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ABSTRACT

The development of wind energy conversion systems
becomes one of the most important aims of any deusj
countries such as Tunisia. This is due to the réoluén wind
turbine costs, and in fossil fuel atmospheric pgal The
evaluation of wind power potential is very necegs&o
estimate wind resource and therefore conduct thealde
decisions for the wind power generation proje@shhnical and
economical feasibility researches. The presenterk Wwo this
paper was to investigate the potential of wind uese in the
Gulf of Tunis in Tunisia. The hourly mean wind sgesd wind
direction with a 10-min time step provided by thR®l weather
station were used to analyze the wind speed cleistats and
the wind power potential. Weibull parameters arémesed
based on the most frequently used methods whiclr the
accuracy was compared on different goodness tddis. Those
wind characteristics are required to give wind pcojusers the
picture of wind potential in the Gulf of Tunis.

INTRODUCTION

knows a wide use and represents the fastest groeieggy
technology. Statistics have already shown thatatsly growth
in terms of installed capacity is very promising [5

It is important to state that more than 83% ofwueld-
wide wind capacity is installed in only five coues: Germany,
USA, Denmark, India and Spain where most of thedwin
energy knowledge is developed [6]. At the beginnaighis
century, the improvement of wind energy continuad & has
been implicated in many fields like education, eesh and
some expert projects for electric use. The spreadvind
energy progress is not evenly distributed arourdwbrid. By
the end of 2001, the total operational wind powapacity
worldwide was 23,270 MW. We note that 70.3% of this
capacity was installed in Europe, followed by 19.i?MNorth
America, 9.3% in Asia and the Pacific, 0.9% in kieldle East
and Africa and 0.4% in South and Central Amerida [6

At the present time, wind turbines are the most enod
technologies that can be installed quickly [7]. the end of
2008, the established wind power capacity was atdlsn.2

Nowadays, the socio-economic development is one of GW for the whole world and only 593MW in Africa biliat is

the important goals of many countries. Howevers toal is
always accompanied by an
Actually, this target is completely failed in maoguntries all
over the world due to the lack of electrical enepggduction
processes. Indeed, it is estimated that two billkitizens in
developing countries suffer from lack grid basedctlcity

service [1]. Unfortunately, several applicationghasensitive
and strategic interest, for instance, the relays

telecommunication, borders stations, isolated hgbitlinics,
etc...require continuous and permanent energy suppsome
cases, grid extension can be impractical becausispersed
populations. Hence, small off grid stand alone watde
energy systems represent a significant solutionnforowing
the electricity gap in rural parts of the develapimorld [2,3].
Judged as clean and abundantly available in natenewable
energy sources like wind turbine (WT) and solar tptioltaic
(PV) are now well developed and cost effective. tVanergy
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set to change rapidly thanks to new plans whicteveerclared

increase of energy demand.there. For example, Egypt has announced projecthate

7,200MW of wind electricity by nearly 2020, meetihig% of

the country's energy needs. Over the same periaipddo

aims to satisfy a 15% of its electrical energy regqaent based
to wind energy farms. Unlikely, South Africa andri@ have
not announced such long-term goals and so forth.

SITE DESCRIPTION AND EXPERIMENTAL DESIGN
This present study is related to the wind energy

assessment in the central coast of the Gulf ofctygtal of
Tunisiawhich represents an intriguing cross-cultural blefid
Europe and Africa. It is located on the North Afiiccoast of
the Mediterranean Sea, with 1298 km coastline, éetw
Algeria and Libya and just south of Italy. Tunisierainland is
situated between the approximate latitudes 30-3#i



longitudes 8-12°E. This country has a small surfafc&64,150

whereZuup, Zanem» &V Zup), V(Zgnem) are respectively the

km? an average population density of 56 persons.and ahub height of the wind turbine, the anemometer titeithe

maximum altitude of 1544 m (Jbal- Chaambi).

The north of Tunisia has a wet climate while theaie
(aridity) is spread out in the south with Saharay weather
beginning from the state of Tataouin to the Libymrders. In
fact, the occurrence of hot southern winds, in reprand
summer seasons, are responsible to the semi-aweitgher in
the south. The coasts are extensive from Tabarkhetasland
of Jerba and Zarzis. The hilly regions of Tunisiedted in
North—-West and the West of Tunisia are charactérizg a
little wind potential while the other regions ofetlcountry and
specially the coastal plains are relatively windy.

