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Abstract: The purpose of this study is to analyze the wind energy resource potential at Hun. Wind data
was analyzed using different statistical models and calculations were performed to forecast wind energy
& power density at the site. Energy production was estimated using different wind turbines which were
selected according IEC standards criteria and performance of these wind turbines. Detailed wind resource
data analysis was performed for the proposed site using Excel spreadsheet for one-year period from (April
2011 to March 2012). The wind data are measured at four heights of (20 m, 40m, 60m and 61m) above ground
level (a.g.]). The analysis showed that the annual average wind speed is 5.69 m/s and the power density is about
190 W/m2 at 61m height. It could be noticed that at 61m height, the highest scale parameter is 7.25 m/s in
April while the lowest scale parameter is 5.71 m/s in October. The annual shape and scale parameters range
from 2.27 at 61m to 2 at 20m, and from 6.42 m /s at 61m to 5 m /s at 20m, respectively. 90% of the speeds
are below 11m/s, 84% are below 10m/s and 50% are above 6 m/s. The maximum speed is 21 m/s with 0.14%
occurrence. The wind shear exponent was evaluated as 0.18 and the roughness length for the site as 0.17 m,
which indicates that the roughness class for the location is 2.5. According to the performed analysis, the wind
turbines suitable for this site should be of class IT1I/B. Comparison of three wind turbines indicated that Vestas
V112-3000 gave the highest capacity factor of 42% in April and an availability of 83% while Nordex N100-
2500 gave capacity factor of 41% for the same month and availability of 83.7%.
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1. INTRODUCTION

Energy is a basic element of any economic development and electric energy is an important index of a
country’s economical and technological progress. Libya currently relies entirely on the oil and natural gas for
electricity production. In the wake of the dwindling of fossil fuel reserves, rising costs of this type of fuel and
the negative environmental impacts such as air pollution, acid rain and greenhouse effects associated with it,
renewable energy have gained great interest or attention.

World dependence on fossil fuel and its impact on the international economy and environment has
created several global issues. The world challenges for sustainable development are climate change or
impacts, energy security and energy access. According to the International Renewable Energy (IRENA), the
total global installed renewable energy capacity by end of 2018 is 2351 GW, while in Africa is about 46.27 GW
and in Libya only 5 MW[1]. IRENA - Renewable energy highlights of March 2019, showed that the highest
share comes from hydropower 50% of total installed renewable capacity while wind energy constitutes 24%
with installed capacity of 564 GW by end of 2018[2]. Africa share is 5.464 GW and Libya none, which shows
that plans and programs should be devised to catch-up the world progress in harnessing this clean energy free
resource. Latest statistics of World Wind Energy Association (WWEA) showed that the world total installed
wind energy capacity had reached 600 GW by Feb- 2019 and the added capacity in 2018 is 53.9 GW [3].

Assessment of wind energy potential or any other energy resource potential is an important issue since
any national strategy depends on the resources available for the country to be harnessed and extracted. Wind
resource assessment (WRA) is important for investors and decision makers. The total world energy inland
potential is estimated by the WWEA at about 95 TW[4], which is more than enough to meet the world
energy demand.

Wind energy was assessed in Libya at several previous works [5-7] and the potential was estimated by
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several international studies in as part of African countries [8,9] or as a part of the world [10]. All these
studies indicated that the potential is high [11]. It can supply the national electric energy demand and would
reduce dependence on oil and natural gas power plants as well as it will mitigate the problems of the electric
network blackout and provide a solution to all electric problems. Potential for establishing wind power plants
in Libya and the wind energy potential in the Northern region was investigated [12,13]. In present work the
wind potential of a site in the Southern part of Libya (Hun) was investigated in order to assess the potential
of this region. Weibull distribution model was used and compared with real wind speed distribution at this
site. Weibull parameters were determined at four heights for each month. Wind speed variation (seasonal and
diurnal) was estimated at 4- heights above ground level (a.g.l.). Energy output of different sizes of WECS’s was
determined and the capacity factor was evaluated for each WECS at the site. The most probable wind speed
and the maximum energy carrier wind speed or wind speed that will contribute to maximum energy at the
site were investigated for each month. Wind shear coefficient and the turbulence intensity were evaluated.

2. CASE STUDY OF HUN CITY:

2.1 Site Description

The city of Hun is within a semi-arid environment, in the north central part of Libya. The geographic
coordinates for Hun: 29° 07’ 48” N Latitude, 15° 57° 00” E Longitude. Figure (1) shows the map of the area
around Hun. It lies at the center of the map.

