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sonal variability in wind speed, concentrated around the mean. Three models of
high-power wind turbines were analyzed. At Koro Toro, the Siemens Gamesa

flow of pumped water of between 1.4 and 6.1 million m*. The Enercon E-126
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esting potential in these towns, with a dominant east-north-easterly wind at

maximum frequencies of 40%. The absence of calm winds is promising, alt-

capacity factor indicating good wind potential, and maximum daily water

hough Nedeley and Salal have a residual presence. This study shows that the
sites offer good wind potential, enabling the production of electricity and
heat.
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1. Introduction

Chad, a vast landlocked Saharan country in Central Africa, faces many challenges
related to its natural environment and economic development [1] [2]. Among these
challenges, the issue of access to drinking water and energy is central. The country
is characterized by severe aridity, limited water resources and dependence on fossil
fuels, which are not only costly to import but also pollute [3]. Climate change is
making the situation even worse, with increasingly frequent and intense droughts
reducing the availability of water and degrading arable land [4] [5]. This has a direct
impact on people, particularly in rural areas, whose livelihoods are threatened and
who have to travel long distances to access water [6] [7]. Against this backdrop, the
development of renewable energies appears to be a promising solution for meeting
Chad’s energy needs and improving people’s quality of life. Solar energy and wind
power, in particular, have great potential in a country with a lot of sunshine and
regular winds [4]-[6] [8]. These renewable energies offer a number of advantages:
e Energyindependence: reducing dependence on imported fossil fuels and keep-
ing energy costs under control.
e Environmental protection: they help to reduce greenhouse gas emissions and
limit the negative impact on the environment.
e Local development: they can stimulate the local economy by creating jobs and
encouraging the emergence of new activities [9].

The Bodélé triangle, a vast depression in northern Chad [10] [11], is particularly
hard hit by water shortages and land degradation. This region, characterized by
strong, sustained winds, offers significant wind energy potential [8]. Exploiting
this resource could help to improve access to drinking water for local populations,
encourage the development of agriculture and strengthen the resilience of ecosys-
tems in the face of climate change [12]. Although wind power seems to be a suit-
able solution to the needs of the Bodélé triangle, the use of high-power wind tur-
bines raises a number of questions. Designed to produce large quantities of elec-
tricity [13] [14], are these machines suited to the specific needs of small rural com-
munities? Their high cost, technical complexity and potential impact on the envi-
ronment require in-depth assessment.

We hypothesize that the use of high-power wind turbines to power water pump-
ing systems in the Bodél¢é triangle has both advantages and limitations. While these
machines can meet significant water needs, their deployment needs to be carefully
studied in order to optimize their efficiency and sustainability, while considering
the specific socio-economic and environmental context of the region.

The aim of this study is to assess the impact of using high-power wind turbines
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on the efficiency and sustainability of water pumping systems in small towns in
the Bodélé triangle. More specifically, we will seek to:
o Assess technological suitability: are high-power wind turbines adapted to the
specific conditions of the site and the water needs of the local population?
e Measure energy efficiency: what is the actual energy yield of the pumping sys-
tems powered by these wind turbines, and how does this evolve over time?
To answer these questions, our study will focus on the following areas:
e Geographical and climatic context of the Bodélé triangle.
e Wind power technologies and pumping systems.
¢ Case study: high-power wind turbine projects in the Bodélé triangle.
o Assessment of efficiency and sustainability.
e Discussion and recommendations.
This study will contribute to a better understanding of the issues involved in
using wind energy to provide access to water in arid regions, and will enable rec-
ommendations to be made for the development of sustainable projects tailored to

the needs of local populations.

2. Materials and Methods
2.1. Geographical Location of the Study Area

The study area of the present work concerns three small towns located at the heart
of the Bodélé triangle in the Saharan zone of Chad, the geographical coordinates of
which are given in Table 1. Figure 1 shows the area of the triangle in which the

three towns under study are located, with their geographical coordinates.

Table 1. Geographical coordinates for the study area.

Towns Latitude Longitude Altitude Data ranges
Salal 14.845 17.2221 281.54 2000-2022
Koro Toro 16.0707 18.4958 307.16 2000-2022
Nedeley 15.5659 18,171 283.19 2000-2022
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Figure 1. Map of the Bodél¢é triangle (Source: the author).
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2.2. Materials

The meteorological data used in this study were obtained from the NASA website
due to a lack of on-site (in situ) data for the studied locations. This includes
monthly average wind speed data measured at 10 meters above the ground over a
22-year period, as well as hourly wind direction data for 2022.

The software used for this study includes Microsoft Excel and LibreOftfice Calc
for data processing and analysis. MATLAB was used to perform numerical simu-
lations. ArcGIS was used for the spatial visualization of the study areas. Wind
roses, which illustrate the distribution of wind directions, were generated using
WRPLOT software. These tools allowed us to perform an in-depth analysis of the

meteorological data and to better understand the atmospheric phenomena at play.

2.3. Methods

2.3.1. The Weibull Distribution: An Essential Tool for Wind Energy

The Weibull distribution is a continuous probability distribution that has a par-
ticularly interesting application in the field of wind energy. It is used to model the
distribution of wind speeds, a crucial parameter for assessing the wind potential

of a site and designing wind turbines [10] [11]. This distribution is characterized

- ol )

The scale parameter ¢ This represents the most frequent wind speed. The

by two key parameters:

higher ¢, the higher the average wind speed.

