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ABSTRACT 

The choice of a wind turbine for a given site is a very significant operation. It is advised to make an in-depth study on 
the characteristics of the aerogenerator and the implantation site before any installation of a wind farm for choosing 
well the system best adapted to the energy needs. The objective of this study is to sensitize the users of the wind energy 
on the various problems involved in the aerogenerator installation on any site and to provide a decision-making aid to 
the judicious choice of the wind system best adapted. The idea is to estimate, for a selected implantation site, the energy 
production and the operating time of several wind systems. We can thus select the aerogenerator best adapted by mak- 
ing a compromise between a maximum recovery of energy and a high time of production. The influence height of the 
aerogenerator on energy profitability is also studied. We apply this step to the twenty six Tunisian synoptic sites by im- 
plantation scenarios of seven wind systems of various nominal speeds in function of the height. 
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1. Introduction 

Face to the environmental problems caused by the green- 
house gas emissions during exploitation of the conven- 
tional resources, other alternative energy resources were 
and must continue to be developed. Among them, we can 
quote the inexhaustible renewable energy resources, which 
enable us to produce electricity more and more easily and 
properly. 

In this study, we are mainly interested in the wind 
power which is regarded as a promising source in the im- 
provement of the energy balance and the environmental 
preservation. In reality, the realization of a wind power 
station must take into account the wind resource. Thus, 
the study of the wind potential is a fundamental com- 
ponent of a wind project which determines the annual 
production and which allows the project manager to esta- 
blish its business plan [1-8]. An error of a few percen- 
tages in the evaluation of the wind potential can have 
disastrous consequences on the future profitability of the 
project. 

In this study, we propose a practical approach enabling 
to estimate energy provided by a given wind system on 
an implantation site chosen. This approach, taken with 
several machines and for various heights above ground 
level, results in a phase of optimal choice of the best 
adapted aerogenerator to the retained site while basing 

itself on energy efficiency, economic and technical of 
wind installation. 

This approach is applied to the twenty six synoptic 
sites distributed on all the Tunisian territory. The implan- 
tation scenarios carried out on seven different wind sys- 
tems and according to the height, enable us to select the 
best adapted aerogenerators to the Tunisian sites. 

2. Analysis of Measured Wind Data 

The wind is a clean, renewable and increasingly eco- 
nomical energy; but it is a variable phenomenon. How- 
ever, the wind energy production depends on this varia- 
tion. Consequently, we need to evaluate the wind char- 
acteristics of the site to be able to conceive a wind pro- 
ject. In the same way, this study offers to the investors to 
determine the estimated production of the future wind 
installation. 

2.1. Geographical Situation and Relief of Tunisia 

First, Tunisia is a Mediterranean country of a surface of 
164,154 km2. It is located between altitude 30˚N and 
37˚N latitude and between 8˚E and 12˚E longitude 
[4,9-11]. Its littoral extends on 1300 km and comprises 
five large gulfs. Tunisia has common borders with Alge-
ria to the West and with Libya to the South. The country 
can be divided into three zones (Figure 1): 
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Figure 1. Geographical position and relief of Tunisia. 
 

- Littoral Tunisia which extends to the East from Biz- 
erte to the Sahel (Sfax) composed primarily of hills and 
plains. 

- Interior Tunisia composed essentially of mountains 
and valleys.  

- Tunisian desert, which represents 55% of the whole 
of the Tunisian territory. 

Surrounded by the Mediterranean, Tunisia has a 
Mediterranean climate to the North of the country and 
desert to the South. The climate is generally soft. The 
annual temperature varies between 10˚ and 20˚ in winter 
and between 20˚ and 36˚ in summer. The temperature 
can reach 45˚ in summer for the areas of the Tunisian 
South. 

