |58 |22 |47
Feb 18161187519 |61| 21 |47 |21|59 |22 (47| 19 | 51|19 |64 |22 |51
Mar 11138 |11 |40 |12 |38| 21 | 55|22 |69 |22 |55| 18 |53 |19 |66 | 19 |53
Apr 18| 57|18 |70 |19 |57| 21 |58 |21 |73|22|58| 19 |[53|19 65|19 |53
May 11139 |11 |41 |12 |38| 22 |61 |22 |77 |22|61| 18 | 52|19 |65]| 19 |52
Jun 11142 |11 |44 |12 |43 | 21 | 59|21 | 74|22 |59| 15 |42 |15 |50 13 |41
July 11144 |11 |46 |12 |45| 21 [ 59|22 |74 |22 |59| 11 |31 |11 ]33] 12|31
Aug 11140 |11 |43 |12 |41 21 | 60|22 |75|22|60| 11 |31 |11 |33 |12]32
Sep 111351137 |12 36| 11 (61|21 |77 |22|61| 12 |36 |12 |40 | 13|36
Oct 18| 45|18 |56 |19 45| 21 | 5421|169 |22 |54| 18 |41 |18 |51 ] 19|41
Nov 19 38|19 |48|20|39| 21 |58 |21 |59 |22 (58| 19 |41|19 |51 |20 |41
Dec 18 | 43 |18 |54 |19 (49| 21 | 45|21 | 56|22 |45| 18 |41 | 18| 51| 19 |41
Average | 1.5 | 44 | 15| 51|15 |45| 20 | 55| 21|68 |22 |55| 16 |43 |17 |52 |17 |43

the most probable wind speeds while remaining
within the tight ranges [37]. The maximum val-
ue of £ was from Aqaba location, while the low-
est value was from the Ma’an area, indicating
that winds have a wide range of speeds. In turn,
Figure 3b displays the scale parameters from the
EPFM approach, which reflects an increase the
wind energy potential by increasing the value of
¢ [25]. For the Ma’an area, the average values of
¢ were from 4.4 to 5.1 m/s, with the maximum
value reaching 7.5 m/s in February and the mini-
mum reaching 3.5 m/s in September. For the
Agaba and Batn Al-Ghoul locations, the MOM
and EPFM values of ¢ were 5.5 m/s and 4.3 m/s,
respectively, while the EM displays the highest
values in Agaba at 6.6 m/s and Batn Al-Ghoul at
5.2 m/s. The lowest value of ¢ was 3.1 m/s in the
Batn Al-Ghoul region in July and August, while

- = = Ma'an-LH
= Agaba-LH
...... Batn Al-Ghoul

4
Wind speed m/s

the maximum value was 7.7 m/s in the Aqaba
region in May and September. Data shows that
the Aqgaba area location has a large wind power
potential since the value of scale parameter was
the highest.

Table 3 depicts the annual fluctuation of
the EPFM’s mean wind speed parameters (0,
0y Uy, Upo) @8 well as WPD and WED in
several Jordanian southern regions. The high-
est average speed in the Agaba location was
4.9 m/s, with the peak wind speed occurring
from April to November at 5.1 m/s. The best
values of average wind speed in the Ma’an lo-
cation were from January to July, whereas the
best values of average wind speed in Batn Al-
Ghoul were from January to May. Furthermore,
Table 3 indicates the most probable wind speed
carrying the maximum energy, with the highest

05 1
M)
=55
'§ 04
= c=4.5
2 = i,
£ 03 - c=43 / "\ L - = = Batn Al-Ghoul
2 !
g ] Agaba-LH
I
E 02 - R B R Ma'an-LH
3 O
£ &
E ¥
2
01 1 I ..'
{ =
l_-.
00 T T x! f T o T 1

(1] 2 4 6 8 10 12 14 16
Wind speed m/s

Fig. 3. Weibull probability density function for shape parameter (a), and scale parameter (b)
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Table 3. The typical characteristic and mean wind speed in selected locations