The shape parameter & This indicates the shape of the distribution. For values
of k close to 2, the Weibull distribution tends towards a Rayleigh distribution,
often used as a first approximation for wind speeds. A kvalue below 2 indicates a
flatter distribution, while a k value above 2 suggests a sharper distribution.

The Weibull distribution is an indispensable tool for studying and exploiting
wind energy. Thanks to the parameters c and %; it provides a precise and concise
description of the variability of wind speeds, a key element in the assessment of
wind potential and the design of wind energy systems.

2.3.2. The hybrid Weibull Distribution Function

The hybrid Weibull distribution function is used when the frequency of calm wind
recorded at the site is greater than or equal to 15%. This proportion of calm wind
becomes very important and cannot be neglected and must be considered when
studying a wind project [12]-[14]. The mathematical expression of this distribu-

tion is given by:

f(v)=(1- ffo)(%j[%jk_l exp[—(%}kJ forv>0 (1)

f (V): ff, forv=0

Where ff;, represents the calm wind frequency.
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2.3.3. The Rayleigh Speed Distribution Function

The Rayleigh speed distribution function is a statistical distribution used to model
the distribution of wind speeds. It is often used in addition to the Weibull distri-
bution to characterize the behavior of the wind at a given site more precisely [7]
[8] [15]. The Rayleigh speed distribution is generally used to represent wind
speeds in the absence of specific directional phenomena, such as obstacles or sig-
nificant topographical effects. It assumes that the wind speed follows a Rayleigh
distribution, which describes the probability of the wind speed reaching a given
value. This distribution is characterized by a single parameter, called the scale pa-
rameter, which determines the shape of the distribution curve. Using wind speed
data collected on-site, engineers can adjust this parameter to obtain an accurate
representation of the wind speed distribution according to the Rayleigh distribu-
tion [7] [15]. This is a special case of the Weibull distribution. When the form
factor k= 2, we obtain the Rayleigh distribution function [16]-[18] by:

ol 2]

2.3.4. Vertical Extrapolation of Wind Speed
Vertical extrapolation of wind speed consists of estimating the wind speed at dif-
ferent heights above ground based on measurements of wind speeds taken at a
single height [19] [20]. This extrapolation plays a very important role in the study
of wind potential, as wind speed varies with altitude and can be significantly dif-
ferent at different heights. By extrapolating the wind speed at different heights, we
can obtain a better estimate of the available wind resource and therefore better
plan the installation of wind farms to maximize their efficiency and energy pro-
duction [20]-[23].

Given V;, a wind speed extrapolated from an altitude Z to another altitude 2,
according to the relationship given by equation (4), the speed V; can be calculated
as follows [24]:

Z a
V,=V,| == 4
(2] .
Where V) and V; represent respectively the wind speed at a height of 10 m and
the speed at altitude Z,.
a is the roughness coefficient represented by relation (5) [24]:
a =0.37-0.088In (Vlo) (5)

The Weibull scale factor and shape parameters determined at a height of 10 m
are adjusted to any desired height, as indicated by [20] [21] [25]:

Z n
C,=C,| — 6
z 10 (10j ( )
k
k, = 10 (7)
1-0.00881In(z/10)
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k. is the form factor at height zand C, is the scale factor at height z
The exponent 1 of the power law is given by [26] [27]:

n=[0.37-0.0088In(10) | (8)

2.4. Method for Determining Weibull Parameters
The Moroccan Method

There are several methods for determining Weibull parameters, depending on the
site. In our case, we use the so-called Moroccan method. This method is generally
used for areas with high wind speeds [17] [19]. The shape parameter k and the
scale factor care determined by the following relationships:

k=1+(0.483(V -2))"" 9)

C=——— (10)

2.5. Power of a Wind Turbine

2.5.1. Average Usable Power
Considering the variability of wind speed and the characteristics of a wind turbine
as a function of its starting speed w, rated speed v, and stopping speed v, the

usable power of a wind turbine is given by the following relationship [12] [28]:
— 1 3
(Pu)_EpA<vu> (11)

With:

p: the volume density p = 1.225 kg/m?; A: the area swept by the blades.

The speed v, is deduced from the curve representing the Weibull distribution
between the limits of the machine [12] [29]. The lower limit is represented by the
starting speed [30] [31]. Only speeds above the starting speed v;are considered in
the calculation. In the second case, when the nominal speed v, is reached, the in-
crease in wind speed has no effect on the wheel speed. Finally, when the stopping
speed v, is reached, the system is automatically braked and higher speeds are not
considered in the calculation of ;.

The mathematical expression of the usable power density is given by the fol-

lowing equation [22] [31] [32]:

0 for v<y,
%p<v3> for v, <v<v,
(R)=11 (12)
E,ovn2 for v, <v<v,
0 for v>v

The mean usable cubic velocity is obtained by integrating the cubic velocity
weighted by the probability function, taking the integration limits given by the

turbine manufacturer as [16] [33]:
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<v_

(R)= jvv” f (v)v3dv+v§J‘vvs f(v)dv (13)

Or by integration using the normalized gamma distribution:

(2] (2 a7l L) ol (2] o

With:
I, (x,a)=T(xa)/T(x) (15)

2.5.2. Wind Turbine Power Output and Capacity Factor

Any wind energy conversion system is designed to operate at maximum efficiency
within the limits of the rated wind speed and power. Therefore, once the Weibull
scaling and shape parameters are estimated, the performance of a wind turbine at
a given site can be easily calculated using the average power and capacity factor.
In this paper, the electrical power of a model wind turbine is simulated using [4]
[14] [27] [34]:

0 (v<vp)
v —vh
v, SV<v
p =ity esvev) (16)

Where:

P,, : rated electrical power.

v, : the speed of startup of the wind turbine.

v, : rated speed.