2.2. Methodology Used 

To reveal the good sites of wind in Tunisia, it is neces- 
sary to evaluate the wind characteristics (mean speed, 
power density and available energy) in the 26 meteoro- 
logical sites distributed on all the Tunisian territory. The 
analysis of the wind is carried out using the meteoro- 
logical method [9-11] using the measurement tables of 
the I.N.M. (Meteorology National Institute) indicating 
the cumulated frequency  F V



 of the wind speeds 
“superior or equal” at the classified speeds . The oc- 
currence frequency 

V
f V  is defined by the following 

relation 

     1f V F V F V               (1) 

The characteristic speeds of the wind (the mean m , 
the most energetic e  and the most frequent 

V
V fV ) are 

defined by the following expressions: 

 
1

n

m i
i

V V f V


  i                  (2) 

  maxfV V f V                 (3) 

  maxe dV V E V                 (4) 

The power density varies considerably according to 
the places and days’. It depends on the speed and on the 
wind frequency. The power density of the wind, per unit 
of surface swept by the turbine blades, is given by the 
following expression: 

 3

1

1

2

n

d i
i

P V f


  iV               (5) 

with   is the air density, equal to 1.225 Kg/m3 for a 
temperature of 15˚C and a pressure of 1013 mb.  

Similarly, the available wind potential in the study site, 
per unit area and for a year, is expressed by: 

8.76dE dP                 (6) 

2.3. Frequency and Energy Distribution of the  
Wind Speed 

Based on hourly meteorological data provided by the 
I.N.M. in the form of tables to 16 directions and for a 
five year period (2004-2009), we trace the histograms of 
the frequency and the energy of classified wind speeds 
(all confused directions) for the twenty six Tunisian sites 
(Figure 2).  

The measurements are taken with a standard height of 
11 m above ground level and in an open area. Thus we 
can determine the areas most favorable for the exploi- 
tation of the wind in Tunisia. 

The result of the analysis of Figure 2 shows that the 
statistical distribution of the available wind energy is, 
because of the variation with the cube of the speed, 
shifted towards the high values of the wind speed: this 
explains why, for a given site, the most frequent speed 
contributes very slightly to total energy and is always 
lower at the most energetic speed; while the frequency of 
the most frequent speed is always superior than the fre- 
quency of the most energetic speed. 

2.4. Analysis of Wind Characteristics 

Table 1 gives the numerical results of the wind charac- 
teristics (the mean speed m , the most frequent speed V

fV , the most energetic speed e , the power density d  
and the available energy ) for the twenty six synoptic 
sites. 

V P

dE

At the height 11 m above ground level, the wind 
characteristics in Tunisia are modest. Indeed, the annual 
mean wind speed varies between a minimum of 2.09 m/s 
(in Kairouan) and a maximum of 5.45 m/s (in Thala). In  
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Figure 2. Frequency and energy distributions of the classified wind speeds for various sites to 11 m high in an open area. 
 
general, an average is needed exceeding 4 m/s to justify 
the wind turbine installation. Similarly, the annual power 
density (respectively available wind energy), per unit of 
area, also varies between 17.29 W/m2 (respectively, 
151.43 kW/m2/year) in Kairouan and 256.49 W/m2 (res- 
pectively 2246.83 kW/m2/year) in Thala. 

The analysis of Table 1 has enabled us to classify 
these sites in four groups [9]: 
 A first group of excellent wind potential, noted (A) 

whose energy is superior to 2000 kWh/m2/year. It is 
formed of two sites Thala and Kebili. It covers 
20.49% of the available total energy in the twenty six 
sites. The annual mean wind speed exceeds 5 m/s. 
This group presents the energy zone and most promi- 
sing for the exploitation of the wind power.  

 A second group of good wind potential, noted (B), in 
which energy varies from 800 to 2000 kWh/m2/year. 
It comprises eight sites (Elborma, Tozeur, Jerba, Mo- 
nastir, Nabeul, Gafsa, Bizerte and Kasserine) and ac- 
counts for 45.5% of total energy. The annual mean 
wind speed is between 4 and 5 m/s.  

