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Abstract

This study aimed at investigating the characteristics of the wind power re-
source in the Far North Region of Cameroon (FNR), based on modelling of
daily long-term satellite-derived data (2005-2020) and in-situ wind measure-
ments data (1987-2020). Five different reliable statistical indicators assessed
the accuracy level for the goodness-of-fit tests of satellite-derived data. The
two-parameter Weibull distribution function using the energy factor method
described the statistical distribution of wind speed and investigated the cha-
racteristics of the wind power resource. Six 10-kW pitch-controlled wind tur-
bines (WT) evaluated the power output, energy and water produced. A 50 m
pumping head was considered to estimate seasonal variations of volumetric
flow rates and costs of water produced. The results revealed that the wind re-
source in FNR is suitable only for wind pumping applications. Based on the
hydraulic requirements for wind pumps, mechanical wind pumping system
can be the most cost-effective option of wind pumping technologies in FNR.
However, based on the estimated capacity factors of selected WT, wind elec-

tric pumping system can be acceptable for only four out of twenty-one sites in
FNR.
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1. Introduction

Wind has nowadays become a stable form of power supply and is considered as
one of the most cost-effective means for delivering low-carbon energy services,
particularly to the most vulnerable segments of the population in numerous de-
veloping nations. It’s anticipated that by 2050, wind power could contribute to
more than 25% of the total emissions reductions needed (approximately 6.3 gi-
gatons of carbon dioxide annually), under the energy goals set out in the United
Nations 2030 Agenda and the Paris Agreement. Wind energy (WE) would then
generate more than 35% of total electricity needs, becoming the prominent gen-
eration source by 2050 [1].

Over the last two decades, the yearly growth rate of global WE has been as
high as 38.56% (2001), as low as 9.61% (2018) and on average 22%. At the end of
2019, global WE generation capacity amounted to 622.7 gigawatts (GW), which
represented 25% of renewable generation capacity by energy source. Hydropow-
er, the largest share of the global total, accounted for 47% (1190 GW), while the
share of solar reached 23% (586 GW) in 2019 [2]. Globally, WE performed par-
ticularly well in 2019, expanding by 58.9 GW (10.44%). Asia accounted for
49.47% of new capacity in 2019, increasing its WE generation capacity by 29.13
GW to reach 258.32 GW (41.48% of the global total). WE capacity in Europe and
North America expanded by 14.02 GW (+31.46%) and 11.48 GW (+19.85%), re-
spectively [3]. Oceania and the Middle East were the fastest growing regions
(+22.18% and +17.75%, respectively), with 2.47% and 0.19%, representing their
share of global WE capacity, respectively. Africa accounted for 0.51%, the lowest
of new capacity in 2019, increasing its wind energy capacity by only 0.3 GW to
reach 5.7 GW (0.93% of the global total). Compared to 2018, capacity growth in
Africa and Middle East was somewhat lower than in 2019, but higher in Asia,
Europe and North America [3].

Despite being the least growing region in terms of WE generation capacity,
Africa has WE resources and potential that can meet its current needs, if prop-
erly tapped. Several studies have shown that the wind resource in Africa is greatest
around the coasts and in the eastern highlands [4] [5]. However, the WE devel-
opment in the African continent remains very slow as a result of limited support
at the level of the continent, since the vast majority of WE projects necessitate
financial support from organizations based out of the continent [6]. By the end
of 2019, North Africa and the Republic of South Africa continued to dominate,
with 49.44% (2.85 GW) and 36.32% (2.09 GW), representing their share of WE
capacity in the African continent.

Sub-Saharan Africa, accounted for 14.24%, representing the lowest share of
WE capacity. At roughly 0.82 GW, the entire WE generating capacity of the 47
countries of sub-Saharan Africa (excluding the Republic of South Africa), is less
than that of Morocco. As a result, sub-Saharan Africa has the world’s lowest WE
generation capacity, despite the wind potential that is essentially untapped. Fur-

thermore, transition-related clean energy investments in Sub-Saharan Africa is
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one of the lowest worldwide, about USD 50 per capita per year, while the average
is around USD 122 per capita per year [7]. Moreover, sub-Saharan Africa dis-
plays the lowest electricity access of only 45%, far lower than the world average
of 89%. Furthermore, the vast majority of people (over 99%) deprived of elec-
tricity are in developing nations, and four-fifth of them live in rural South Asia
and sub-Saharan Africa [8].