V, : cutting speed.

The power produced by a wind turbine depends on the specifications given by
the turbine manufacturer.

Each turbine has three essential speed data as its technical parameters. These

are [34] [35]:

o The start speed V this is the speed from which the wind turbine starts to pro-
duce energy. Below this threshold, the wind turbine produces no energy.

e Nominal speed V: this is the speed at which the wind turbine reaches its max-
imum energy production threshold. This threshold remains constant until the
cut-off speed.

e The cut-off speed V: this is the speed at which the wind turbine stops produc-
ing energy because of automatic stopping of the blades for safety. Speeds be-
yond V_have no effect on energy calculation.

The total wind power at wind turbine output is:
R=[, PE(V)dv+["Rf(V)dv (17)

By replacing the instantaneous power and the velocity distribution function

A V) with their expressions, we have:
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P, :%A:j:cp V)V (%j(\/?j“ exp[—(%jkl]dv +%A:j:(%j(%j“ exp {—(%)kjdv (18)

After integration, we will have:

P, =C/P, (19)

With:

V k
e o
C C

Thus, the power output of a wind turbine can be written in the form [11] [29]:

With C; the capacity factor and plays a very important role in the study of a
wind site. The capacity factor can be estimated from the Weibull parameters and
the different operating speeds that are provided by the turbine manufacturer. The
rated power 2, of a wind turbine is given by the manufacturer. Knowing the useful
power produced by a wind turbine, we can calculate the energy produced by a
wind turbine during a given period. The energy produced by a wind farm E
(KWh) is the total annual wind energy available at a given site. This energy can be
calculated as a function of the number of hours, such as [29] [36]:

vy ¢ v,
ei[Td] _ ei[T] Va k
R=l———|>| |R (21)
Va _(Vo) ¢
C C
E=PRT. (22)
With T'the number of hours in a period:
E=PRd24 (23)
dbeing the number of days.
2.5.3. Usable Wind Energy
The average usable (produced) wind energy is [37]-[39]:
P
=20 24
n DA (24)

2.6. Definition Description of Giant Wind Turbines

Large-capacity wind turbines, also known as high-power wind turbines, are large-
scale wind turbines designed to generate large amounts of electricity [33] [37] [39]
[40]. They are different from small wind turbines in terms of size, power and pro-

duction capacity [40]-[44].

2.6.1. Characteristics
Size: The height of high-power wind turbines can reach 200 meters, with rotors

more than 100 meters in diameter.
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Power: The rated power of high-powered wind turbines generally ranges from
2 to 5 megawatts (MW), up to 10 MW for the latest models.
Power generation: A single large-capacity wind turbine can generate enough

electricity to power approximately 4000 homes.

2.6.2. Operation

High-power wind turbines use the principle of electromagnetic induction to con-
vert wind’s kinetic energy into electricity. The wind rotates the rotor blades, which
in turn causes a generator inside the wind turbine’s nacelle to rotate. Table 2
shows high-power wind turbines with their data sheets. Figure 2 shows the per-

formance curves of different wind turbines for applications at our three sites [42].

Table 2. Characteristics of the three large wind turbines [43]-[45].

Start Rated  Cut-off Rated Rot
Wind turbine artup ate ue ate . T Hub height
speed speed speed power  diameter
Vestas V164-
4 m/s 12m/s 25m/s 10 MW 164 m 117 m
10.0 MW
Siemens Gamesa
3m/s 13m/s 25m/s 14 MW 222 m 195 m
SG 14-222 DD
Enercon E-126
EP4 25m/s 11.4m/s 25m/s 7.58 MW 126 m 135m
6
14 ¥ 10
12 -
10 -
=3
o
8 8+
8
)
o
%
o 6
)
B
1)
a,
4 =
m——Al,Vestas V164-10.0M W
2 r e A 2.S iem ens G am esa SG 14-222 DD
== A 3, Enercon E-126 EP4
0 1 1 1
0 5 10 15 20 25 30

W ind speed @ 4)

Figure 2. High-power wind turbine performance curves.
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3. Results and Discussions

3.1. Analysis of the Statistical Distributions of Different Cities

Figure 3, Figure 4 and Figure 5 show the different monthly speed diagrams for
the three cities. Figure 6, Figure 7 and Figure 8 show the different monthly
distributions of Weibull for the following cities: Koro Toro, Nedeley and Salal.
The observation of the different curves shows us that the values of the shape
factors oscillate around 2, showing that the different velocity distributions are
very close to the Rayleigh one. The fact that the form factor oscillates around
2 indicates a relatively sharp Weibull distribution. This means that wind
speeds are mainly concentrated around an average value, with few very strong
or very weak winds. This is favorable for wind energy production because it
ensures a relatively constant flow of energy. The scale factor has a marked sea-
sonal variation, with higher average velocities in winter (December) and lower
in summer (September). This variation is typical of many regions and is ex-
plained by differences in atmospheric pressure and general circulation between

seasons.

5,55 5,69

H January

M February
March

u April

H May
June
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H November

M December
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Figure 3. Koro Toro speed distribution.
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Figure 4. Nedeley mean speed diagram.
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Figure 7. Weibull probability density for Nedeley.
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Figure 8. Weibull probability density for Salal.