 A third group of average wind potential, noted (C), 
interests eight sites (Tunis, Tabarka, Sfax, Tataouine, 
Remada, Zaghouan, Gabès and Mahdia) and covers 
only 23.1% of total energy. Its wind energy varies 
from 350 to 800 kWh/m2/year. The annual mean wind 
speed is between 3 and 4 m/s. 

 A fourth group of low wind potential, noted (D), 
concerns eight sites (Siliana, Kelibia, Jendouba, Sidi 
Bouzid, Medenine, Elkef, Béja and Kairouan) and 
covers only 10.91% of total energy. Its wind energy is 
lower than 350 kWh/m2/year. The annual mean wind 
speed is lower than 3 m/s. 

Also, it was possible to establish maps of the annual 
spatial distribution of mean speed and available energy 
of wind for the whole country (Figures 3 and 4). These 
cards, as was expected, have significant similarities and 
clearly indicate the regions most favorable for the ex- 
ploitation of the wind energy in Tunisia. 

Thus, the most interesting zones for the exploitation of 
the wind energy arise clearly (Figures 1 and 2): they lie 
in the North, North-East, West and South of Tunisia. On 
the other hand, the zones where the annual mean wind 
speed is lower than 4 m/s, like the regions located inside 
the country in the North-West and South-East, are much 
less favorable to the use of the wind energy. As an ex- 
ample, in the Jandouba region, to recover a total energy 
identical to that which one can discount in Bizerte, it will 
be necessary to use a wind turbine of diameter more im- 
portant and/or located on a higher pylon. The cost of the 
installation will be consequently much larger. 

We also note that a variation of 30% of the annual 
mean wind speed from one site to another, which is not 
exceptional, involves a variation of wind energy of a 
factor 2 (for instance, see the characteristics of the Kas- 
serine and Kebili sites). 

Practically, it is interesting to implant the wind turbine 
distant from any obstacle and sufficiently high to take the 
maximum of energy [12-14]. That is why we are inter- 
ested in the study of the influence of the mast height of 
the wind systems on energy profitability. 

2.5. Influence of Height on the Wind Resource 

The Von Karman theory showed that, for a flow under 
constant flux and neutral atmospheric conditions, the 
profile of the wind speed is a logarithmic curve of the  
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Table 1. Wind characteristics for different sites at 11 m 
height in an open area. 

Sites Groups 
Vf 

(m/s) 
Ve 

(m/s) 
Vm 

(m/s) 
Pd 

(W/m2) 
Ed 

(kWh/m2/year)

Thala 4 10 5.45 256.49 2246.83 

Kebili 
A 

2 12 5.08 227.99 1997.21 

Tozeur 3 8 4.66 138.75 1215.41 

El Borma 5 7 4.73 131.50 1151.97 

Jerba 3 7 4.64 131.24 1149.58 

Kasserine 2 8 4.11 126.73 1110.12 

Bizerte 1 8 4.12 113.55 994.72 

Monastir 4 8 4.29 111.04 972.63 

Nabeul 4 8 4.36 106.63 934.09 

Gafsa 

B 

3 7 4.27 91.88 804.88 

Tabarka 3 8 3.66 87.94 770.39 

Tataouine 2 6 3.50 73.59 644.63 

Tunis 3 7 3.65 71.56 626.83 

Remada 3 6 3.43 64.17 562.14 

Zaghouan 2 6 3.31 62.76 549.80 

Sfax 2 6 3.62 60.23 527.64 

Gabes 3 5 3.15 44.96 393.85 

Mahdia 

C 

2 6 3.10 42.97 376.41 
Sidi 

Bouzid 
2 5 2.66 35.40 310.10 

Siliana 2 5 2.74 35.22 308.54 

Mednine 2 5 2.70 34.53 302.48 

Jendouba 1 6 2.63 32.27 282.71 

El Kef 2 5 2.58 29.93 262.18 

Beja 1 5 2.42 28.00 245.17 

Kelibia 2 5 2.44 25.38 222.32 

Kairouan 

D 

2 5 2.09 17.29 151.43 

 

 

Figure 3. Annual mean wind speed at 11 m height in an 
open area (in m/s). 