Figure (1). A map for the area around the site of Hun.

Hun is located at the center of the above map within a plane area bounded by two mountains to the east
and west.

Hun is linked to northwards and southwards by a highway, thus connecting it with the coastal highway
and the southwest and southeast of Libya. Along this highway, Hun is also connected with the towns of
Suknah to the west and Waddan to the east. The dot-dashed line (shown in the map) is the main power line
going through Hun.
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2.2. Data screening and validation

Wind data of Hun was provided by REAoL. It included wind speed records of 10 minutes average for four
heights (20m,40m,60m and 61m a.g.1.), wind direction at two levels, pressure, temperature and solar radiation
at 4m a.g.l. as shown in Figure 2.

Data screening was performed for all raw data to determine missing or inaccurate readings for the
anemometers. The readings of the spreadsheet began at (3/4/2011 9:20) and ended at (4/19/2012 9:40). The
data used in this case study was chosen as one-year period starting (1/4/2011 0:00) to (31/3/2012 0:00).

Meteorological Tower

7=535.00m D1 _[? § Vi=61.0m

Figure (2) Schematic Diagram of a Meteorological Tower

All raw wind data was screened for missing or inaccurate data. Only three (3) missing data was observed,
as shown in Table 1.

Table (1). Missing data values date and time

No. Date Time
1 13-12-2011 11:30
2 27-1-2012 9:00
3 27-1-2012 9:30

The errors expected from such missing data could be neglected. It can be seen from the above table that
this missing data could be due to data downloading when removing memory card from the data logger. Since
they are small in number and happened for shorter time periods, it was filled by averaging of the previous and
their next reading data sets.
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3. THEORETICAL BACKGROUND

Wind speed varies with time and space. To estimate wind energy potential of any proposed site, the
wind data collected from the location should be properly analyzed, correlated and predicted. Literatures
recommend using available long-term wind data from meteorological stations near the candidate site to be
used for making preliminary estimates of wind resource potential for a proposed site.

In this project, wind measurement system was installed at the site (Hun). It provided the average wind
speed, standard deviation, wind direction, air pressure, air temperature and site solar radiation for ten
minutes time average intervals. This short-term wind data is further grouped over time and analyzed with
the help of statistical models to make precise estimates of the energy available in the wind.

3.1. Wind speed frequency distribution

Wind speed frequency distribution at a site play an important role in evaluating wind potential at that
site. There are several probability functions that could be used to describe wind characteristics at the site
but Weibull distribution is the most used in wind energy field since it fit most sites in the world. Weibull
distribution function of wind speed fw(v) is a two parameters function; scale parameter (C) and shape
parameter (k). It provides important information on wind regime. Knowing the distribution helps estimation
of wind power density and expected energy production from WECS’s at the site. It is an important tool
to determine the probability density function and cumulative frequency function. The probability density
function (f(V)) indicates the fraction of time (or probability) for which the wind is at a given velocity V. The
probability density function can be modeled for a desired site as [14]:

v

fulv)= %(%)krlexp'(?) ............................................................................................................. 1)

for >0,k >0and C>0)

where: C represents the Weibull scale parameter (m/s) and k denotes the dimensionless Weibull shape
parameter.
3.2. The cumulative distribution function:

The cumulative distribution function, F(V), of the velocity V gives the fraction of time (or probability)
that the wind velocity is equal or lower than V. Thus, the cumulative distribution F(V) is the integral of the
probability density function. It is given by [14]:

F(U)Zfaf(v)(h): l—epo ............................................................................................................ (2)

3.3. Estimating c and k by standard deviation method
There are several methods to estimate the values of the k£ and C parameters such as:
1. Graphical method
Standard deviation method

Moment method

L

Maximum likelihood method and
5. Energy pattern factor method

In this paper, the standard deviation method (or Justus method) has been utilized and was adopted to
estimate the shape parameter (k) for its acceptable accuracy range and ease of utilization [8]. Weibull shape
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parameter (k) can be determined by dividing standard deviation with average velocity from the relation
[15- 21]:

k can be easily determined from the values for 6 and V_ which are calculated from the given wind speed
data set. Once k is determined, the scale factor (C), can be computed as:

v

€ T 7 N e nes 4)
r(1+1x)
The average wind speed Vm and the standard deviation can be obtained as:
— L o
V= 0 ; D i ettt ettt et a et et a At b bbb sttt et ettt tete e ananas b st b nerene (5)
=Ly O 6)
n- 1 i=1