3.2. Interpretation of the Results from the Koro Toro Site

Table 3 shows the different values of wind speeds, Weibull parameters and the
application to the Vestas V164-10.0 MW wind turbine. The analyzed data shows
the monthly wind speeds for a specific location in Koro Toro. Key observations of
the monthly speeds show that the average wind speed throughout the year is 4.75
meters per second. There appears to be some seasonal variation in wind speeds.
December has the highest wind speed of 5.692 m/s, while September has the low-
est at 3.423 m/s. The standard deviation of the wind speeds is 0.81 m/s, indicating
that there is some variability in wind speeds throughout the year. Overall, the data
suggest that the town of Koro Toro experiences moderate wind speeds with some
seasonal variation. December has the strongest winds, while September has the
weakest winds. Extrapolating the results to the hub height of the Vestas V164-10.0
MW turbine shows a significant increase in average wind speed. This increase is
consistent with the laws of wind turbines, according to which wind speed gener-
ally increases with altitude. The scale factor at this height increases exponentially,
confirming this trend.

The capacity factor of 0.614 is relatively high, indicating that the site has good
wind power potential. This means that the wind turbine produces an average of
61.4% of its maximum possible energy over a year. Variations in the daily flow
pumped are directly linked to variations in wind energy production, which in turn
depends on wind speed. The highest flows are observed in winter, when wind
speeds are highest, and the lowest flows in summer, when wind speeds are lowest.

The results of this study show that the study site has interesting wind energy
potential, with relatively high average wind speeds and a good consistency in the

DOI: 10.4236/epe.2025.1710019

349 Energy and Power Engineering


https://doi.org/10.4236/epe.2025.1710019

F. Oung-Zetna et al.

distribution of speeds. However, wind energy production is subject to significant
seasonal variations, linked to variations in wind speed. The Vestas V164-10.0 MW
wind turbine appears to be well suited to the site conditions, given the high wind
speeds at hub height. Wind energy production will be highest in winter and lowest
in summer. It is important to take these seasonal variations into account when
planning the operation of the wind turbine. An energy storage system could be
considered to smooth out energy production and better meet water requirements,
particularly during periods of low wind production.

The wind study evaluated the performance of two other wind turbine models:
Siemens Gamesa SG 14-222 DD and Enercon E-126 EP4 in Tables 4-5. Given that
the wind speed at Koro Toro shows marked seasonal variability, with a maximum
in March (5.658 m/s) and a minimum in October (3.42 m/s). The vertical profile
of the wind is close to that observed at 10 meters, which simplifies the estimation
of the speed at different heights. The scaling factor, which characterizes the in-
crease in wind speed with altitude, reaches maximum values in March (18.41 m/s)
and minimum in October (11.31 m/s). In terms of application, the Siemens
Gamesa SG 14-222 DD wind turbine presents the capacity factor, which repre-
sents the ratio between the energy produced and the maximum energy that can be
produced, varies between 0.52 and 0.682 depending on the month. The daily flow
of water pumped by this turbine fluctuates between 1,398,900 and 6,110,000
m®/day. For the Enercon E-126 EP4 wind turbine, the capacity factor is slightly
higher than for the Siemens Gamesa, with values between 0.5258 and 0.7447. The
daily flow of water pumped by this turbine is lower than that of the Siemens
Gamesa, varying between 755,800 and 3,377,800 m*/day. The results of this study
show that the Koro Toro site has an interesting wind energy potential, with suffi-
cient wind speeds to ensure significant electricity production. The two wind tur-
bine models studied show satisfactory performance, with relatively high capacity
factors. However, electricity production is strongly influenced by the seasonal var-

iability of the wind.

Table 3. Extrapolation of monthly wind speed data at the height of the Vestas V164-10.0 MW wind turbine for Koro

Toro.
Month Vo Ko Co Vz (m/s) Kz Cz (m/s) CF Q (m?*Day)
Jan 5.545 2.3157 6.2590 13.2757 2.3669 14.9841 0.7023 3.0394e + 06
Feb. 5.658 2.3369 6.3858 13.5405 2.3886 15.2811 0.7093 3.2242e + 06
Mar. 5.565 2.3194 6.2814 13.3226 2.3708 15.0367 0.7036 3.0716e + 06
Apr. 5.138 2.2363 5.8016 12.3219 2.2859 13.9121 0.6703 2.4315e + 06
May 4.486 2.0978 5.0651 10.7893 2.1443 12.1817 0.5982 1.6319¢ + 06
Jun. 3.702 1.9048 4.1717 8.9394 1.9470 10.0749 0.4828 9.2439%¢ + 05
July 4.195 2.0303 4.7352 10.1046 2.0753 11.4047 0.5586 1.3394e + 06
Aug. 3.925 1.9636 4.4276 9.4680 2.0071 10.6794 0.5184 1.1003e + 06
Sept. 3.424 1.8262 3.8527 8.2827 1.8666 9.3201 0.4366 7.3276e + 05
Oct. 4.619 2.1274 5.2157 11.1023 2.1745 12.5360 0.6149 1.7785e + 06
Nov. 5.091 2.2267 5.7479 12.2100 2.2760 13.7861 0.6659 2.3659%¢ + 06
Dec. 5.692 2.3432 6.4238 13.6198 2.3951 15.3699 0.7112 3.2810e + 06
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Table 4. Extrapolation of Weibull parameters to Zheight and capacity factor values and daily flow rates of Siemens Gamesa
SG 14-222 DD for Koro Toro.