 

Figure 4. Available power density from wind at 11 m height 
in an open area (in W/m2). 
 
form [11-15]: 

  *
0

0

Log pour
U h

V h h Z
k Z

   
 

       (7) 

with:  V h  is the mean flow speed to altitude . h
In the Tunisian meteorological stations, the wind 

speeds measurements are taken to 11 m height above 
ground level. These stations are often located at airports 
and having an open area roughness ( 0Z  = 0.07 m). So, 
to transpose the data that is available (at 11 m) at the 
level that interests us (such as the propeller height), it is 
nec- essary to correct the wind measurements. 

If we relate the measured speed (at 11 m) at height , 
we obtain the following correction factor  (Figure 
5): 

h
 C h

   
 

0

0

11
Log

11

Log

V m Z
C h

hV h
Z

             (8) 

The new values of the wind characteristics 
 , , , andm f e d dV V V P E  calculated at the height h will be 
estimated directly starting from the wind characteristics 
to the height 11 m by the following relations: 

Corrected mean speed: 

(11 m)
( ) ( ) [ ( )]

( )
m

m i i
i

V
V h V h f V h

C h
         (9) 

Corrected most frequent speed: 

        
 
11 m

max f
f i i

V
V h V h f V h i

C h
        (10) 
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Figure 5. Influence of height on wind characteristics. 
 

Corrected most energetic speed: 

        
 

11 m
max e

e i d i

V
V h V h E V h i

C h
        (11) 

Corrected power density: 

       
 

3

3

11 m1

2
d

d i i
i

P
P h V h f V h

C h
        

  
    (12) 

Corrected available wind energy: 

     
  3

11 m
8.76 d

d d

E
E h P h

C h
 

  
         (13) 

The vertical extrapolation of the measured wind char-
acteristics at 11 m height to a desired height  implies 
a relative gain in speed  and a relative gain in power 

h

vG

pG  of expressions: 

     
 

 
 

11 m 1

11 mV

V h V C h
G h

V C

 
 

h
       (14) 

     
 

 
 

3

3

111 m

11 m
d d

P
d

C hP h P
G h

P C h

     
  

    (15) 

For example, extrapolation of data measured at 100 m 
height enables an increase of 43% on the characteristic 
speeds (mean mV , energetic eV  and frequent fV ) of 
the wind and 190% on the power density (Figure 5). 

3. Site-Wind Turbine Adaptation 

3.1. Usable Wind Energy 

The typical curve of a wind turbine is defined by Figure 
6. Because of the operating mode of the wind systems, 
recoverable energy at the exit of a wind system repre-
sents only one portion of the available energy  in the 

wind [16-19]. 

dE

The usable wind energy varies both with the values of 
the machine characteristic speeds (cut-in speed dV , 
nominal speed n  and cut-out speed cV ), i.e. with the 
type of wind turbine considered, and with the site via the 
wind frequency distribution 

V

 f V . It is defined, per unit 
area and during one year, as follows: 

   3 34.38
n c

u i i n
i d i n

E V f V V f
 

   
 
  iV      (16) 

The extrapolation of this energy in function of height h 
is written: 
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(17) 

The values of the characteristic speeds of a wind tur- 
bine depend on the type and the size of the wind ma- 
chines.  