The average wind speed U_ and the standard deviation can be calculated by using the estimated Weibull
parameters as follow:

v= [wvﬁ,(v)dv ............................................................................................................................ @)

UV, =C F(l +%> .............................................................................................................................. (8)

where G(x) is the Gamma function. The gamma function is given as [14]:

D)= [T @XDUNET ML ot )

The standard deviation of wind speed can also be calculated in terms of Weibull parameters as:

o=c [r(1 +%)— r2(1 +%)]/ ......................................................................................................... (10)

3.4. Most probable wind speed and maximum energy carrier:

The most probable wind speed v, of a region, and maximum energy carrierv,__ . of wind speed for wind
energy converters are determined as [14, 16-22]:

vm,,=c.<1—%)w .................................................................................................................................... (11)
Vst = c.( — %)w- ................................................................................................................................. (12)

The two wind speeds are very useful to the wind energy investors. Essentially, the v, simply tells the
most frequently wind speed for a given wind probability distribution. The v__  is utilized to estimate the
rated wind speed because the speed carrying the maximum amount of energy and the design wind speed of
the turbine should be as close as possible.

3.5 The wind power density
The wind power density PD using the Weibull model is expressed as [14]:

P= %pcﬂ“(l +%) ............................................................................................................................. (13)

Where p is the air density.
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3.6. Turbulence intensity (T.I)

In addition to the average wind speed which characterizes the property of the site, the standard variation
should be evaluated; since it indicates the rate of variation of wind speed over a time period. Standard
deviation indicates the deviation of each wind speed from the mean value. It is also important to evaluate
the turbulence intensity at a site for many reasons. It changes with the mean wind speed, surface roughness,
atmospheric stability and topographic features. When selecting the sites for wind energy project, it is essential
to determine the turbulence intensity of the location for purpose of power production stability as well as the
life time of system accessories.

Basically, the turbulence intensity (/7) is defined as the ratio between the standard deviation (c,) of the
wind speed, and the 10-minute mean wind speed (V,, ). It is given by:

— Ou
T (14)

Lower values of 6, indicate the uniformity of the site wind speed data.

10m

3.7. Extrapolation of wind speed with height

Due to the effect of the terrain properties different structures exist at the site on the air flow over the
ground the velocity of wind at the ground surface, theoretically, is assumed to be zero. The wind speed is
then increased with height up to a certain height. The rate of wind shear depends on the type of terrain at the
site. The velocity profile commonly can be represented by logarithmic law which is function of the roughness
length or power law, which depends on power exponent.

3.7.1. log law

The calculation can be performed by the following relation:

- v(Z)ln(%:)
o(Zg) = W .............................................................................................................................. (15)
where:

U(Z,): velocity at heights Z
V(Z): velocity at heights Z
z,: surface roughness length (m).

The surface roughness length can be determined if the wind speed is known at two different heights at
the site.

3.7.2. power law

The basic formula is given as:

214
v(Zr) | Zr
where:

v(Z): wind speed at height Z,

L(Zr): reference wind speed at height Zr and
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a: power law exponent

The value of the power exponent can be evaluated from above relation when two measurements of wind
speed are known at the two heights. Several empirical formulas exist at the literature.

3.8. Energy estimation of wind regimes

In evaluating wind resource potential of a prospective site, it is important to determine the power density
or available power of the wind per unit area of a wind rotor as well energy density. The wind energy density
(E,) is the energy available in the regime for a unit rotor area and time.

Selecting wind turbines for a proposed wind farm and estimating its energy production needs to evaluate
the most frequent wind velocity (VF-max), and the velocity that contributing the maximum energy (VE-max)
at the site. The peak of the wind speed probability density curve represents VFmax where VE-max can be read
from the peak of energy probability density curve.