In the present study, the treatment of 52704
measurements of hourly mean wind speed and wirattibn
with a 10-min time step provided by the NRG weatstation
in the central coast of the Gulf of Tunis in Tuaidor the
period 2008-2009. Further measurements, which vwererded
every 10 min, could be provided by this statione livind
direction, ambient temperature and the solar flaX. the
characteristics of wind energy of the studied sitze been
thoughtfully investigated and annually spatial mean
information of wind energy potential has been ater

ik

Fig.1. Geographic description 6f the étudied area
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MODELINGOF WIND POTENTIAL CHARACTERISTICS
WIND SPEED ADJUSTMENT
Wind speed data is frequently available from aedéht
height than the hub height of the turbine. Theafté different
heights on wind speed has been studied by mananesss
[8]. Wind speed at any hub height can be adjusteth fthe
measured wind speed by anemometer using the pawer-|
equation [9]:
V(Zhup) Znup \*
VZanem) (—)

(Eq. 1)

Zanem
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power law exponent, the wind speed at the hub he&flthe
wind turbine and the wind speed at anemometer heigh

The exponentg, under the heading “the ground surface
friction coefficient”, varies with ground level fght, time of
day, season, nature of the terrain, wind speeds] an
temperature. A previous study was done by Dahmetiral.
[10] who indicated that the experimental value toé power
law exponent is 0.185 and this value will be addgte this
work. Indeed, in this paper, we assume also tteaathdensity
is equal to 1.225 kg/n

WEIBULL DISTRIBUTION METHODS

Wind speed frequency distribution has been repteden
by various probability density functions such asmgaa,
lognormal, three parameter beta and Rayleigh, Weibu
distributions. Recently, the Weibull distributiodaps central
part in the study of wind climate and wind energ§][ Since
the Rayleigh distribution is only a subset of theibwull
distribution, it has been one of the most commardgd and
recommended distribution to evaluate wind energtemtial
and it has been used for commercial wind energy wafes
such as Wind Atlas Analysis and Application PrograiAsP)
[12]. The Weibull distribution is often used to cheterize
wind regimes because it has been found to provideoal fit
with measured wind data [13]. The probability denfiinction
is given as follows [38-45]:

Y AR B
fn=%(3) el (Eq. 2)

whereV, Kand C are respectively the wind speed, the shape
factor (unitless) and the scale paramétey's).

We note that the shape factorvalue is an indication of
the breadth of the wind speeds distribution. Sitdh small K
values correspond to broad distributions of windeesh
meaning that winds tend to vary over a large ramigepeeds
and thus the power produced by the wind turbineldveary
accordingly. Sites with larg& values correspond to narrower
wind speed distributions, meaning that wind speedd to stay
within a narrow range and thus the wind turbine Mqaroduce
a steadier power. We reminder also the scale paeange
indicates how ‘windy’ a wind location under consi#on.
There are several methods which have been proptsed
estimate Weibull parameters [14]; graphic methodximum
likelihood method and moment method are commongdus
estimate Weibull parameters. Also, a recent mefhagosed
by Akdag and Dinler [15] in 2009 that is referredthe power
density method” will be exhibited in the followirsgction.

* Moment method
Justus [16] et al. have proposed the moment meilamte the
shape factok and scale parametércan be estimated with the
following expressions:

k = (%)__1'086 1<k<10 (Eq. 3)

(Eqa. 4)

r(+p)



whereo, V, T are respectively the standard deviation, the mean

wind speed and the gamma function.
The standard deviation can be calculated as follows:

_ 0.5
o =|(z5 Zmvi - ) (Eq. 5)
Furthermore, the mean wind spééds calculated by:
V=(33rv) (Eq. 6)

where n is the number of wind speed measurements.

I' is gamma function which is defined by the follogin
integral equation that can be solved by the stahdamula
[17]:

F(x) = [ "1 e tdt (Eq. 7)

e Cumulative probability method
This method is derived from the cumulative disttibo
function which is determined by :
F(V)) = o, p(V) (Eq. 8)
wherep(V;) is the percentage probability for each winds class
which can be given by the following relation:

_ _fi _fi_
P = - =11 (=12, N) (Eq. 9)

where f; andn are respectively the frequency of each
observed speed class and the number
measurements.

The probability of having all wind speeds will beity:

[y pWav = p)av + [ p(V) dv = 1(Eq. 10)

In another hand, the above expression can be widtse
follows:

J, p(NAV =1 - F(V) (Eq. 11)
After integration ofp(V) from V to infinity we obtain:

1—-F({V)=exp (— (%)k) (Eq. 12)
Thus, we achieve the cumulative probability functadf
a Weibull distribution. In order to write the aboradation in a
linear from, we take twice logarithm of the cumivat
probability function:
v k

—(=) =mn[1-F()] (Eq. 13)
kIn(V) —klIn(c) =In (=In[1 = F(V)]) (Eq. 14)
Now we assume that:

x=In(V)andy = In(—In[1-F()]) (Eq. 15)

Using this assumption, (Eg. 15) will have a linéam:y =
Ax+ B, if A=k and B = —klIn(c) wherec = exp (— %)'
Thus, the Weibull parameters are related to tharpatersA
andB of the line.A is the slope of the straight line aBds its
intersection point ordinate with the y-axis. Thealsgtical

calculation of A and B is possible using the least squares
method (LSQM).