They must be adapted in function of the wind charac- 
teristics of the establishment site. We study, for the 26 
meteorological stations and the 7 types of wind turbines 
defined by , the wind energy ratio nV u dE E : 

   

 

3 3

3

1

n c

i i n i
i d i n

u d N

i i
i

V f V V f V
E E

V f V

 





 


        (18) 

and the annual operating time Tf : 

     f d c dT P V V V F V F V     c       (19) 

Let us note that fT  is independent of the nominal 
speed  of the machine. nV

3.2. Application to the Tunisian Meteorological  
Sites 

The objective of this paragraph is to provide a help to  
 

Vd Vc Vn

Pn

P 

V 
 

Figure 6. Ideal power curve of the wind turbine. 
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judiciously choose the best wind system adapted to a se- 
lected implantation site [6]. 

For this purpose, we have chosen 7 types of wind tur- 
bines defined by their nominal speeds   nV  11, ,nV  

17 m s . The cut-in dV  and cut-out cV  speeds are 
constants and are respectively equal 3 and 25 m/s. 

The selected height is of 60 m above ground level, 
which corresponds to a corrective factor  (60) = 75%, 
a relative gain in speed v  = 33% and a relative gain in 
power density 

C
G

pG  = 137% (compared to the speed and 
the power density at 11 m height). Table 2 gives the new 
values of the wind characteristics to the 60 m height. 

For the 26 meteorological stations distributed on the 
whole of the Tunisian territory and for 7 chosen types of 
wind turbines, Figures 7 and 8 give the annual wind en- 
ergy ratio u dE E  and the annual operating time fT  

 at the 60 m height.  dV V V  c

The analysis of Figure 7 shows that: 
 
Table 2. Extrapolation of the wind characteristics for dif- 
ferent sites at 60 m height in an open area. 

Sites Groupes 
Vf 

(m/s) 
Ve 

(m/s)
Vm 

(m/s) 
Pd 

(W/m2) 
Ed 

(kWh/m2/year)

Thala 5.33 13.33 7.27 607.98 5325.82 

Kebili 
A 

2.66 16.00 6.77 540.42 4734.13 

Tozeur 4.00 10.66 6.21 328.89 2880.97 

El Borma 6.66 9.33 6.31 311.70 2730.60 

Jerba 4.00 9.33 6.19 311.09 2724.93 

Kasserine 2.66 10.66 5.48 300.40 2631.40 

Bizerte 1.33 10.66 5.49 269.16 2357.85 

Monastir 5.33 10.66 5.72 263.21 2305.49 

Nabeul 5.33 10.66 5.81 252.75 2214.14 

Gafsa 

B 

4.00 9.33 5.69 217.79 1907.86 

Tabarka 4.00 10.66 4.88 208.45 1826.11 

Tataouine 2.66 8.00 4.66 174.44 1528.01 

Tunis 4.00 9.33 4.86 169.62 1485.82 

Remada 4.00 8.00 4.57 152.11 1332.48 

Zaghouan 2.66 8.00 4.41 148.76 1303.23 

Sfax 2.66 8.00 4.83 142.77 1250.70 

Gabes 4.00 6.66 4.20 106.57 933.57 

Mahdia 

C 

2.66 8.00 4.13 101.85 892.23 

Sidi 
Bouzid 

2.66 6.66 3.55 83.91 735.05 

Siliana 2.66 6.66 3.65 83.48 731.35 

Mednine 2.66 6.66 3.60 81.85 716.99 

Jendouba 1.33 8.00 3.51 76.49 670.13 

El Kef 2.66 6.66 3.44 70.95 621.46 

Beja 1.33 6.66 3.23 66.37 581.14 

Kelibia 2.66 6.66 3.25 60.16 526.98 

Kairouan 

D 

2.66 6.66 2.79 40.98 358.95 

 

 

 

 

Figure 7. Annual percentages of wind energy ratio Eu/Ed at 
60 m height for each sites group. 
 
 For the most windy regions (sites of group A), the 

wind energy ratio increases with the nominal speed of 
the aerogenerator and varies between 60% and 95%. 