Due to the cubic relationship of velocity and power, the contribution of V for power generation is

usually higher than V. Therefore, for selection of turbines in according to Ilg(r;aélassiﬁcation, it was tried
to found the turbine which has rated wind speed (V) as close as possible for the site V, value. Selection
of this kind of turbines will be advantageous to maximize the power production at such site. The energy
production could be estimated in terms of frequency distribution f(u) at the site and power curve of the

proposed wind turbine P(u) from its V, to V_ as:
~ ~ k-1 i
P= [ fwpdn= [ £ %) exp(~(%) )P oo (17)
0 0

3.9. Capacity factor

Capacity factor is an important factor for evaluating the performance of any prospective wind power farm
or wind energy project. It is defined as the ratio of the actual energy produced by wind turbines at a site to that
of the energy that could have been produced by these wind turbines if they had worked at their rated power.
Mathematically, it is given as:

where:
T: Time duration
E_: Energy actually produced by wind turbines

P,: Rated power of wind turbines

3.10. Wind direction

The wind direction is affected by site geography, global and local climatic conditions as well as by earth
rotation. It varies with the lateral turbulence intensity and in coastal sites it can vary during the day and night.
The distribution of the wind direction is represented by a Wind rose.

3.11. Extreme value analysis

Extreme winds are usually given in terms of 10-minute mean wind speeds, with recurrence period of
1- year or 50-year. The 50-year wind speed is the 10-minute mean wind speed, which, on average, is exceeded
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once every fifty years. Determination of the 50-year wind speed requires an extreme value of wind speed.
According to the International Electrotechnical Commission standards, IEC 61400-1 (3rd. ed. 2005) [23],
wind turbines are classified according to their ability to withstand extreme wind speeds at 50m hub height,
mean wind speed and turbulence intensity, such classification is presented in table (2). The following relations
could be used:

For estimating the wind gust of 50-year period:
h 0.11
v@w(h):jL4un47;;] ...................................................................................................................... (19)

To estimate the annual gust the following relation could be used:
Vgt (1) = 0.78V2650 (B) oot (20)
where:

V__: maximum wind speed or (extreme reference wind speed) expected to be as a mean value over 10

e ref”

min period.
V,s maximum or extreme wind speed expected within 50- years
V,: maximum or extreme wind speed expected within 1- year

TI15: characteristic turbulence intensity at a wind speed of 15 m/s

Table (2). The IEC 61400-(3rd. ed.-2005) Wind turbine Classes [ 23]

Wind Turbine Class I II III S
Vref (m/s) 50 42.5 37.5 Values
A Tref (-) 0.16 Specified
B Iref (-) 0.14 by the
C Tref (-) 0.12 Designer

where:

Vref: is the extreme reference wind speed averaged over 10-minutes.
A: designated category for higher turbulence characteristics

B: designated category for medium turbulence characteristics

C: designated category for lower turbulence characteristics

Iref: the expected turbulence intensity at 15 m/s

3.12. Availability of wind turbine:

The availability of a wind turbine at a site is an important factor for investors. It describes the operating
probability of a wind turbine at a site. It could be estimated if the cut-in and cut-out wind speeds are known.
Also, the percentage of time that a wind turbine is expected to work at its rated power could be estimated if
the rated wind speed of the wind turbine is known. The availability factor (A}) of a given wind turbine with
cut-in (Vci) and cut-out (Vco) wind speeds, can be calculated as [24,25]:

A,a = P(Um <p=< Uo) = F(Uo)_F(Uin)
e L (21)

— () ()
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4. RESULTS AND DISCUSSION

Wind data of Hun was analyzed according to section (3). Microsoft excel spreadsheet was used for the
analysis. The results are presented in the following sections.

4.1 Seasonal and Diurnal pattern of Wind Speed at Hun

The wind speed seasonal and diurnal variations at different heights are presented in Figures 3 to 5. As it
could be noticed that the highest wind speeds, for all months, are at 61m height. April has the highest wind
speed followed by February and January then May and June. The lowest value is in December. The calculation
of the hourly average wind speeds was performed for wind records at the four heights. Figures 4 and 5 show
the diurnal variation of wind speed at 61m. As it can be noticed in these figures that there is a variation in the
diurnal pattern of wind speed. The site is exposed to low wind speed during the middle of the day, and high
speeds during night time and early hours of the day.
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Figure (3) Annual average wind speed at different heights for Hun
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Figure (4) Wind speed diurnal pattern for Hun at 61 m a.g.l. (Apr-11 to Sep-11)
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Figure (5) Wind speed diurnal pattern for Hun at 61 m a.g.1 (Oct-11 to Mar-12)

4.2. The wind speed probability distribution and calculation of Weibull parameters

The monthly and annual Weibull shape and the scale parameters were calculated according to section
(3.1) and (3.3). The results of Weibull parameters are presented in Table 3. At 61m height, the highest scale
parameter (C) is 7.25 m/s in April while the lowest scale parameter is 5.71 m/s in October. The annual shape
(k) and scale parameters (C) range from 2.27 at 61m a.g.l. to 2 at 20m a.g.l., and from 6.42 m/s at 61m to
5m /s at20m. 016
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Figure 6. Comparison of observed wind speed and wind frequency simulated
by the Weibull function (June-2011).