Similarly, Cameroon, does not have any installed WE capacity, despite the ex-
isting potential. Neighboring countries with comparable wind potential, have
taken steps in exploring wind power. By the end of 2019, WE generation capaci-
ty in Chad and Nigeria amounted to approximately 1 and 3 megawatts (MW),
respectively [3]. Most of the analyses performed to assess the potential of wind
power have shown that the whole country lays in low wind resources regime,
with very limited high wind sites. The vast majority of sites fall under poor to
marginal wind regime. However, detailed information on the potential wind re-
source, which is of paramount importance when forecasting wind power for the
optimal site selection, has yet to be precisely acknowledged. Locally measured
wind data are generally available at meteorological stations located at the main
airports, while there are no ground station measurements for the vast majority
of locations which are far (at least 50 km) from the main airports.

When meteorological measured wind data from masts are missing, wind re-
source estimation using daily long-term satellite-derived data are considered [9]
[10] [11]. Furthermore, for comparison analysis, both meteorological observa-
tions and satellite-derived data are used to estimate the local accuracy [12] [13]
[14].

All things considered, the proposed work aims at investigating the characte-
ristics of wind power resource from twenty-one locations in FNR, using daily
long-term satellite-derived data for the period 2005-2020 and 3-hourly time step
observed wind speed data from 02 weather recording locations (Kousseri and
Maroua) for the period 1987-2020. The main objective of this study is to provide
a reasonable wind power resource assessment in the early phase of wind farm
projects using satellite-based wind resource, before higher-accuracy in-situ mea-
surements are available. Furthermore, the accuracy level of satellite-based wind
resource is assessed using mean bias error (MBE), root mean square error (RMSE),
relative root mean square error (RRMSE), coefficient of determination (R*) and
index of agreement (IOA). The two-parameter Weibull distribution function
using the energy factor method has been considered to investigate the characte-
ristics of the wind power resource. Six 10-kW pitch-controlled wind turbines
(WT) with a hub height of 30 m, are considered to evaluate the power output
and energy produced. Seasonal variations of volumetric flow rates and costs of
water produced are estimated using a 50 m pumping head, for the sake of sim-
plicity. The results show that the wind resource in FNR is deemed suitable for
wind pumping applications. Based on the hydraulic requirements for wind pumps,

mechanical wind pumping system can be the most cost-effective option of wind
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pumping technologies in all twenty-one sites. However, based on the estimated
capacity factors of selected WT, wind electric pumping system can be acceptable
for four sites (Blangoua, Goulfey, Hilé-Alifa and Kousseri). The novelty of this
study is the exploration of wind resource for wind pumping applications in
twenty-one locations in FNR and the study of six selected pitch-controlled WT
to take full advantage of costs of energy and water produced, based on modelling
of daily long-term satellite-derived data for the period 2005-2020.

2. Methodology

2.1. Description of Far North Region of Cameroon

Figure 1 shows FNR, the northernmost region of the Republic of Cameroon,
which covers a surface area of 34,263 km”. It borders the north region (Came-
roon) to the south, Borno and Adamawa states (Nigeria) to the west, N'Djamena,
Lake, Hadjer-Lamis, Chari-Baguirmi, east and west Mayo-Kebbi regions (Chad)
to the east. According to the Cameroon statistical year book of the year 2017, FNR
has a population of 4,186,844, with a density of 122.2 persons per square kilo-
meters [15]. Located in a semi-arid sudano-sahelian climate, FNR is characte-
rized by annual rainfall of between 400 - 900 mm during the rainy season that
lasts about four months, between July and October [16]. The rainfall patterns in
the region are remarkably unpredictable, with flooding when excess of rainfall is
observed or droughts when deficit of rainfall is recorded. From November to June,
eight months of dry season is observed, with strong wind (Harmattan) followed
by dry and hot weather [17]. Most of FNR lies at a moderate relief with low ele-

vation, about 500 meters in the southwest and 200 meters at the Logon river.

Darrak

=
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Cameroon «\/)?
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Figure 1. Map of FNR, developed by the authors using QGIS 2.18.3 software.
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Nevertheless, there are a number of isolated inselbergs, namely, the Mandara
mountains at the Nigerian borders in the southwest, with an elevation in the
range of 500 - 1000 meters. FNR is located in a practically flat terrain for which
the wind flow is considered within the scope of linear models for vertical extra-

polation of wind speed data.