* Maximum Likelihood method
Stevens and Smulders [18] have suggested the Maximu
likelihood method where the shape factor and thalesc
parameters of the Weibull distribution are estirddtg the two
following equations:
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of wind speed

n .k . n A\ 7L
k = (Zizzl:;]l ;le(VI) _ Yiz1 :1 (VI)) (Eq 18)
i=1"1
n_y.k 1/k
c= (L) (Eq. 19)

whereV; andn are respectively the wind speed and the

number of observed nonzero wind speeds. Usingntieitod,
the calculation has two steps such that: (i) caleulthe
summations in Eqgs. (18) and (19) with looking olutero wind
speeds which make logarithm indefinite and at thament
determine the shape parameter with help of (Eq.&R) (i)
find scale parameter using a numerical techniquerder to
find the calculate the root of (Eq. 19) around R F9].

» Power density method
Akdag and Dinler [19] have suggested a new methadely
power density method, which is very useful to eatenscale
and shape parameters thanks to its easy compleiople
formulation and also needs less computation. Indéedoes
not require binning and solving linear least squan@blem or
iterative procedure.

According to the PD method, the shape paramdétecan be

calculated using the following expression:

3.96

K=1+—"3

(Ep)°
whereE, is the energy pattern which according to theditere
is between 1.45 and 4.4 for overall wind distribatiin the
world.
The energy pattern can be expressed also as follows

v3

where(V)3and V3 are respectively the average cube of wind
speed and the average of wind speed cubes.

It is noticeable that:

73 = (Z 2 v)? (Eq. 22)

V3 = % (A (Eq. 23)
whereV; andn are respectively the observed wind speed in
time stage and the number of non zero wind speed data points.
After computing the shape parameter using (Eq. @2@),scale

parameter can be also calculated easily using ehewfing
expression:

(Eq. 20)

_ 4

©or(ivg)
where V, T are respectively the mean wind speed and the
gamma function.

(Eq. 24)

FREQUENCY DISTRIBUTION ACCURACY

In order to control the accuracy of each mentioned
Weibull distribution method (M-M: moment method, -GP
cumulative probability method, ML-M: maximum likethod
method and PD-M: power density method) two exanonat
are mainly adopted; the first one is the corretatioefficient,
RZ%, which can be calculated by :

2 _ N L (i—xp)?

RE=1- N, i-9)2 (Eq. 25)

The second one is the root mean square eRMSE,
which is given as follows:



1 0.5

RMSE = [ I (i — x)?] (Eq. 26)
where N, y;, x; and y are respectively the total number of
intervals, the frequencies of observed wind speath,dthe
frequency distribution value calculated with Welbul
distribution and the average ¢f values. It is concluded as
better method ifR?> magnitude is bigger oRMSE value is
smaller.

CUMULATIVE PROBABILITY FUNCTION
The cumulative probability function of the Weibull
distribution is given as [20]:
k
F(V) = 1 — exp (— @) ) (Eq. 27)
This function gives the probability of the wind sgeexceeding
the valueu which is expressed by [71]:

k
p(V=u) =exp (— (g) ) (Eqg. 28)
The probabilities of a wind speed betwagnandu,is
given by:

p (u; <V <u,) =exp (— (uf)k) —exp (— (uf)k) (Eq. 29)

MOST PROBABLE AND OPTIMUM WIND SPEED

wind is blowing.P;( p,V) depends on the air density and wind

speed. It is given as follows :
1

Pa(pV) =5 pV? (Eq. 35)
In the above expression, gfis expressed ikg m™2 andV is
expressed inms~! Py(p,V) is obtained in Wm™2,

P;(p,V)Qq), , is the basic unit for measuring the power
contained in the wind [13].

Wind power density of a site based on a Weibullbphility
density function can be expressed as follows [22]:

L= [PPWfWNAV =2 pciT (%) (Eq. 36)
Once wind power density of a site is given, the dvenergy
density for a desired duration (a month or a yeam be

expressed as:

E 1 k+3
s=reerT()r (Ea. 37)

whereT is the time period (or duration). For example,
is 720 hr for monthly duration.
Table 1 recapitulates all wind energy charactessior a given
Weibull distribution:

Table 1. All wind energy characteristics for a given Weibull
distribution

There are two meaningful wind speeds for wind eye
assessment; the most probable wind speed and titespeed
carrying maximum energy can be simply obtained. st

Wind

. Formula
characteristic

probable wind speel,,, is referred to the most frequent wir
speed for a given wind probability distribution. ¢an be