Wind speed frequency distribution was estimated by Weibull probability density function according to
section (3.1) and compared to natural frequency or histogram obtained from wind speed observation at the
site. An example of the comparison of the monthly observed wind speed frequency and wind frequency
simulated by the Weibull function for (June-11 at 60m) is depicted in Figure (6). The similarity of both trends
illustrates the good representation offered by such a model when compared to the actual measured data.
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Estimation and evaluation of distribution parameters monthly and annual values of these parameters are
summarized in Table 3. The monthly values of the scale parameter C vary between 5.64 -13.17, while the
monthly values of the shape parameter k varied between 1.97 - 9.13.

Table 3. Shape parameters (k) and scale parameters, ¢ (m/s) for Hun at different heights.

Month V @ 61lm V @ 60m V @ 40m V @20m
k C k C k C k C

Apr-11 2.64 7.25 1.93 7.18 1.87 6.68 1.73 5.86
May-11 2.28 6.77 2.27 6.71 2.24 6.24 2.14 5.48
Jun-11 2.30 6.79 2.30 6.75 2.30 6.28 2.25 5.50
Jul-11 2.36 6.25 2.35 6.20 2.33 5.71 2.26 4.95
Aug-11 2.35 5.94 2.33 5.90 1.91 5.40 2.12 4.63
Sep-11 2.72 6.11 2.70 6.05 2.62 5.50 2.37 4.63
Oct-11 2.23 5.71 2.21 5.63 2.14 5.15 1.98 4.42
Nov-11 243 6.14 2.42 6.03 2.31 5.43 2.08 4.59
Dec-11 2.02 5.39 2.04 5.26 1.89 4.71 1.75 3.94
Jan-12 2.38 6.92 2.40 6.66 2.23 6.20 1.98 5.31
Feb-12 1.95 7.20 2.00 7.00 1.88 6.50 1.75 5.58
Mar-12 1.87 6.61 1.87 6.49 1.73 5.92 1.57 5.06
All year 2.27 6.42 2.23 6.32 2.12 5.81 2.00 5.00

4.3. Cumulative distribution of wind velocity

Cumulative distribution curve is constructed by plotting the cumulative time for which the wind velocity

is below the upper limit of a wind class interval. Figure 7 shows an example of the cumulative curve for month
of April-2011 at 61m. The figure shows that 90% of the speeds are below 11m/s, 84% are below 10m/s and
50% are above 6 m/s. The maximum wind speed is 21 m/s with only 0.14% occurrence.
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Figure (7) Cumulative distribution curve at 61m (Apr-11)
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4.4. Wind Shear (velocity profiles)

In this paper Eq. (15) was used to determine surface roughness length and Eq. (16) for power law exponent.
These equations were presented in section (3). These values are then used to extrapolate wind speed to the
turbine hub height by utilizing the power law approach.

As presented in table (4), the average value of the wind shear exponent is 0.18, which can be classified as
“Flat grass land or low shrubs”. This description was taken from table (5) that illustrates the description for
ranges of wind shear coefficient.
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Figure (8) Monthly variation of power exponent. Figure (9) Monthly variation of surface roughness

The roughness length for the site has an average value of 0.17 m. As it could be noticed in table 6,
this value indicates that the roughness class for the location is 2.5. The landscape types for this particular
roughness class are shown in table (6). Figure (8) shows the monthly variation of power exponent with height
at level 40-60 m a.g.l., while Figure (9) depicts the monthly variation of surface roughness length.