Month Vo KO0 Co Vz (m/s) Kz Cz (m/s) CF Q (m3/Day)
Jan. 5.545 2.3157 6.2590 15.9147 2.3779 17.9627 0.6828 5.7661e + 06
Feb. 5.658 2.3369 6.3858 16.2306 2.3997 18.3170 0.6824 6.1152e + 06
Mar. 5.565 2.3194 6.2814 15.9706 2.3818 18.0254 0.6828 5.8269¢e + 06
Apr. 5.138 2.2363 5.8016 14.3884 2.2676 16.2464 0.6719 4.2636e + 06
May 4.486 2.0978 5.0651 12.9463 2.1542 14.6171 0.6408 3.1045e + 06
Jun. 3.702 1.9048 4.1717 10.7359 1.9560 12.0996 0.5555 1.7629¢ + 06
July 4.195 2.0303 4.7352 12.1285 2.0849 13.6889 0.6143 2.5502e + 06
Aug. 3.925 1.9636 4.4276 11.3677 2.0164 12.8222 0.5842 2.0967e + 06
Sept. 3.424 1.8262 3.8527 9.9507 1.8753 11.1970 0.5159 1.398%¢ + 06
Oct. 4.619 2.1274 5.2157 13.3202 2.1846 15.0403 0.6508 3.3821e + 06
Nov. 5.091 2.2267 5.7479 14.6427 2.2866 16.5329 0.6752 4.4935e + 06
Dec. 5.692 2.3432 6.4238 16.3252 2.4061 18.4230 0.6821 6.2222e + 06

Table 5. Extrapolation of Weibull parameters to Zheight and capacity factor values and daily flow rates of Enercon E-126

EP4 Koro Toro.

Month Vo KO0 Cco Vz (m/s) Kz Cz (m/s) CF Q (m?*Day)
Jan 5.545 2.3157 6.2590 13.9674 2.3700 15.7648 0.7440 3.1295e + 06
Feb. 5.658 2.3369 6.3858 14.2457 2.3917 16.0769 0.7477 3.3195e + 06
Mar. 5.565 2.3194 6.2814 14.0166 2.3739 15.8200 0.7447 3.1626e + 06
Apr. 5.138 2.2363 5.8016 12.9651 2.2888 14.6384 0.7237 2.5042¢ + 06
May 4.486 2.0978 5.0651 11.3545 2.1471 12.8198 0.6685 1.6816e + 06
Jun. 3.702 1.9048 4.1717 9.4100 1.9495 10.6052 0.5684 9.5318e + 05
July 4.195 2.0303 4.7352 10.6349 2.0780 12.0031 0.6354 1.3805e + 06
Aug. 3.925 1.9636 4.4276 9.9656 2.0097 11.2407 0.6003 1.1343e + 06
Sept. 3.424 1.8262 3.8527 8.7196 1.8690 9.8117 0.5258 7.5580e + 05
Oct. 4.619 2.1274 5.2157 11.6835 2.1773 13.1922 0.6820 1.8324e + 06
Nov. 5.091 2.2267 5.7479 12.8475 2.2790 14.5060 0.7206 2.4368e + 06
Dec. 5.692 2.3432 6.4238 14.3289 2.3982 16.1702 0.7487 3.3778e + 06

3.3. Interpretation of Salal Site Results

The wind power study conducted in Salal allowed to characterize the wind power
potential of the site and to evaluate the performance of three wind turbine models:
Siemens Gamesa SG 14-222 DD, Vestas V164-10.0 and Enercon E-126 EP4 in Ta-
bles 6-8. The wind at Salal has marked seasonal variability, with a peak speed in
February (4.77 m/s to 10 m) and a trough in October (2.986 m/s). The vertical
profile of the wind is relatively stable, with a form factor close to 2 - 10 m. The
scale factor, which expresses the increase in wind speed with altitude, varies be-
tween 8709 m/s and 13,745 m/s, with a maximum in December at the height of
the turbine. The application to different Aeolian Turbines gives us significant re-
sults. For the Siemens Gamesa SG 14-222 DD: The capacity factor, which repre-
sents the efficiency of the turbine, varies between 0.4463 and 0.6605, depending
on the evolution of wind speed. The water flow at a total manometric height of 50
m of the turbine fluctuates between 928,700 m 3/day and 3,716,800 m?*/day. For
Vestas V164-10.0. The capacity factor is relatively stable, with values between

DOI: 10.4236/epe.2025.1710019

351 Energy and Power Engineering


https://doi.org/10.4236/epe.2025.1710019

F. Oung-Zetna et al.

Table 6. Application of speed values, Weibull parameters, capacity factor and daily flow rates at different heights for Vestas

0.6327 and 0.8115. Daily throughput is lower than other models, ranging from
485,640 m*/day to 1,944,300 m’/day. For the Enercon E-126 EP4 wind turbine:
The capacity factor is comparable to that of the Siemens Gamesa, with values be-
tween 0.4534 and 0.6960. The daily flow is the highest of the three models, varying

between 501,150 m*/day and 12,014,400 m>/day.

The Salal site has an interesting wind potential, with sufficient wind speeds to
power wind turbines. The three models studied showed satisfactory performance,
although the yield varies according to weather conditions. The choice of a wind

turbine will depend on the specific constraints of the project, in particular in terms

of cost, available area and desired energy production.

V164-10.0 for the city of Salal.