Mean wind speed V=cxTI(1+ 1;)

calculated as the following:

Ve = ¢ (1) (Eq. 30

The optimum wind speed for a wind turbirg, is the speec

that generates the most energy. The wind turbinet rbe
selected with a rated wind speed that matchesnthismum-

I a

Standard deviation
of wind speed

< Ir50) - (50)

energy wind speed for maximize the generated enerbis
wind speed can be calculated as follows [21]:

Vop = € (%)UK (Eq. 31)

ENERGY AND POWER IN THE WIND
The kinetic energyk,, of a massn of air that moves through
cross sectiond perpendicular to the wind speét may be

expressed as follows:
Ex=;mV? (Eq. 32)

Most probable K — 1\1/K
wind speed Vup =c¢ ( e )
Optimum wind K +2\'/¥
speed Vop = ¢ ( X )
Mean wind power P 1 . - k+3
density A-2P°C ( k )
Mean wind energy E 1 . r k+3
densiy i=37er ()

As the mass of air is the product of the air dgngitand the
volume of the air that passes through the ateduring the
period t. The energyE, may, therefore, be expressed as
follows:
Ex=2(pAVO V2=~ pAVit (Eq. 33)
It is well known that the power of the wind thad\ls at speed
V through a blade swept ardaincreases as the cube of its
velocity and is given by :

P(V) = §pAV3 (Eq. 34)

The wind power density,; ( p, V), defined as the power
per unit of area perpendicular to the directiomfrarhich the
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This section covers the monthly and the yearlyrdilivariation
of mean wind speed, the annual and the seasonal win
direction, the comparison between the exact wineedpdata
and the results provided by four Weibull methoddemms of
wind frequency distribution. Then, the yearly ahé seasonal
frequency distribution will be predicted by the mescurate
method. Also, the yearly and the seasonal wind etsh
probability duration” of the Tunisian Gulf will beshown.
Finally, the exact power density will be fitted lttye above-
mentioned Weibull methods in order to conclude Whitethod
predicts it more truthfully.



DIURNAL MEAN WIND SPEED AND WIND DIRECTION
ANALYSIS

DUIRNAL MEAN WIND SPEED

The diurnal variation of wind speed gives inforroati
about the availability of appropriate winds durithg entire 24
h of the day. Thus, to study this pattern, ovehalirly mean
values of wind speed for every month and for theletyear
are shown in Fig. 2. It is mentioned that the dalirwind
speeds has practically the same shaped trend iativarfor all
the considered months. It can be found that thémay from 7
a.m. to 7 p.m., is windy over all the year, whie night time is
relatively calm. Because of thermal convection, trestical
exchange in momentum would be most manifested gwanly
afternoon which, and therefore, results an increafsevind
speed. Contrarily, the vertical exchange in monmmnituless at
night that contributes a decrease of wind speea fAdurly
means increase at around 7 a.m. and the peakeaskbed at
around 4 p.m. After that, the afternoons are charaed by
decreasing wind speeds. This point toward that drigh
electricity could be produced during 7 a.m. to m,pwhich also
coincide with higher electricity demand time in TarBesides,
one can observe that during the summer months rafisant
rate of variation is occurred which can be expldibg the high
temperature stratification at the summer period.fdot, as
shown from Fig. 2 the highest variation of diurnaan wind
speed is observed during the month of August andk it
registered that mean wind speed varied from 3.4at’sa.m to
8.2 m/s at 3 p.m. One can observe also that Makphi| and
May corresponds to the windiest period (spring eepsf the
whole year with a maximum mean wind speed exceetling
value of 8.66 m/s.

It have to mention that as the accessible data

corresponded only to 1 year, no decisive outcorhesild be
carefully pinched, additional examination shouldcheried out,
since neglecting the diurnal wind patterns couldule in
significant under- or overestimation of the wind ey
potential of the measurement site.

9
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Fig. 2.Yearly and monthly diurnal mean wind speed
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WIND DIRECTION ANALYSIS
The prediction of wind direction is very imperativhen the
installation of a wind turbine or a wind farm. Rbis reason, it
has to construct wind roses based to hourly meawd wpeed
and corresponding wind direction values. Wind rodéter
from one site to another and are identified as fooi
meteorological fingerprints. Hence, a close looktte wind
rose is very useful for sitting wind turbines. 8@ large share
of wind comes from a particular direction then thend
turbines should be installed against that direction
To construct the wind rose and analyze the frequenc
distribution, all hourly average values of wind sgeand wind
direction were used, and the obtained wind roseshown in
polar diagrams and are measured clockwise in degiHee
cardinal points (from 0° to 360°) are divided in 4éctors and
each of them covers an arc of 22.5°. The frequerauie plotted
in polar diagrams (wind Rose) with respect to teeuted
cycle, at 30 m above ground level. Fig. 3 (a) shohat the
yearly direction of wind blows in the Gulf of Tunis
characterized by its obvious stability. It is ne@ble that the
most probable wind direction is between 270° an@°36e.
southeastern winds. According to the same figur#, is
observed that the wind frequency appears to be Mawyin
southwestern, south-southwestern, northeastern aasit-
northeastern directions . It is remarkable that wheespread
winds are southeastern on a contribution of avilamergy
estimated to 20.42%.