M: Ma’an, A: Agaba, B: Batn Al-Ghoul
Mm|lalB|[m|[a[B] M| Aa]B M| A|lB|[M[A]B|[M|A]B
Month
o (m/s) o WPD (W/m?) WED (kWh/m?) U, (mis) U, (mis)
Jan |42 (3742241923 875|554 | 766 | 651 | 412 | 570 |32 |31 |35 |42]|37 |42
Feb |54 |42|45[31[20|25/1948| 76.0 | 99.2 |144.9| 566 | 738 | 4.1 [ 36|39 |89 |63 |69
Mar | 36|49|47 (3324271241 1205|1284 923 | 896 | 955 | 0.7 | 42| 36 | 36 | 49 | 47
Aprl |50 5147|2926/ 26](155.7 (1449|1232 | 1158 [107.8] 917 | 38 | 44 [ 36 |50 | 5.1 |47
May |37 |54|46|34]|26/|26/[1329][1620|1216| 98.9 |1205] 90508 |46 36|37|54]46
Jun | 41|52]38|38|2626177.0]1482] 1153|1317 1103|858 |08 | 45|13 |41 |52/ 38
Juy |42|52|30/39]26/|27][197.1]1487| 67.1 | 1466 1106|499 | 08 | 45|06 |42]|52]30
Aug |39 |53[30(36|26]|28]|154.4|1556| 69.5 | 1149|1158 | 517 | 08 | 46 | 0.6 | 3.9 | 53 | 3.0
Sep |34 |54|34][31[27]28[1009|1696| 757 | 75.0 |126.2] 563 | 0.7 |47 | 13|34 |54 | 34
Oct |40 |48|36|23|24(21]|77.9 [119.0| 59.9 | 58.0 | 885 | 445 | 3.1 |41 |27 | 40| 48|36
Nov |3.4|51|36|19|21|20| 475|978 | 547|353 | 728 |407 |27 (53|29 |34/|51]36
Dec |39 |4.0(37|23[20|21|724 | 667|598 | 539 | 496 | 445 |29 |34 |28 |39]|40]37
Average | 4.1 | 493930 24]25]126.8[1220| 876 | 944 | 90.8 | 652 | 20 |42 ] 2541|4939

average value in the Aqaba area being 4.2 m/s
and the lowest average value in the Ma’an lo-
cation being 2.0 m/s. The lowest monthly most
probable wind speed carrying the maximum en-
ergy value was achieved in August in the Batn
Al-Ghoul location (0.6 m/s), while the highest
value was found in November in the Aqaba lo-
cation (5.3 m/s). The highest value of the wind
speed carrying the maximum energy occurs in
the Ma’an area at 8.9 m/s recorded in Febru-
ary, and the lowest value of 3.0 m/s obtained in
the Batn Al-Ghoul area in July and August. Ad-
ditionally, Table 3 reveals that the largest average
values of WPD in the Ma’an and Aqaba locations
were greater than 120 W/m?. In turn, the lowest
wind potential densities were achieved in the
Batn Al-Ghoul area, where WPD was 87.6 W/m?.
For the selected locations: Ma’an, Aqaba, and
Batn Al-Ghoul, the maximum monthly WPD
values were reported from February to Septem-
ber, March to October, and March to June, re-
spectively. Finally, Table 3 compared the wind
energy densities in the Aqaba, Ma’an, and Batn
Al-Ghoul areas. It demonstrates that WED av-
erage value in the Ma’an area is higher than in
the Aqaba and Batn Al-Ghoul areas. The maxi-
mum values of WED were recorded in Febru-
ary and July in the Ma’an region at over 140
kWh/m?, in May and September in the Aqaba
region at about 120 kWh/m?, and from March
to June in the Batn Al-Ghoul region of above
85 kWh/m?.
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Wind rose results

The wind rose illustrates the temporal dis-
tribution of wind blows as well as the azimuthal
distribution of wind speed from a certain direc-
tion. Estimating suitable wind direction is criti-
cal, since the quantity of wind energy captured
by horizontal axis wind turbine, which are often
utilized for energy production, depends on the di-
rection in which these turbines are situated. As a
result, the turbine must be positioned with the ro-
tor pointing in the best wind direction.