Table 4 - Wind shear exponent (a) and roughness length (Zo)

V (m/s) Z (m) Wind Shera Exponent
6.37 60
Power Law 5.93 40 0.18
Roughness Length (m)
6.37 60
Log Law 5.93 40 0.17

Table 5. Wind shear coefficient [ 26]

Landscape Type Friction Coefficient (a)
Lakes, ocean and smooth hard ground 0.10
Grasslands (ground level) 0.15
Tall crops, hedges and shrubs 0.20
Heavily forested land .025
Small town with some trees and shrubs 0.30
City areas with high rise buildings 0.40
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Table 6 - Roughness class and landscape type for roughness length values [26-28]

Roughness | Roughness
Land T
Class Length (m) andscape type
0.0 0.0002 Water Surface.
0.5 0.0024 Completely open ground with a smooth surface, e.g. concrete runways at the
’ ’ airports, mowed grassland, etc.
Open farming areas fitted with no fences and hedgerows and very scattered
1.0 0.0300 1. .
buildings. Only softly rounded hills.
Farming land dotted with some houses and 8m tall sheltering hedgerows
1.5 0.0550 1 .
within a distance of some 1250 m.
Farming land dotted with some houses and 8m tall sheltering hedgerows
2.0 0.1000 1 .
within a distance of some 500 m.
Farming land dotted with many houses, shrubs and plants, or with 8m tall
2.5 0.2000 . . .
sheltering hedgerows within a distance of some 250 m.
30 0.4000 Villages, hamlets and small towns, farming land with many or tall sheltering
' ' hedgerows, forest areas and very rough and uneven terrain.
3.5 0.8000 Large cities dotted with high rise buildings.
4.0 1.6000 Very large cities dotted with high rise buildings and skyscrapers.
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Figure (10) Vertical wind velocity profile

Wind shear exponent was used for extrapolating the wind speed to height of 100m. Figure 10 shows

the variation of wind speeds with height. As seen in this figure, the value of wind speed at 100m height was
estimated to be 6.97 m/s.

4.6. Turbulence Intensity

Turbulence Intensity is calculated as the standard deviation of the wind speed divided by the wind speed.

It is a measure of the gustiness of a wind resource. Lower turbulence results in lower mechanical loads
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on a wind turbine. 10-minute interval was used for plotting the turbulence intensity for each month. The
turbulence intensity for April -2011 at 61m is presented in Figure 11.

16

25

Wwind speed (m/s)

Figure (11) Turbulence Intensity vs. Wind Speed, (April-2011 at 61m height)

It could be noticed that turbulence intensity is lower than 0.4 for most wind speeds above 2 m/s and
converges, approximately, to less than 0.2 at higher wind speeds.

Figure 12 shows the monthly average variation of turbulence intensity in Hun at three heights. It could
be noticed that the turbulence intensity, in general, decreases with height. The highest value is recorded in
March and lowest in September.
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Fig (12) Monthly variation of turbulence intensity in Hun at 3- heights

4.7. The wind speed characteristics and power densities in Hun

The monthly and annual wind speed characteristics were evaluated for each height. Average wind speed
(v,), standard deviation (STD), the most probable wind speed (v, . ), wind speed that contribute to highest
energy at the site (v, ), power density and energy density were evaluated for each month at the four heights.
The results are presented in Tables 7 below.
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Table 7 - Monthly and annual wind speed characteristics at 60m

v Up o Vg s ED ET
Month STD Density
(m/s) (m/s) (m/s) (W/m?) (Wh/m?)
Apr-11 6.37 3.48 1.16 4.92 10.38 297.23 214007.51
May-11 5.94 2.80 1.15 5.20 8.85 204.73 152319.10
Jun-11 5.98 2.79 1.13 5.27 8.87 204.05 146916.40
Jul-11 5.49 2.51 1.12 4.90 8.06 153.27 114032.28
Aug-11 5.23 2.41 1.13 4.63 7.70 134.54 100096.43
Sep-11 5.38 2.16 1.14 5.10 7.43 132.72 95561.63
Oct-11 4.98 2.41 1.16 4.28 7.54 125.39 93290.10
Nov-11 5.34 2.37 1.18 4.84 7.73 145.24 104575.03
Dec-11 4.66 2.42 1.21 3.78 7.35 114.44 85142.92
Jan-12 5.90 2.64 1.21 5.32 8.57 202.45 150626.01
Feb-12 6.20 3.28 1.20 4.95 9.89 273.69 190485.95
Mar-12 5.76 3.25 1.19 4.30 9.59 233.86 173994.85
All year 5.60 2.68 1.17 4.84 8.43 176.67 1551868.00

For example, as seen in table 4.5, the highest value of power density (ED) at 60 m above ground level (a.g.1.)
was 297 W/m? in month of April-2011, with VE.max of 10.38 m/s and energy density of about 214 kWh/m2.

Figure (13) shows the variation of wind power density for a whole year for four heights. Low average power
density is experienced from July to December for all heights.
at 61m at 60m
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Figure (13) Variations in monthly average power densities of wind speed at different heights.