One can observe that during the spring season3-ig.
(b), the wind prevalent directions are the west redsoutheast
with a contribution for the producible winds resipesly by
16.08% and 18.70%. Also, during this season, tieeaaye wind
speed did not go over 15 m/s. During the summesaekig. 3.
(c), the phenomenon of sea breeze, which takese plden
temperature differences between the land and theicrease
[28] and therefore a wind from the sea that dev&loger land
near coasts, has a significant impact on the wirgttlon. It is
clear that during this season, the wind flows etsaiyn from
the northern and the southeastern directions witkeraent of
producible wind that exceeds respectively 17% ad¥%.20ne
can deduce that this phenomenon has an importatritmation
to the available wind energy in this site. Besideg. 3. (c)
shows that during the summer season the averagespieed is
always less than 10 m/s and rarely it exceedsvtiige. During
the autumn season Fig. 3. (d), the frequencies witith the
wind direction falls within each direction sectaeavery low
compared to the other seasons and we concludéhibaieriod
corresponds the most stable season of the yearomlth The
prevalent wind flows from the southeastern directisith a
percent equal to 22.16%. Finally, the obtained Itesduring
the winter season Fig. 3. (e) that the winds bldrmsn the
western and the southeastern directions with a epérc
respectively equal to 17.69 and 19%. It is obviaiso that
during this season, the probability of high windesgs are
mainly low compared to whose observed during thieerot
seasons.
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Fig. 3.Annual and seasonal wind roses at 30 m height

PROBABILTY DENSITY FUNCTIONS
COMPARISON OF METHODS

Fig. 3. shows the probability density function tloe fraction of
time, based on the four above-mentioned methodgpared to
the exact wind speed data where the wind speedtlisnvthe
interval given by the width of the columns (herd @n/s is
selected). The choice of this bin interpolatioreiglained by
the fact that it shows with precision the probapibf a wind
speed being in a 0.1 m/s interval centered on taioevalue of
V. A wind speed frequency histogram is obtained lwydihg

the number of observations in each bin by the tot@hber of

Table 2. Annual Comparison of methods at 30 m height

Parameters | Moment MLH CP PD
method method method method
K 1.92474 | 1.91679 | 1.97941 | 1.90083
c (m/s) 6.37011 | 6.37011 | 6.55540 | 6.36771
R? 0.82062 | 0.82220 | 0.81176 | 0.82489
RMSE 0.02893 | 0.02880 | 0.02964 | 0.02859
0.16
[ 1 Exactdata

0.14

PD-M
-==- CPM
0.12 —— MM
—---- ML-M

0.10

0.08

Frequency distribution (%)

0.06

0.04

il oo
0 2 4 6 8 10 12 14 16 18 20
Wind Speed (m/s)

Fig.4.

observations in the data set. This actual wind dpee (jstribution (observed data at 30 m.a.g.l.) withurfditted

observations was fitted in the widely wind energyWeibull

distribution and the suitability of the four wellwn

distribution will be judged as the first main oljee of this
paper. The veracity of the Weibull distribution &tion is

mainly assessed according to its ability as howseldhe
predicted probability by Weibull distribution is the obtained
frequency. In this part of this study, air densgyconsidered
equal to 1.225 Kg/fh The correlation coefficient @Rand the
root average square error (RMSE) are used to eealilee
performance of the four Weibull distributions. Asogvn from
Fig. 4, frequency distributions the predicted by thbove-
mentioned methods fit with good accuracy the exact data.
Table 2

illustrates the analysis results of the shapeofakt the scale
parameterc, the correlation coefficient @R and the root
average square error (RMSE) of each Weibull distitim

method. According to the results shown in Fig.4 dadble 2,
Power Density method predicts more accurately timel wpeed

Weibull PDF based on: moment method (M-M), maximum

likelihood method (ML-M), and cumulative method KOs
power density method (PD-M)

FREQUENCY DISTRIBUTION ANALYSIS
Once the monthly shape factd) @nd scale parameteare
calculated analytically using the power densityrapph, the
estimated annual and monthly Weibull frequencyritistions
of wind speed of the studied station are showrign %and
table 3. According to the results given by tablé & found
that the maximum of average wind speeds are adhigweng
the months between June and March reaching itehkighalue
of 6.94 m/s in March. Also, the lowest values oérmage wind
speed are recorded in September and October m@abising
its smallest value of 4.54 m/s during the monti®ofober.
The results recapitulated in table 3 show alsotti@iVeibull
parameters are distinctive for different montha iyear, which
averages that the monthly wind speed distributiedintly over

based to the Rand the RMSE analysis because it corresponds the whole year. It is clear also that, the shaptof& ranges
to the biggest value of ®Requal to 0.82489 and the smallest from 1.59 to 2.43 where it tends to be higher fupnil to

RMSE value equal to 0.02859. Thus, it is recommentte
predict the wind speed distribution in the centrahst of the

September. The higheswalue is 7.83 m/s in March and the
lowest is found to be 5.3 m/s in October.