 For the regions of good wind potential (sites of group 
B), the wind energy ratio is less sensitive to the ma- 
chines of nominal speeds superior or equal to 15 m/s 
and varies between 96% and 98% (except for the 
Kasserine site).  
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Figure 8. Annual percentages of operating time Tf and wind energy ratio Eu/Ed at 60 m height for seven types of wind turbine. 
 
 For the regions of average wind potential (sites of 

group C), the variation of the wind energy ratio is 
weak and varies between 97% and 98% for machines 
of nominal speeds superior or equal to 14 m/s (except 
for the Tabarka site).  

 For the slightly windy regions (sites of group D), the 
wind energy ratio is very high (superior to 90%) and 
varies little with the aerogenerator type. 

The examination of Figure 8 shows that the annual 
percentage of the operating time of a wind system is bet- 
ter for the windiest regions (groups A and B). Indeed, 
this percentage varies between 64.5% (in Bizerte) and 
80.6% (in Elborma). For the less windy regions (groups 
C and D), this percentage degrades and reaches the 
minimal value of 32.5% (in Kairouan). 

The simultaneous comparison of the annual percent- 
ages of the operating time and the wind energy ratio 
shows the need to choose the type of machine which 
adapts better to the implantation site. Indeed, it is neces- 
sary to realize a compromise between a maximum re- 
covery of energy, a high time of production, and a good 
economic and technical profitability of the installation. A 
satisfactory compromise would be obtained while choo- 
sing (Figure 8): 
 Machine of nV  = 17 m/s for the very windy sites 

(group A). 
 Machine of nV = 15 m/s for the windy sites (group 

B). 
 Machine of nV  = 14 m/s for the fairly windy sites 

(group C). 
 Machine of nV  = 11 m/s for the slightly windy sites 

(group D). 
All these observations are valid for an open area 

roughness, at the 60 m height and machines of cut-in 
speed 3 m/s and cut-out speed 25 m/s. They will be re- 
considered for different roughnesses, heights and speeds 
[12-14]. 

4. Conclusions 

This study presents a practical approach of assistance for 
the wind systems exploitation adapted to the Tunisian 
sites. After the evaluation of the wind characteristics of 
the twenty six meteorological sites distributed on the 
Tunisian territory, we estimated the annual operating 
time and the wind energy which can provide a wind 
turbine given on the Tunisian sites. This estimate which 
was carried out for seven types of machines and a 60 m 
height above ground level gives a choice of the wind 
systems best adapted for the Tunisian meteorological 
sites, by taking into account energy, economic and tech- 
nical efficiencies of the wind farm. 

This estimate could be carried out for other types of 
machines and several heights above ground level and 
constitutes a decision-making aid tool to the appropriate 
choice of wind system. 

The results of this work also enable us to avoid the bad 
wind turbine implantations in Tunisia that can have ad- 
verse consequences on the energy production. 
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Nomenclature 

C(h) 
Gv 
Gp 
Eu 

Vd 

Vn 
Vc 
Tf 
U* 
 
K 
Z0 

Correction factor of wind speed 
Relative gain in wind speed 
Relative gain in power density 
Usable energy (kWh/m2/year) 
Cut in wind speed of wind turbine (m/s) 
Nominal wind speed of wind turbine (m/s) 
Cut out wind speed of wind turbine (m/s) 
Availability rate of wind turbine 
Friction wind speed (m/s) 
Air density (1.225 kg/m3) 
Von Karman constant (k = 0.4) 
Roughness length of ground surface (m) 

V 
f(V) 
F(V) 

n 
Pd 
Ed 

Vm 
Vf 
Ve 
h 

Classified wind speed (m/s) 
Occurrence frequency (%) 
Cumulated frequency (%) 
Number of wind speed classes 
Wind power density (W/m2) 
Available wind energy (kW/m2/year) 
Annual mean wind speed (m/s) 
Most frequent wind speed (m/s) 
Most energetic wind speed (m/s) 
Altitude above ground level (m) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Copyright © 2013 SciRes.                                                                                SGRE 