2.2. Wind Data Description and Source

For this study, in situ measurements (3-hourly time step observed wind speed
data) from 02 weather recording locations at Kousseri and Maroua for the period
1987-2020 and daily long-term satellite-derived data for the period 2005-2020,
are utilized. /n situ and satellite measurements were recorded at a height of 10
meters height above ground level (agl). With the exception of Kousseri and Ma-
roua, it appears that wind speed recording instruments are non-existent in the
rest of the nineteen other considered sites of FNR. Thus, the use of long-term
daily satellite-derived data, obtained from the NASA Langley Research Center
(LaRC) POWER Project funded through the NASA Earth Science/Applied Science
Program [18]. Table 1 provides geographical coordinates of the twenty-one sites

considered, as well as satellite and in situ measurements periods.

Table 1. Geographical data for twenty-one selected locations in FNR.

. X Satellite In situ
Location Latitude (°) Lonzgol;( ude Elezl;t)lon measurements Measurements
period period

Bogo 10.7446 14.5953 349.93 Jan 2005-Jan 2020
Gazawa 10.2457 14.8378 360.61 Jan 2005-Jan 2020

Maroua 10.583 14.3351 428.67 Jan 2005-Jan 2020 Jan 1987-Jan 2020
Ndoukoula 10.27 14.0397 425.44 Jan 2005-Jan 2020
Blangoua 12.7732 14.5419 287.09 Jan 2005-Jan 2020
Darak 11.0242 14.5191 320.68 Jan 2005-Jan 2020
Fotokol 12.3785 14.2287 291.47 Jan 2005-Jan 2020
Goulfey 12.3829 14.8923 292.02 Jan 2005-Jan 2020
Hile-Alifa 12.6863 14.3095 285.82 Jan 2005-Jan 2020

Kousséri 12.0506 15.0254 294.83 Jan 2005-Jan 2020 Jan 1987-Jan 2020
Logone-Birni 11.7917 15.0993 302.58 Jan 2005-Jan 2020
Gobo 9.9993 15.4106 362.28 Jan 2005-Jan 2020
Kalfou 10.2788 14.9296 360.61 Jan 2005-Jan 2020
Maga 10.8411 14.9472 349.93 Jan 2005-Jan 2020
Yagoua 10.3352 15.2095 334.48 Jan 2005-Jan 2020
Mora 11.0411 14.1381 358.28 Jan 2005-Jan 2020
Bourrha 10.2524 13.4997 542.23 Jan 2005-Jan 2020
Hina 10.3685 13.8436 544.87 Jan 2005-Jan 2020
Mokolo 10.7332 13.8303 558.6 Jan 2005-Jan 2020
Dziguilao 10.017 14.8 360.61 Jan 2005-Jan 2020
Kaélé 10.1 14.45 425.44 Jan 2005-Jan 2020
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2.3. Wind Speed and Standard Deviation

In this research, the first step in the assessment of seasonal wind characteristics
in FNR, is to analyze in situ measurements (3-hourly time step observed wind
speed data) from 02 weather recording locations at Kousseri and Maroua and
daily long-term satellite-derived data, recorded at a height of 10 m agl, using
mean wind speeds and standard deviations. Figure 2 recapitulates monthly, an-
nual and seasonal mean wind speeds and standard deviations using in situ and
satellite measurements at Kousseri and Maroua.

It is seen in Figure 2 that the highest in situ wind speeds occur in the dry sea-
son, from November to June, while the lowest values are recorded in the rainy
season between July and October. The months of August, September and Octo-
ber show little wind as indicated by the average rainy season wind speeds values
of 2.73 and 4.63 m/s, at Maroua and Kousseri, respectively. In the meantime, it is
observed is a fairly good match between in situ and satellite WS measurements
in the dry season, compared to the rainy season. The variability of wind speeds
(WS) is represented by the standard deviation (SD). From May to November, it
is seen an equally decent match between SD values for 7n situ and satellite mea-
surements. Therefore, satellite WS measurements in the dry season may suggest
a more accurate prediction than that of the rainy season. Mean wind speed v,
and standard deviation o are calculated as Equations (1) & (2):

W Vsat e Vmea ———osat omea Kousseri
6.00 1.60
5.50
1.40
5.00
1.20
4.50

4.00 1.00

3.50
0.80

Wind Speed (m/s)
Standard Deviation (m/s)

3.00

0.60
2.50

2.00 0.40

JAN FEB MAR APR MAY JUN Ju AUG SEP ocT Nov DEC ANN DRY  RAINY
MONTH SEAS SAIS
(@
B Vsat =W Vmea ~———osat omea Maroua

Wind Speed (m/s)
-
o
3
Standard Deviation (m/s)

JAN FEB MAR APR MAY Jun Ju AUG SEP ocT NOV DEC ANN DRY RAINY
SEAS SAIS

MONTH

(b)

Figure 2. Monthly, annual and seasonal mean wind speeds and standard deviations using
measured and satellite-derived data, at (a) Kousseri and (b) Maroua.
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N
v, =W(Zi:1"i) (1)
1 2 /2
a:[mzi_l(vi -V,) } (2)

where:

o = standard deviation of the mean wind speed [nvs];

Vv, = wind speed [nvs];

N= number of wind speed data.