Gulf of Tunis using the Power Density method. The Fig. 5. shows that the peak frequencies are shitiegrds the

corresponding values of the yearly shape fa&toand scale
parametet are respectively 1.90083 and 6.36771.

higher values of average wind speed. The highestk pe
frequencies are registered during September andb@rct
months reaching respectively the values of 16.1d Bh41%
while the yearly peak frequency does not exceedvithee of
13.50%. We can observe also the same pattern byparimg
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Comparison between Exact Wind speed frequency



the peak of frequency distribution between the lyeane and
the lowest values of probability distribution whiake related to
March and May months. Moreover, the yearly freqyenc
distribution cannot evenly describe well the opfinvand

speeds because even it has roughly the same péaqoéncy
distribution relatively compared to December and rilAp
months, the optimal wind speeds of these two morsties
respectively 5.60 and 3.50 m/s while the yearlyropt average
wind speed is 4.03 m/s. Hence, it is clear that ybarly

frequency distribution cannot describe accuratkly monthly
ones in term of peak frequency and optimal windedpe
Therefore, we precede a seasonal frequency disuibu 3
analysis to refine better the evaluation of winéqgfrency g
distribution.

2
[

Table 3. Monthly average wind speed, Weibull parameters and, o,

wind power density at 30 m height

spring and summer seasons, the discrepancy in térpeak
frequency between the seasonal and the corresgpmadmthly
distributions does not exceed 0.01% while it caroger 0.018%
during the autumn season.
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June 6.13005 2.43893 6.91283 0.02 0.02
July 5.69869 2.27507 6.43329 000 Lo S ool ‘

August 5.39888 2.17353 6.09627 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
September 4.79645 2.19439 5.41593 Wind speed (ms) wind speed (m/s)

October 4.54507 2.12456 5.13197 . S
NovEmToEr 528341 1.75703 5 93366 Fig. 6. Seasonal frequency distribution
December 5.44700 1.65820 6.09377

CUMULATIVE DISTRIBUTION FUNCTION
— — Wind turbines are designed with a cut-in speedther
= wind speed at which it starts to produce power, aralt-out
s speed, or the wind speed at which the turbinebelshut down
to prevent the drive train from being damaged. fRost wind
014 February turbines, the range of cut-in wind speed is 3.0/$, so the
= ool probability P (V = 3.0) and P (V > 4.5) are computated as

e follows:

3 010 — 4%

E P(VZu)—exp(—(z))

5008 [ ——— — YearlyFD (Eq 40)

3 The probability, which can be expressed also by

& e thousand of operating hours in a year, gives thatdun as a

o oe function of velocity. It is observed that the agtérg hours of
turbines can reach 6896 hours per year (78.72%)eifcut-in

10 12

8
Wind Speed (m/s)

Fig. 5. Monthly frequency distribution
The seasonal probability distributions of wind sfeeare given in
Fig. 6. One can observe that the obtained seadcemliency
distribution according to the power density metldaedcribe very
well the wind speed distribution in term of peakduency and
optimal wind speed along the months in the considiereason
with the exception of the autumn season. For ic&am winter,
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speed is 3.0 m/s, and 5224 hours (59.63%) if théncspeed is
4.5 m/s (assuming the cut-off wind speed is inénitHence,
the operating ratio is high over the year and tledwower
potential in the Golf of Tunis is promising and diturbines in
this region can run efficiently almost all the tinkég. 7. shows
the seasonal curves ‘“‘speed-probability” in thadsed site at
30 m above ground level. It is noticeable that fing curves
have similar changing trend. However, the tendesfagecline
is higher for autumn and winter seasons than spénd

summer seasons. For instance, during the dry pesfothe

year, means both spring and summer seasons, locitye3



m/s, the duration of operating hours is about 7@8%), while
during whole year and the wet period (autumn andtewi
seasons), the operating hours is about respect8829 (79%)