4.8. Wind Rose

The wind rose is a tool to determine the prominent wind direction at a site. The wind direction at Hun was
analyzed using a wind rose diagram; the objective was to find the prevailing wind direction.
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Fig (14) Wind rose of Hun wind for June 2011 Fig. (15) Wind rose of Hun for December 2011

Knowledge of the prevailing wind direction is used when decisions are made for the orientation of the
wind turbines in a wind farm. The analysis was performed for each month. Results are shown for months of
June 2011 (Figure 14) and December 2011 (Figure 15), as an example.

4.9. The wind speed characteristics and power densities in Hun

The monthly and annual wind speed characteristics are presented in Table 8 below for each height. For
example, as seen in Table 8, the highest value of energy density (E;) was 306.11 W/m?* at month of Feb-12,
withv, of 10.33 m/s.

Table 8 - Monthly and annual wind speed characteristics at 61m

v Up s v, ED ET

Month STD Density

(m/s) (m/s) (m/s) (W/m?) (Wh/m?)
Apr-11 6.44 2.64 1.16 6.05 8.98 235.61 169641
May-11 6.00 2.81 1.15 5.26 8.92 210.15 156354
Jun-11 6.02 2.80 1.13 5.3 8.91 207.68 149529
Jul-11 5.53 2.51 1.12 4.95 8.09 155.95 116027
Aug-11 5.26 2.40 1.13 4.69 7.72 136.23 101356
Sep-11 543 2.17 1.14 5.16 7.48 135.77 97753
Oct-11 5.06 2.43 1.16 4.37 7.62 130.09 96786
Nov-11 5.44 2.41 1.18 4.93 7.86 153.05 110197
Dec-11 4.78 2.51 1.21 3.84 7.59 124.82 92864
Jan-12 6.14 2.77 1.21 5.51 8.94 228.62 170093
Feb-12 6.38 3.45 1.20 4.99 10.33 306.11 213053
Mar-12 5.87 3.31 1.19 4.39 9.76 24711 183847
All year 5.69 2.68 1.17 4.97 8.49 182.80 1605485
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4. 10. Wind turbine selection

The wind turbines are selected under the consideration of the following parameters resulted from the
project site data analysis and turbine classification according to IEC 61400 standards:

Cut-in and cut-out wind speed
o Annual mean wind speed
o Wind speed of maximum occurrence for energy generation
o Most frequent wind speeds
o Annual gust wind speed

o Annual turbulence intensity

o The selection of hub height from the available data of turbine turbines in the market.

The reference wind speed and gust values are evaluated according to equations (19) and (20) and IEC wind
turbines classifications in table (2). The results are presented in table (9).

Table 9 - Estimated extreme wind speeds for Hun

Parameter H (61m) H (80m) H (100m)
v, (m/s) 5.96 6.25 6.51
v (m/s) 28.45 31.25 32.57
L, s, (M/s) 39.83 43.75 45.6
v, ,, (m/s) 29.87 32.8 34.2
T.L 0.18 0.18 0.18

Therefore, the selected wind turbines for hub heights between 80 and 100 m a.g.l. should be of class IIT A.
The turbines selected for this study have rated power of 2MW to 3MW. The characteristics of selected turbines
are available at related companies’ websites [29-31]. The estimated energy output and capacity factor were
calculated and the results are presented in table (10) and (11).

4.11. Estimation of monthly energy production and capacity factor

The total energy generated by the turbine over a period can be computed by adding up the energy

corresponding to all possible wind speeds in the regime, at which the system is operational. Hence, along

with the power characteristics of the turbine, the probability density corresponding to different wind speeds

also comes into our energy calculations. Tables presented below show the estimated monthly energy output

and capacity factor for the selected turbines.

Table 10 - Estimated Energy output, Capacity factor at hub height for selected turbines (April-2011_

September -2011)

Turbine Type Apr. May June Jul. Aug. Sep

Vestas V90-2000 Gs | E_ (kWh/mo) 579,831 | 527,464 | 510,884 | 448,397 | 398,571 | 396,000
CF % 40 35 35 30 26 27

Nordex N100-2500 E_, (kWh/mo) 730,740 | 669,414 | 646,507 | 567,557 | 506,939 | 504,650
CF % 41 36 36 31 27 28

Vestas V112-3000 Eout (kWh/mo) | 937,665 | 866,611 | 836,948 | 738,386 | 663,169 | 654,780
CF % 42 38 38 32 29 30
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Table 11 - Estimated Energy output, Capacity factor at hub height for selected turbines (October-2011_
March-2012)

Turbine Type Oct. Nov. Dec. Jan. Feb. Mar.