Table 2 provides at the twenty-one selected sites, annual, dry and rainy sea-
sons mean wind speeds, standard deviations and ambient temperatures using
daily long-term satellite-derived data for the period 2005-2020, recorded at a
height of 10 m agl. Mean wind speeds in FNR vary in the ranges of 2.99 - 4.32
m/s, 2.12 - 3.23 m/s, 3.43 - 4.87 m/s for yearly averages, rainy and dry seasons,
respectively. It observed that the variance of streamflow occurrence in the rainy
season is smaller than that of the yearly average and dry season, which may sug-
gest a more accurate prediction. On the other hand, higher SD in the dry season
present streamflow values that are widespread and may be less accurate. Mean
ambient temperatures values are between 25.74°C and 29.67°C. Lower tempera-
tures are seen in the rainy season, while higher values occur in the dry season.

2.4. Weibull Probability Density Function

The Weibull probability density function (PDF) is used to describe the statistical
distribution of wind speed. The Weibull PDF is a useful tool to characterize the
wind speed and power in a given location, as well as to evaluate mean monthly,
yearly and seasonal net energy production and performance wind energy sys-
tems [19] [20]. The Weibull PDF can be described by its PDF f (V) and cu-
mulative distribution function (CDF), F (V) [21] using Equations (3) and (4).

-]l )]
F(v) =1—exp{—(%)k} @)

f (V) = probability of observing wind speed v,

where:

v= wind speed [m/s];

C= Weibull scale parameter [nvs];

k= Weibull shape parameter.

The determination of the two-parameter Weibull PDF requires the know-
ledge of the shape (%, dimensionless) and scale (Cin m/s) parameters. Various
well-established estimation methods are used for the purpose of computing Wei-
bull parameters at a given location [22]. In this work, Weibull shape and scale
parameters are computed using the energy pattern factor method (EPF). First,

the energy pattern factor ( E ;) [23] [24] [25] is given by Equation (5).
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Table 2. Annual, dry and rainy seasons mean wind speeds and standard deviations using
satellite-derived data.

M Period (n‘:/ms) T(°C) o(m/s) Location Period V,(m/s) T(°C) o(m/s)
Annual  3.41 28.51 0.98 Annual 2.99 28.09 0.89
Bogo Dry 3.93 29.40 1.11 Gobo Dry 3.43 29.22 1.10
Rainy 2.36 26.73 0.63 Rainy 2.12 25.83 0.63
Annual  3.30 28.16 1.04 Annual 3.30 28.16 1.04

Gazawa Dry 3.82  29.19 1.18 Kalfou  Dry 3.82 29.19 118

Rainy  2.23 26.10 0.65 Rainy 2.23 26.10 0.65

Annual 3.38 27.89 0.93 Annual 3.41 28.51 0.98
Maroua Dry 3.88 28.66 1.06 Maga Dry 3.93 29.40 1.11

Rainy  2.37 26.35 0.63 Rainy 2.36 26.73 0.63

Annual  3.38 27.71 1.13 Annual 3.21 28.45 0.97
Ndoukoula  Dry 3.96  28.69 1.24  Yagoua  Dry 3.71 29.55 1.14
Rainy 2.21 25.74 0.65 Rainy 2.21 26.23 0.65
Annual 4.22 29.19 1.10 Annual 3.41 28.56 0.82

Blangoua Dry 478  29.26 1.34 Mora Dry 3.86 29.15 0.99

Rainy  3.11 29.03 0.92 Rainy 2.49 27.38 0.66

Annual  3.52 28.93 0.96 Annual 3.34 26.62 1.14

Darak Dry 4.05 29.67 1.09 Bourrha  Dry 3.92 27.57 1.33
Rainy  2.45 27.44 0.65 Rainy 2.18 24.70 0.69

Annual  3.90 29.07 1.04 Annual 3.37 26.87 1.15

Fotokol Dry 4.46 29.44 1.22 Hina Dry 3.96 27.84 1.27
Rainy  2.79 28.33 0.82 Rainy 2.19 2491 0.67
Annual  3.93 29.04 1.08 Annual 3.38 26.79 0.90
Goulfey Dry 450 2943 1.24  Mokolo  Dry 3.86 27.48 1.04