Table 4. Yearly, seasonally and monthly most probable and
Optimum wind speed for different hub heights

and 6395 (73%). This is a hopeful result becausmglhe dry Most probable wind speed (m/9) | Optimum wind speed(m’s)
3 . . Height (m)
period of the year, the wind turbines can operatepfully T T T T ® T = T & | 0 | B [ B [ @ [ % | @
and meet the highest electricity demand of Tun"seeially Tanmary | 25 | 2927 | 315 | 3311 | 3468 | 358) | 8012 | 9108 | 9818 | 1035 | 10791 | 11161
; ; P February | 3233 | 3903 | 4207 | 4437 | 4624 | 4785 | 7123 | 8097 | S738 | 9205 | 9393 | 991
correspondlng of CO_OlII’lg buildings ?‘nd even the bemof ima; 1730 | 3378 | 5997 | 6113 | 6371 | 6390 | S738 | 9957 | 10732 | 11319 | 11796 | 12201
operating hours during the wet period is lessen tdn0Se ~ ap [ 2507 [ 5 | 5557 | 5850 | 6097 | 6306 | 7920 | 900% | 9705 | 10236 | 10667 | 11088
occurred in the dry one, it is promising becausatihg — My | 365 | £135 [ £&7 [ S6T [ 488 | 505 | 91 [ 10368 | L0817 [ OsT[
- . . R - . Tune | 4393 | 5065 | 35567 | 5871 | 6119 | 6320 | 7211 | S.198 | 8836 | 9319 | 9712 | 10085
buildings installations in Tunis has not operatwgh high ——T=me T2a7 [ 295 [ 520 [ 522 [ 560 [ €00 [ 7075 | &38| £95 [ 9230 | 060
electricity background_ August | 3% | 4239 | 4391 | 484 | 3096 | 3219 | 6716 | 7633 | 8230 | 8630 | 9036 | 93%6
September | 3399 | 3808 | 4104 | 4329 | 4311 | 4666 | 3937 | 6730 | 125 | J&B | 1897 | 8271
10 October | 310F | 3329 | 3808 | 4011 | 4181 | 432 | 5723 | 6506 | 7012 | 73% | 707 | 1912
November | 2998 | 3409 | 3674 | 3873 | 4038 | 4177 | 7462 | 8483 | 014 | 068 | 10031 | 103%
0.9 December | 2948 | 3238 | 3430 | 3681 | 3436 | 3963 | 8014 | 9110 | 9820 | 10356 | 10795 | 11163
Seasom | 10 | 20 | 30 | 40 | %0 ] W | 2 | % W | W ]
08 Spring | 2290 | 4877 | 5257 | 3345 | 3778 | 3877 | 8617 | 979 | 10359 | 10137 | 11606 | 1200
Summer 4107 4669 | 5.033 3308 3332 5721 6.963 1913 83312 8.998 9378 9.699
07 Spring Season Autumn | 3083 | 3505 | 3778 | 3084 | 4157 | 4293 | 6461 | 7343 | 7918 | 8351 | €702 | 9001
s s Winter | 2955 | 3336 | 339 | 3093 | 3955 | 4088 | 7035 | 8093 | 9478 | 99% | 10418 | 10975
0.6 vmmer season Annual 3.508 3988 | 4299 4534 | 473 4887 7383 8622 9204 9.802 10215 | 10366
_g Winter Season
:é 0.5 Autumn Season
&
0.4 WIND POWER ANALYSIS
- veary As shown in Fig. 8, one can observe that the paeesity has
0.3 ) . B
the same trend of monthly variation. It is foundttthe highest
02 value of power density is achieved in the monthMsdrch
. reaching 367.04 W/frwhile its lowest value corresponds to
.1 . .
101.86 W/m? occurred in October. Table 5 summarihes
0.0 = comparison in of wind power densi§y and average wind
R S R s S S S speedV,, between the actual data and the results obtaiged b

Fig. 7. Yearly and seasonal Wind ‘“‘speed-probability
duration”of the Tunisian Gulf at 30 m height

MOST POBABLE AND OPTIMUM WIND SPEED
The optimum and the most probable wind speedshfor t

different periods during the year at six hub hesglre
summarized in table 4. It is found that both thestrfarobable
and optimum wind speed increases with height thHrougthe
entire year. It is clear that for all consideredugrd level
heights the lowest values of most probable windedpare
observed in January month while its highest valaes
achieved during the month of June.

Besides, the highest and the lowest values of tlest m
probable wind speed are reached respectively ddhiegpring
and the winter season. For instance, the most plebaind
speed attains the value of 5.257 m/s at 30 mia.gte spring
season while it is slightly more than 3.59 m/s lie winter
season.