Month Vo KO Co V117 K117 C117 CF Q (m?*/Day)
Jan 4.667 2.138 5.270 11.215 2.185 12.663 0.6207 1.8330e + 06
Feb. 4.761 2.158 5.376 11.437 2.206 12.914 0.6317 1.9443e + 06
Mar. 4.689 2.143 5.293 11.266 2.190 12.721 0.6233 1.8585e + 06
Apr. 4.352 2.067 4.906 10.473 2.113 11.822 0.5804 1.4918e + 06
May 3.810 1.934 4.279 9.196 1.977 10.368 0.5002 1.0071e + 06
Jun. 3.211 1.761 3.619 7.779 1.800 8.738 0.4002 6.0470e + 05
July 3.697 1.903 4.16 8.928 1.946 10.061 0.4820 9.2067e + 05

Aug. 3.437 1.830 3.850 8.314 1.871 9.356 0.4389 7.4123e + 05
Sept. 2.986 1.685 3.367 7.245 1.722 8.115 0.3612 4.8564e + 05
Oct. 3.847 1.943 4.343 9.283 1.987 10.468 0.5061 1.0364e + 06
Nov. 4.284 2.051 4.837 10.313 2.097 11.641 0.5711 1.4243e + 06
Dec. 4.771 2.16 5.383 11.458 2.208 12.938 0.6327 1.9553e + 06

Table 7. Application of values for speeds, Weibull parameters, capacity factor and daily flow rates at different heights for

Siemens Gamesa SG 14-222 DD.

Month VO (m/s)

Jan
Feb.
Mar.
Apr.
May
Jun.
July
Aug.
Sept.
Oct.
Nov.
Dec.

4.667
4.761
4.689
4.352
3.810
3.211
3.697
3.437
2.986
3.847
4.284
4.771

KO CO0 (m/s)

2.138 5.270
2.158 5.376
2.143 5.293
2.067 4.906
1.934 4.279
1.761 3.619
1.903 4.16
1.830 3.850
1.685 3.367
1.943 4.343
2.051 4.837
2.16 5.383

V195 (m/s)

11.709
13.72
13.516
12.568
11.042
9.348
10.722
9.988
8.709
11.146
12.377
13.745

K195
2.048
2.216
2.2
2.123
1.986
1.808
1.955
1.879
1.73
1.996
2.106
2.218

C195
13.211
15.492
15.262
14.188
12.45
10.5
12.083
11.24
9.755
12.57
13.971
15.521

CF
0.5983
0.6600
0.6555
0.6293
0.5698
0.4830
0.5548
0.5179
0.4463
0.5745
0.6230
0.6605

Q (m®/Day)
2.2930e + 06
3.6960e + 06
3.5335e + 06
2.8392e + 06
1.9200e + 06
1.1553e + 06
1.7559e + 06
1.4150e + 06
9.2870e + 05
1.9756e + 06
2.7111e + 06
3.7168e + 06

Table 8. Application of speed values, Weibull parameters, capacity factor and daily flow rates at different heights for Ener-

con E-126 EP4.

Month VO0(m/s) KO0 CO0 (m/s) V135 (m/s) K135 C135 CF Q (m3/Day)
Jan 4.667 2.138 5.270 11.8014 2.1880 13.3255 0.6866 1.8885e + 06
DOI: 10.4236/epe.2025.1710019 352 Energy and Power Engineering


https://doi.org/10.4236/epe.2025.1710019

F. Oung-Zetna et al.

Continued
Feb. 4.761 2.158 5.376 12.0349 2.2089 13.5894 0.6952 2.0030e + 06
Mar. 4.689 2.143 5.293 11.8556 2.1929 13.3868 0.6886 1.9147e + 06
Apr. 4.352 2.067 4.906 11.0215 2.1156 12.4422 0.6538 1.5374e + 06
May 3.810 1.934 4.279 9.6793 1.9791 10.9136 0.5841 1.0384e + 06
Jun. 3.211 1.761 3.619 8.1900 1.8021 9.1991 0.4913 6.2386e + 05
July 3.697 1.903 4.16 9.3975 1.9481 10.5909 0.5677 9.4935e + 05
Aug. 3.437 1.830 3.850 8.7524 1.8730 9.8496 0.5279 7.6453e + 05
Sept. 2.986 1.685 3.367 7.6285 1.7246 8.5445 0.4534 5.0115e + 05
Oct. 3.847 1.943 4.343 9.7712 1.9890 11.0186 0.5894 1.0686¢ + 06
Nov. 4.284 2.051 4.837 10.8535 2.0994 12.2515 0.6460 1.4679e + 06
Dec. 4.771 2.16 5.383 8.5445 2.2109 13.6150 0.6960 2.0144e + 06

3.4. Interpretation of the Nedeley Results

Tables 9-11 present the study of the wind potential at Nedeley with different wind
turbines of different capacities, as shown in Figure 2. The results reveal favorable
conditions for the exploitation of this renewable energy resource. The maximum
wind speed observed in February reaches 5575 m/s, classified as “moderate wind”
according to the Beaufort scale, while the minimum, recorded in September, is
3306 m/s, corresponding to a “soft breeze”. This seasonal variability is typical of
wind regimes and must be considered in the design of the pumping system. The
scale factor, which expresses the increase in wind speed with altitude, reaches a
maximum of 15,061 m/s in February and a minimum of 8998 m/s. This seasonal
variation is consistent with that of the wind speed at 10 meters. The capacity fac-
tor, which is the ratio of the actual energy produced by a wind turbine to the max-
imum energy it could produce under ideal conditions, varies between 0.4166 and
0.7042 depending on the month. These values indicate an interesting potential for
wind energy production, although seasonal variations are expected.