Rainy  2.78 28.26 0.79 Rainy 2.40 25.40 0.67

Annual 432 29.23 1.08 Annual  3.30 28.16  1.04
Hile-Alifa Dry 4.87  29.31 1.35 Dziguilao Dry 3.82 29.19 118
Rainy 323  29.08  0.97 Rainy 2.23 26.10  0.65
Annual  3.90 28.92 1.11 Annual 3.38 27.71 1.13
Kousséri Dry 449 2935 1.25 Kaélé Dry 3.96 28.69 1.24
Rainy 2.73 28.08 0.78 Rainy 2.21 25.74 0.65

Annual 3.74 2898 1.10

Logone-Birni  Dry 434 29.63 1.20

Rainy  2.55 27.69 0.71
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Then, the shape and scale parameters are computed using Equations (6) and

(7).

14 3.692 ©)
(Ew)
C=—ttm__ (7)

i

2.5. Statistical Indicators for Accuracy Evaluation

To assess the accuracy level for the goodness-of-fit tests of satellite-derived data,

five reliable statistical indicators have been used to compare measured 3-hourly

time step observed wind speed data and daily long-term satellite-derived data.

These statistical indicators are presented using Equations (8) to (12) as follows:
1) Mean Bias Error [26] [27]:

1

MBE =[WZiN_1(Si —Mi)ZTZ ®8)

2) Root mean square error (RMSE) [28] [29]:

1 a
RMSE =[WZiN_1(Si _Mi)2j| )

3) Relative root mean square error (RRMSE) [19] [30]:

1

N 2 V2
DINCRLO
JZiM
4) Coefficient of determination (R*) [19] [31]:
vy TS M)
L (m-s)

5) Index of Agreement (IOA) [19] [32]:

RRMSE = { %100 (10)

(11)

IOA =1- R (12)

where:
M, : i Cumulative frequency distribution (CFD) of measured WS,
S, : " CFD of satellite-derived WS,
N:- Number of non-zero WS data points,
M: Mean value of M,;
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S_i: Mean value of ' S; .

2.6. Extrapolation of Wind Speed

The wind speed data were collected at a height of 10 m agl. In this study, six
wind turbines (WT), with a hub height of 30 m each, are chosen. Therefore, WS
data obtained at 10 m height agl, must be extrapolated to the relevant WT hub
height. The Weibull PDF is used to extrapolate WS values at 30 m height. The
Weibull scale and shape parameters at 10 m height agl are related to that of the
WT hub height [33] [34] by Equations (13) and (14).

C,=Cy *(ij (13)
Ly
k
k, = 1 14
* 1-0.00881In(z/10) (e
The power law exponent n is given by Equation (15).
n=[0.37-0.088In(C,)] (15)

where, zand z, are in meters, Weibull C}, and %, parameters are determined at
10 m height agl.

2.7. Mean Wind Power Density and Energy Density

Expressed in watts per square meter (W/m?), wind power density (A v)) consid-
ers the wind speed frequency distribution of a given location and the power of
wind which is proportional to the air density and the cube of the wind speed.
The power of wind (A(v)) can be estimated using Equation (16).

1

P(v) :E,oAv3 (16)

The mean wind power density ( p, ) based on the Weibull probability density

function can be calculated using Equation (17).

_P(v) 1 (.3
Po =T 2pC F(:ij (17)

The mean energy density ( Ey) over a period of time 7'is expressed as Equa-
tion (18).

1 5 3
E,.==pC°T|1+—|T 18
D 2/3 ( kj (18)

where:

p = air density at the site,

A = swept area of the rotor blades [m?].

The air density (in kilograms per cubic meter) at a given site is computed as
the mass of a quantity of air (in kg) divided by its volume (in cubic meter). It
depends on elevation and temperature above sea level and can be computed [35]

using Equation (19).
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z
-0.034=
- 353,049 oot (19
T
where:
Z = elevation (m);

T'= temperature at the considered site ("’K).