Figure 4 demonstrates the (a) mean wind
speed rose in the 2—-10 m/s range, (b) direction,
(c) frequency, and (d) energy in the Ma’an, Aqa-
ba, and Batn Al-Ghoul locations. The maximum
wind gusts registered for the Ma’an area were
above 8 m/s for daily data recorded (Fig. 4a). The
main wind direction is toward the West, West-
Southwest, and West-Northwest, which can be
explained as a wind from the west that is slightly
angled to the south and north but is more con-
firmed on the west, as shown in the direction rose
distribution (Fig. 4b). The frequency rose, which
indicates the percentage of time that receives
wind from a certain direction, clearly shows that
about 25% of the time the wind blows, it varies
between the North and the East, as shown in Fig-
ure 4c. Finally, the energy rose is the product of
the time and the cube of the wind velocity, which
may be used to identify the energy available from
various directions. As indicated in Figure 4d, en-
ergy-rich winds blow from the West-Southwest
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(b) Directions (a) Mean Wind Speed

(c) Frequency

(d) Energy

Batn Al-Ghoul

Fig. 4. Wind rose schematic diagram of wind speed variation, main directions, frequency,
and energy for the Ma’an, Aqaba, and Batn Al-Ghoul areas

Table 4. Technical data of wind turbines

Parameter Wind turbine type

Gamesa-G114 Gamesa-G132 Vestas-V136
Power output (kW) 2000 3300 3450
Cut-in speed (m/s) 3.5 2 3
Cut-out speed (m/s) 25 25 225
Rated speed (m/s) 10 10 11
Hub height (m) 93/120/140 84/97/114/134 82 /112 /132
Rotar diameter (m) 114 132 136
Swept area (m?) 10207 13685 14257
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Table 5. Estimated annual energy output depending of wind turbine type

Area Energy output for one year (GW-h)
Gamesa-G114 Gamesa-G132 Vestas-V136
Ma’an 4.20 5.87 6.31
Agaba 4.99 6.92 7.36
Batn Al-Ghoul 2.97 3.64 4.29

in the Ma’an region. For the Aqaba location, the
wind velocity and average strength of the wind
spectrum exceed 6 m/s for daily data recorded,
with the most common wind directions being
North and North-Northeast. The frequency rose
exhibited a significant proportion compared to
other studied sites, reaching above 200%. The
most energy-rich winds come from the north-
northeast, and a lot of energy is available. In the
Batn Al-Ghoul region, the average strength of the
wind spectrum is greater than 7 m/s for daily data
recorded, and the major wind direction is toward
the North and North-Northwest, with the stron-
gest toward the West and West-Southwest. Com-
pared to other analyzed locations, the frequency
rose has a low proportion. Most available energy
comes from the West and the Northwest and is
considered low.

Energy output results

Table 4 shows the technical data of wind tur-
bine examples [38]. It was used to estimate the
yearly energy output for selected area locations, as
displayed in Table 5. It was shown, that the Aqaba
area definitely has the highest wind energy poten-
tial. Furthermore, as the rated power increased,
then energy production increased as well.

CONCLUSIONS

On the basis of the investigation results ob-
tained, the following conclusions can be drawn. To
estimate wind power density and predicting wind
potential the energy pattern factor method was
confirmed to be the best of the all others. The high-
est wind speed in the Agaba area noted from April
to November was in range of 5.1-5.4 m/s. The
Aqaba area has the greatest wind energy potential
and the highest wind energy density. At other hand,
the worst wind energy density was noted at the
Batn Al-Ghoul area. The highest average values
of speed carrying the maximum energy were noted
in the Aqaba area as well. For the Aqaba area, the
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most common wind directions were North and
North-Northeast, so a lot of energy is available
compared to other studied sites. Estimated annual
energy output, depending of wind turbine type,
was obtained in the range of 4.99-7.36 GWh.
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