The daily water flow, which is directly related to the available power for pump-
ing, reaches a maximum of 3.0865 x 10° m*/day for the wind turbine Vestas V164-
10.0. The other wind turbines studied, Siemens Gamesa SG 14-222 DD and Ener-
con E-126 EP4, have maximum daily flows of 5.8551 x 10° m®/day and 3.1779 x
10° m*/day, respectively. These values are directly related to rotor size and wind
speed. These results suggest that the Nedeley site has an interesting potential for
pumping water using renewable energy. However, several factors must be consid-

ered for a more accurate assessment.

Table 9. Application of speed values, Weibull parameters, capacity factor and daily flow rates at different heights for Vestas
V164-10.0 for the City of Nedeley.

Month
Jan.
Feb.
Mar.
Apr.
May

VO0(m/s)

5.442
5.575
5.479
5.034
4.301

Ko VO (m/s) V117 (m/s) K117 C117 CF Q (m®*Day)
2.3 6.14 11.997 2.257 13.546 0.6571 2.2443e + 06
2.32 6.29 13.333 2.372 15.049 0.7039 3.0790e + 06
2.3 6.18 13.344 2.373 15.061 0.7042 3.0865e + 06
2.22 5.68 13.121 2.354 14.81 0.6978 2.9345e + 06
2.06 4.85 12.076 2.264 13.636 0.6605 2.2892e + 06
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Continued
Jun. 3.582 1.87 4.03 10.353 2.101 11.687 0.5735 1.4411e + 06
July 4.304 2.06 4.86 8.658 1.913 9.752 0.4632 8.3861e + 05
Aug. 3.921 1.96 4.42 10.36 2.102 11.695 0.5739 1.4441e + 06
Sept. 3.306 1.79 3.72 9.457 2.006 10.667 0.5176 1.0964e + 06
Oct. 4.262 2.05 4.81 8.004 1.83 8.998 0.4166 6.5996e + 05
Nov. 4.907 2.19 5.54 10.262 2.092 11.584 0.5681 1.4034e + 06
Dec. 5.565 2.32 6.28 11.778 2.237 13.3 0.6476 2.1239%e + 06

Table 10. Application of speed values, Weibull parameters, capacity factor and daily flow rates at different heights for Sie-
mens Gamesa SG 14-222 DD.

Month
Jan.
Feb.
Mar.
Apr.
May
Jun.
July
Aug.
Sept.
Oct.
Nov.
Dec.

VO (m/s)
5.442
5.575
5.479
5.034
4.301
3.582
4.304
3.921
3.306
4.262
4.907
5.565

KO CO (m/s) V195 (m/s) K195 C195 CF Q (m*/Day)
2.3 6.14 15.996 2.357 17.632 0.6824 5.4527e + 06
2.32 6.29 17.632 2.384 18.054 0.6828 5.8551e + 06
2.3 6.18 15.73 2.365 17.755 0.6826 5.5681e + 06
2.22 5.68 14.483 2.275 16.353 0.6732 4.3484e + 06
2.06 4.85 12.425 2.111 14.026 0.6247 2.7430e + 06
1.87 4.03 10.399 1.922 11.713 0.5390 1.6000e + 06
2.06 4.86 12.434 2.111 14.036 0.6249 2.7488e + 06
1.96 4.42 11.355 2.015 12.807 0.5836 2.0895e + 06
1.79 3.72 9.618 1.839 10.812 0.4979 1.2604e + 06
2.05 4.81 12.317 2.101 13.903 0.6210 2.6716e + 06
2.19 5.54 14.128 2.248 15.952 0.6678 4.0358e + 06
2.32 6.28 15.968 2.382 18.023 0.6828 5.8246¢e + 06

Table 11. Application of speed values, Weibull parameters, capacity factor and daily flow rates at different heights for En-
ercon E-126 EP4.

Month VO (m/s) KO CO (m/s) V195 (m/s) K195 C195 CF Q (m’/Day)
Jan. 5.442 2.3 6.14 11.731 2.182 13.246 0.6838 1.8549¢ + 06
Feb. 5.575 2.32 6.29 14.039 2.376 15.846 0.7451 3.1779%e + 06
Mar. 5.479 2.3 6.18 13.805 2.357 15.582 0.7415 3.0216e + 06
Apr. 5.034 2.22 5.68 12.707 2.267 14.348 0.7167 2.3579%e + 06
May 4.301 2.06 4.85 10.896 2.104 12.3 0.6480 1.4852e + 06
Jun. 3.582 1.87 4.03 9.114 1.916 10.265 0.5505 8.6484e + 05
July 4.304 2.06 4.86 10.903 2.104 12.308 0.6483 1.4883e + 06
Aug. 3.921 1.96 4.42 9.954 2.009 11.228 0.5997 1.1303e + 06
Sept. 3.306 1.79 3.72 8.427 1.833 9.473 0.5069 6.8079%e + 05
Oct. 4.262 2.05 4.81 10.801 2.094 12.191 0.6434 1.4464e + 06
Nov. 4.907 2.19 5.54 12.394 2.24 13.995 0.7073 2.1879%e + 06
Dec. 5.565 2.32 6.28 14.015 2.374 15.818 0.7447 3.1613e + 06