2.8. Wind Turbine and Electric Pumping Systems

Six wind turbines (WT) from different manufacturers are considered. For un-
iformity in the comparison, wind machines of 10 kW size and hub height of 30
m each, are chosen. The six WT are represented by WT,, WT,, WT,, WT,, WT;
and WT,, to avoid the use of registered names and trademarks. Table 3 provides
the technical characteristics of the six selected WT, which are relevant to the
present study. These WT can be subdivided into three groups. The first group
covers cut-in wind speed (WS) of 2 m/s (WT, and WT,), 2.5 m/s (WT,) and 3
m/s (WT,, WT; and WT,). The second group comprises rated WS of 10 m/s
(WT, and WT,), 11 m/s (WT,, WT, and WT,) and 12 m/s (WT,). The third
group includes cut-out WS of 25 m/s (WT,, WT,, WT; and WT,) and 30 m/s
(WT; and WT,). These WT are designed for low wind power density regimes,
which are relevant to FNR. For the sake of simplicity, a 50 m pumping head was
considered for volumetric flow rates calculations at the twenty-one selected loca-
tions. It should be noted that, although a 50 m pumping head is considered to
calculate volumetric flow rates, a different pumping head can be considered,
since the volumetric flow rate of water is inversely proportional to the pumping
head.

2.9. Power Curve Model and Capacity Factor

The typical power curve of a 10-kW pitch-controlled WT is shown in Figure 3(a),
while the power curves using the six selected pitch-controlled WT of 10 kW rated
capacity are plotted in Figure 3(b). As a result of the pitch regulated systems, the
voltage of the electricity at which pitch-controlled WT generate power at WS
above their rated levels, does not decrease [36]. Four different zones are observed

in this curve (Figure 3(a)). For WS in the range of zero to V; (cut-in WS),

Table 3. Characteristics of the selected wind turbines.

Characteristics WT, WT, WT, WT, WT, WTs
Hub height (m) 30 30 30 30 30 30
Rated power Py (kW) 10 10 10 10 10 10
Rotor diameter (m) 10 10 10 10 10 10
Cut-in wind speed V(m/s) 2 2 2.5 3 3 3
Rated wind speed Vj (m/s) 10 11 10 11 11 12
Cut-off wind speed Vj (m/s) 25 25 25 25 30 30
Price (USD/kW) 2600 2600 2600 2600 2600 2600
Price (1000*XAF/kW) 1560 1560 1560 1560 1560 1560
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Figure 3. Power curve of (a) a typical pitch-controlled WT, (b) the selected wind turbine.

the WT does not yield any output. Between the cut-in and rated WS (V;to V),
the power increases with the WS. In the present analysis, it is assumed that the
power output curve shows a quadratic power shape. From the rated WS (V) to
the cut-out WS (1), the WT yields a constant output at the rated power (Py),
regardless of WS variations. For WS higher than 1/, there is no output and the
system shuts down the WT for to safety reasons.

The model of wind power curve used in this research considers a piecewise
output function of the power output (2,), given the cut-in wind speed (v,), rated
wind speed (v), cut-off wind speed (v, and rated electrical power (P.p). All
these speeds and power are computed using the parabolic law [37], as a combi-

nation of Equation (20).

0 (v<v,)
k k
Vi —v
Pr— Ck v, SV,
Pe = Ve —V¢ (20)
P VR sV=Ve
(Ve <v)
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The average power output (P, ) of the WT, based on the Weibull PDF, can

,ave

be computed using Equation (21).

ROERE] e

Pe,ave:PeR Kk K —€ (21)
Ve | _[Ye
(&)

The ratio of the average power output (P, ) to the rated electrical power

,ave

(Pg) of the WT is known as the capacity factor CF. CF can thus be expressed
[38] as Equation (22).

e{%] (22)

2.10. Water Pumping Capacity

The water pumping capacity rate (F,) is related to the net hydraulic power

output ( P, ) and the efficiency of the pump. To determine a volume of water

ut

V, (ms) , the net hydraulic power output ( P, ) and volumetric flow rate of wa-

w ut

ter (Q,, ) are computed [39] using Equations (23) and (24).
P _pw.g.VW'H_pw'g'Qw'H
out — -
nt n

Qw _ - Pout (24)

Pu9-H

(23)

where:
Q, = volumetric flow rate [m’/day];
P = water density [kgm’];
g = acceleration due to gravity [nvs*];
H= pump head [m];
n = system efficiency.
With the pump efficiency (77p,p =62% ) considered, the water pumping ca-
pacity rate ( F,, ) is expressed as Equation (25).
Fy =367 X175y - P

out

(25)

2.11. Costs Analysis

The water pumping capacity rate (F,) is related to the net hydraulic power

output ( P, ) and the efficiency of the pump. To determine a volume of water
Vv, (ms) , the Costs analysis are performed to evaluate the costs of energy (COE)
and costs of water (COW) produced, using the present value of costs (PVC) of

energy produced per year [40]:

Pve-1c, (ﬂ_j{l_(l_”j ]_s(ﬂj @)
r—i 1+r 1+r
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With the following assumptions:
e [is the investment cost, which includes WT price in addition to 20% for civil
works and other connections;
e Average specific WT cost per kW is USD 2600, for WT rated power less than
20 kW [41];
e nisthe useful lifetime of WT in years (20 years);
e j,is the nominal interest rate (16%);
e Sis the scrap value (10% of WT price);
e jisthe inflation rate (3.6%);
e (. is the operation and maintenance costs (7.5% of the investment cost).
The discount rate (r) is determined [42] using Equation (27).
—i

_b

O 1+i

(27)

The total energy output (E,; ) over WT lifetime (in kilowatt-hour) is com-
puted using CDF of wind speeds at which WT produce energy (A), rated power
of the WT, capacity factor CF and WT lifetime working hours. E,; is com-
puted as Equation (28).

E, =8760* Axn=*P, *C, (28)

The costs of energy (COE) per unit kWh and costs of water (COW) per unit
m’ are estimated using Equations (29) and (30).

PVC

COE=—— (29)
Ey

COW = PVC (30)
n-v

w

The annual volume of water V,, (m’/year) produced is determined using Equ-
ation (31).
-E
VW = U—W (31)
n-p, 9- H

3. Results and Discussion
3.1. Wind Characteristics
3.1.1. Weibull PDF and CDF at 10 m Height Agl (Measured vs

Satellite Data)
Figure 4 and Figure 5 show monthly average PDF at 10 m height agl, respectively
at Kousseri and Maroua using both measured and satellite-derived data, while
Figure 6 and Figure 7 present the corresponding values for Weibull CDF plots.
The comparison of Weibull PDF plots using measured and satellite data show sim-
ilar trends for the dry season, both at Kousseri and Maroua, with similar probabil-
ity of meeting different wind speeds. On the other hand, Weibull PDF plots us-
ing measured data display higher probability (around 0.31) of meeting low wind
speeds (around 1.5 m/s) for the rainy season in Kousseri, while lower probability

(around 0.15) are observed for the corresponding wind speeds using satellite data.
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Figure 4. Monthly average PDF at 10 m height agl at Kousseri using (a) measured data
and (b) satellite-derived data.
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Figure 5. Monthly average PDF at 10 m height agl at Maroua using (a) measured data
and (b) satellite-derived data.
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Figure 6. Monthly average CDF at 10 m height agl at Kousseri using (a) measured data
and (b) satellite-derived data.
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Figure 7. Monthly average CDF at 10 m height agl at Maroua using (a) measured data
and (b) satellite-derived data.
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At the site of Maroua, it is observed under the same conditions, lower proba-
bility (around 0.15) using measured data and higher probability (around 0.31)
using measured data. Statistical indicators for the accuracy of satellite-derived
WS at Kousseri and Maroua are displayed in Table 4. Weibull CDF values pro-
vided data for the statistical analysis and comparison between measured and sa-
tellite-derived data.

3.1.2. Statistical Indicators for the Accuracy of Satellite-Derived WS at
Kousseri and Maroua

Table 4 shows different values obtained using the five statistical indicators for
the accuracy of satellite-derived wind speed at Kousseri and Maroua.

The MBE predicts overestimations (MBE < 0) or underestimations (MBE > 0)
of the satellite-derived wind speed values. On average, MBE values are slightly
overestimated at Kousseri and Maroua. MBE values at Kousseri are 0.037, 0.023
and 0.063, respectively for annual, dry and rainy seasons periods, while they are
0.019 (annual), 0.005 (dry season) and 0.047 (rainy season) at Maroua.

The RMSE provides the deviation between the values achieved by satellite-
derived data and those of in-situ wind measurements data. The RMSE has always a
positive value. RMSE values are that are close to zero, can be considered successful
forecasts. RMSE values for annual, dry and rainy seasons periods, give 0.069,
0.042 and 0.129 at Kousseri, and 0.040, 0.011 and 0.105 at Maroua, in that order.

Table 4. Statistical indicators for the accuracy of satellite-derived wind speed at Kousseri
and Maroua.