Vestas V90-2000 Gs | E_ (kWh/mo) 363,530 | 409,679 | 334,138 | 569,544 | 538,035 | 477,492
CF % 24 28 22 38 38 32

Nordex N100-2500 E_, (kWh/mo) 459,125 | 520,396 | 427,252 | 723,092 | 677,916 | 602,567
CF % 25 29 23 39 39 32

Vestas V112-3000 E_, (kWh/mo) 601,846 | 677,617 | 559,435 | 935,641 | 864,272 | 776,476
CF % 26 31 24 41 40 34

The results presented in tables above show that Vestas V112-3000 with a hub height of 119m has higher
energy output and capacity factor compared to other turbines. This makes it the best choice to be installed at
the site.

4.12. Availability factor of wind turbines at the site

The availability factor for each wind turbine at the site of Hun was calculated according to equation (21)
and the results are presented in table (12). It could be noticed that Nordex N100 and Vestas V112 have higher
availability factor since both have cut in wind speed of 3 m/s and rated wind speed of 13m/s, which is closer
to the wind speed that contribute to optimum energy density at the site.

Table 12 - Availability Factor of Wind Turbines at Hun Site

Wind turbine type Availability factor A
Vestas V90-2000 71%
Nordex N100-2500 83.7%
Vestas V112-3000 83%
5. CONCLUSIONS

The main goal of this study was to identify and understand wind characteristics at one of the Southern
locations of the country and to evaluate the potential of the site for wind generation. So, wind data was
analyzed for a Southern city in Libya (Hun) using different statistical models and calculations were performed
to estimate wind energy potential at the site. Energy production was investigated using different wind
turbines which were selected according IEC standards criteria and performance of these wind turbines.
Detailed wind data analysis was performed for the proposed site using Excel spreadsheet for one-year period
from (April 2011 to March 2012). Wind data are measured at four heights of (20 m, 40m, 60m and 61m) above
ground level (a.g.]).

On completion of the study, the following observations can be drawn:

e Overall the monthly and annual average wind speeds in Hun are moderate, based on wind data at
61m height.

e  The average wind speed at the wind turbine hub height is about 6 m/s and energy of 584,960 kWh/
month could be extracted. This average wind speed is reasonable since a minimum speed of 6.0 m/s
is needed for wind-electric generation.

e At 61m height, the highest scale parameter is 7.25 m/s in April while the lowest scale parameter is
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5.71 m/s in October.

e  The annual shape and scale parameters range from 2.27 at 61m to 2 at 20m, and from 6.42 m/s at
61m to 5 m /s at 20m, respectively

e Atthissite 90% of the wind speeds are below 11m/s, 84% are below 10m/s and 50% are above 6 m/s.

e  The highest value of the most probable or most frequent wind speed, at 61 m a.g.l. is 6.05m/s in
April-2011. So the chance of its occurrence, as well as the average wind speed is acceptable.

e  The highest value for the maximum energy carrier wind speed is 10.33 m/s in February-2012. So,
the chance its occurrence is moderate.

e  The maximum wind speed at the site is 21 m/s with 0.14% occurrence.
e  The wind turbines suitable for this site should be of class I11/B.

e  Vestas V112-3000 gave the highest capacity factor of 42% in April and an availability of 83% while
Nordex N100-2500 gave capacity factor of 41% for the same month and availability of 83.7%.

e  There is a distinct diurnal variation of the wind speed, which attains above average conditions
during the early daylight hours and during the night, whilst dropping below average during the
midday.

e A marked wind direction distribution is exhibited for all months at the site. Winds tend to blow
from the sectors East (E) North (N), and North-west (NW) directions with comparatively few days
during which the winds blow from the remaining sectors.

e  The Weibull distribution is well suited for this particular area making it a handy tool for the
calculation of parameters relevant to wind power generating systems.

e  The site would be an acceptable site for wind energy projects, either stand alone or wind farms.

e  Additional measurements may be considered for the region. However, the present work is
only a preliminary study in order to estimate the wind energy potential for the location. For a
comprehensive study prior to construction and installing wind energy conversion systems, more
detailed studies should be performed.
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