3.5. Wind Rose Diagrams

The interpretation of wind roses from the cities of Koro Toro, Nedeley and Salal is
essential to assess the wind potential of these sites. Figure 9, representing Koro
Toro, shows a dominant wind from the east-northeast with a maximum frequency
of 40%. The absence of calm winds in this region is a promising indicator for wind
energy as it eliminates the hybrid distribution of Weibull, often seen in areas where

quiet periods are common. The absence of calm wind suggests a consistency in the
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wind conditions, which is favorable for the installation of wind turbines. Figure 10
shows Nedeley, which has a similar pattern with a dominant wind from the same
east-northeast sector and a maximum frequency above 40%. Although the fre-
quency of calm winds is low at 0.13%, it remains significant relative to Koro Toro.
This reinforces the idea that Nedeley also has good wind potential, although slightly
less optimal than Koro Toro due to the presence of calm winds. Figure 11 shows
data for Salal, where the dominant wind also remains from the east-northeast, with
a maximum frequency of 40% and a calm wind frequency of 0.27%. These results
indicate that Salal, as well as Koro Toro and Nedeley, has viable wind potential. In
summary, these analyses demonstrate that the three sites are suitable for wind en-

ergy projects, thanks to reliable and constant wind conditions.
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Figure 9. Wind rose diagram of Koro toro.
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Figure 10. Wind rose diagram of Nedeley.
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Figure 11. Wind rose diagram of Salal.

3.6. Discussions

The analysis of the effectiveness of high-capacity wind turbines for water pumping
in the towns of Koro Toro, Nedeley, and Salal, located in the heart of the Bodélé
triangle, has yielded promising results. The mean wind speeds in these locations
were found to be significant, indicating substantial wind potential.

These findings align with and corroborate the previous work of M. Nediguina
(2022) [46]-[48], who obtained similar water flow rates while studying wind po-
tential in comparable areas. Similarly, they are consistent with the research of
A.M. Tahir, who highlighted the importance of wind-powered water pumping in
the Saharan zone of Chad [49]. The convergence of these studies confirms that
wind energy is a viable solution for water pumping in arid regions.

In regions like the Sahara, where access to water is a daily struggle, implement-
ing wind-powered pumping solutions is of critical importance. The local popula-
tion, especially women and children, often travels long distances—sometimes sev-
eral kilometers—under extreme temperatures to reach rare and often unsanitary
water points. The suffering of these communities is immense.

The installation of wind turbines for water pumping in Koro Toro, Nedeley,
and Salal would significantly reduce these distances, ensuring easier and more
regular access to drinking water. This initiative directly aligns with the United
Nations Sustainable Development Goals (SDGs), particularly SDG 6, which aims
to ensure access to water and sanitation for all.

From an energy perspective, the region faces a near-total dependence on fossil
fuels, which are often costly and polluting. The integration of wind energy for
water pumping addresses an immediate and local need while also being part of
the broader context of global energy challenges.

1) Local Energy Independence: By using locally available wind energy, the
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population is no longer dependent on imported fuel to operate diesel water
pumps. This reduces costs, improves the community’s energy resilience, and fos-
ters a more sustainable local economy.

2) Fighting Climate Change: On a global scale, the transition to renewable en-
ergy is crucial for reducing greenhouse gas emissions. A wind pumping project in
the Bodélé, though local, contributes to this global effort by demonstrating the
viability of clean solutions in challenging environments.

The technical feasibility of this project relies on selecting robust equipment de-
signed to withstand sand and extreme temperatures, along with rigorous mainte-
nance. Financially, despite a high initial cost, the project is profitable in the long
run. It eliminates the dependence on diesel fuel, reduces operating costs, and
aligns with global energy transition goals. The analysis of the wind roses, which
confirms a dominant East-Northeast direction with an almost complete absence
of calm winds, reinforces the project’s viability. These results, combined with the
promising theoretical water flow rates, show that wind energy is a reliable and
sustainable solution for these areas. It not only solves a water scarcity problem but
also contributes to energy autonomy and environmental protection, thereby

aligning local needs with global imperatives.

4. Conclusions

Wind power studies in the three small towns of the Bodélé triangle have revealed

interesting energy potential, particularly for applications such as water pumping.

The results show marked seasonal variability of wind speeds, with maxima gener-

ally observed in winter and minimum in summer. This variability is typical of the

Saharan regions and is related to differences in atmospheric pressure and general

circulation between seasons. Despite these variations, average speeds are sufficient

to ensure significant wind energy production.

The different wind turbines studied (Vestas V164-10.0 MW, Siemens Gamesa
SG 14-222 DD and Enercon E-126 EP4) showed satisfactory performance, with
capacity factors generally higher than 0.5, indicating good efficiency. The choice
of the most suitable wind turbine will depend on site-specific constraints (availa-
ble area, budget, etc.) and energy requirements.

The main benefits of wind energy in this region are:

e Abundant renewable resource: The wind potential of the Bodélé triangle seems
important, offering a clean and sustainable source of energy.

e Application to water pumping: Wind energy can be used to power pumps and
thus ensure the supply of water for local populations and the development of
agriculture.

e Reduced reliance on fossil fuels: Wind energy development helps reduce
greenhouse gas emissions and reduces reliance on fossil fuels.

In short, the exploitation of the wind potential of the Bodélé triangle presents
interesting prospects for the sustainable development of this region. However, an

integrated approach, considering technical, economic and environmental aspects,
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is necessary to ensure the success of such projects.
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