Concerning the optimum wind speeds, its highesd an
lowest values are registered respectively durirgrttonths of
May and October. One can remark also that theelstggalues
of optimum wind speed are achieved in the spriragee while
the smallest ones are reached in the autumn se&son.
example, the optimal wind speed reaches the vdl18.69 m/s
in the spring season at 30 m.a.g.l while it is abyput 8.35 m/s
in the autumn season.
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the four methods mentioned previously. It is cléaat the
moment method (M-M) is the best method for predigtthe
actual wind power density according to the ErRyrwith a
value of 0.172%. One can deduce also that the Cumulative
Probability method (CP-M) presents the highest eaifiError
with a value 06.470%. Based to the results shown in the Table
5, the power density method (PD-M) presents an rBPgoof
1.164 % and this issue proves that the best méibofitting

the frequency distribution of wind speed given biye t
measurement data does not coincide always withméthod
which truthfully estimates the wind power density.

500 — T [ T T T [ T [T [T 7
450 ¢ Actual data |
i - - - CPM

400 r

—@ - MM
—A— MMM

350
300 ¢

250 ¢

Power density (W/m2)

200]
150 |

100 ¢

507\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\

Fig. 8. Comparison between Exact Wind power density and the
four fitted Weibull PDF based on: moment method NW\-



maximum likelihood method (ML-M), cumulative meth@@P-
M), power density method (PD-M)

Table 5. Monthly Comparison between average monthly speed

and power density calculated using Weibull paramete
estimated from the four methods and actual dathengulf of
Tunis at a heiaht of 30 m

Actnal data Moment method | MLH method CP method PD method

Mot TN T R | Ve | B | Ve | B | Ve | B | Ve | B
(mfs) | (Wm) | (ms) | (Wm)) | (ms) |(Wmd) | (m/s) | (Wm) | (ms) |[(Wm))
January | 5.27852 | 221.65 | 5.27852 | 221.11 | 5.20495 | 22143 | 5.69902 | 217.10 | 527852 22530
February | 539119 | 18549 | 530119 | 188.79 | 530041 | 191.34 | 541676 | 18548 |[5.30119| 187.04
March 6.94342 | 367.04 | 6.94342 | 360.22 | 6.94324 | 372.46 | 5.80676 | 230.90 | 6.94342 | 370.70
April 643528 | 27941 | 643528 | 287.61 | 6.43060 | 289.15 | 5.51613 | 196.37 | 6.43528 | 282.98
May 6.43400 [ 357.17 | 6.43490 | 352.86 | 6.43361 | 35337 | 5.81075 | 231.92 | 6.43490 | 361.29
June 6.13005 | 221.94 | 613005 | 225.75 | 6.12243 | 226.48 | 5.56611 | 201.93 | 6.13005 | 226.67
July 5.69860 | 189.42 | 5.69869 | 191.97 | 5.69933 | 193.04 | 546647 | 190.92 | 5.69869 | 19243
Angust 530888 | 167.52 | 539888 | 17193 | 5.69933 | 17288 | 525917 | 16936 | 5.39888 | 170.19
September | 479645 [ 116.26 | 4.79645 | 118.06 | 4.80078 | 118.78 | 4.87385 | 134.82 | 479645 | 118.33
October 4.54507 | 101.86 | 4.34507 | 101.94 | 4.34910 | 102.84 | 5.30730 | 174.33 | 4.54507 | 103.65
November | 5.28341 | 196.20 | 5.28341 | 195.02 | 5.30424 | 19493 | 571610 | 219.15 | 5.28341 | 198.83
December | 44700 | 23077 | 544700 [ 231.82 | 546302 | 233.13 | 5.76928 | 22585 | 544700 | 23417
Annual 565 | 21989 | 565 |21951 565 | 22146 581 | 23192 565 | 22245
Exror pg (%) 0.172 0714 5470 1164

CONCLUSION

Detailed statistical study of wind speed and pouatedifferent
hub heights in the central coast of the Gulf of iSun Tunisia
is exhibited. Hourly mean wind speeds with a 10-tirime step
provided by the NRG weather station were statilijica
analyzed. Wind speeds and power densities are edeling
Weibull probability function. The shape factor atite scale
parameter are identified using four different mediothe
moment method, the cumulative probability methotle t
maximum likelihood method and the power density hodt
The four probability density functions have beeatefl to the
measured probability distributions and the powersity on a
yearly basis (2008-2009). First, based to the teggiven in
terms of the correlation coefficient YRand the root mean
square error (RMSE) of each Weibull distributiomdtion
considered in the survey, it is found that the Wikiprobability
function, with parameters predicted from the powlensity
method (PD-M), estimates with accuracy the exaetjdency
distribution than the other methods. Second, adegrtb the
analysis of the ErroPy, it is found that the moment method
(M-M) estimates the wind power density more truliiyfahan
the other methods. In this study, the most
characteristics of wind resource have been invattdy The
results show that the central coast of Tunis inidianis an
important region for exploiting the power of wina ¢ienerate
electrical energy.
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