Kousseri Maroua
PERIOD
MBE RMSE RMSE R? I0A MBE RMSE RRMSE R? IOA
JAN —-0.002 0.003 0.41% 0.832 1.000 -0.011 0.022 2.65% 0.847 1.000

FEB 0.010 0.018  2.23% 0.822 0999 -0.012 0.022 2.68% 0.844 1.000
MAR 0.014 0.024  3.07% 0.820 0.999 -0.005 0.010 1.24% 0.842 1.000
APR 0.032 0.058  7.01% 0.823 0.998 0.015 0.030 3.53% 0.838 0.999
MAY 0.055 0.105 12.28% 0.816 0.996 0.020 0.041 4.79% 0.836 0.998
JUN 0.062 0.115 13.44% 0.812 0.995 0.027 0.056 6.47% 0.833 0.998
JUL 0.060 0.116  13.49% 0.813 0.995 0.037 0.080 9.09% 0.826 0.997
AUG 0.068 0.141 15.89% 0.804 0.993 0.051 0.115 12.79% 0.807 0.995
SEP 0.070 0.147 16.46% 0.800 0.993 0.058 0.132  14.61% 0.795 0.994
OCT 0.055 0.115 13.07% 0.814 0.995 0.043 0.097 10.86% 0.815 0.996
NOV 0.021 0.039  4.74% 0.830 0.998 0.021 0.045 5.15% 0.837 0.998
DEC -0.006  0.010 1.24% 0.836 1.000 -0.007 0.014 1.72% 0.848 1.001

ANNUAL 0.037 0.069  8.20% 0.823 0.997 0.019 0.040 4.65% 0.837 0.998

DRY
.02 .042 .079 .82 . . .011  1.279 842 1.
SEASON 0.023 0.0 5.07% 0.825 0.998 0.005 0.0 7% 0.8 000
RAINY 0.063 0.129  14.69% 0.809 0.994 0.047 0.105 11.80% 0.813 0.995
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The RRMSE is calculated by dividing the RMSE to the average of CFD of meas-
ured WS. For RRMSE values that are less than 10%, the precision is excellent,
while the precision is good for RRMSE values in the range of 10% - 20%. RRMSE
values at Kousseri and Maroua are, on average, less than 10% for annual and dry
season periods, while these values are in the range of 10% - 20% for the rainy
season. The accuracy of satellite-derived data can be defined as excellent for the
yearly average and dry season, while it can be rated as good for the rainy season,
at both locations.

R’ gives the linear relationship between satellite-derived and in-situ wind
measurements data. R* is supposed to be a perfect distribution model if it is cha-
racterized by a value equal to one, which represents a better fit using satel-
lite-derived data. R* values are in the range of 0.825 - 0.809 at Kousseri and be-
tween 0.813 - 0.842 at Maroua. These values are sufficiently high enough to
represent a better fit using satellite-derived data.

IOA is used to evaluate the accuracy of satellite-derived data to in-situ wind
measurements data. IOA values are in the range of 0 and 1. IOA values directly
above 0.5 indicate efficiency in the forecast. IOA values are 0.997, 0.998, and
0.994 at Kousseri and 0.998, 1.000 and 0.995 at Maroua, respectively for the
yearly average, dry and rainy seasons. As a result, IOA values show high effi-
ciency in the use of satellite-derived data. The analysis of statistical indicators
shows an accuracy level in the range of excellent to good, to test the good-
ness-of-fit of satellite-derived data. Therefore, satellite WS are found to be a

good fit with high correlation at both locations.

3.1.3. Wind Characteristics at 10 m Height Agl for the Twenty-One
Locations

Figure 8 presents seasonal average PDF at 10 m height agl for the twenty-one
selected locations. Dry season average PDF (Figure 8(a)) displays lower percen-
tage probability, with a larger range of speeds, while rainy season average PDF
(Figure 8(b)) shows higher percentage probability, with a narrower range of WS.
Table 5 presents seasonal variation of wind characteristics at 10 m height agl for
the twenty-one locations. Seasonal values of k range from 2.99 to 3.54 and indi-
cate sharper peak and narrow distribution of WS. On the other hand, scale pa-
rameters at the twenty-one selected locations display values in the range of 3.83 -
5.42 m/s for dry season and between 2.37 and 3.61 m/s for rainy season. The
shape parameter describes the size of the width of WS distribution, while the
scale parameter expresses the magnitude of WS. Lower k values indicate a ten-
dency of WS to vary over a wide range around averages, whereas higher k values
show a propensity of WS to stay within a narrow range. Mean WS values are
within 3.43 - 4.87 m/s and 2.12 - 3.23 m/s ranges, respectively for dry and rainy
seasons.

Seasonal values of air density fluctuate between 1.10 and 1.13 kg/m’. Wind
power density values vary between 7.35 and 26.05 W/m?’ for rainy season while

the corresponding values for dry season are in the range of 31.10 - 87.77 W/m”.
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Dry season at 10 m agl
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Figure 8. Seasonal average PDF at 10 m height agl for the twenty-one selected locations
during (a) dry season (b) rainy season.

Mean energy density values range from 0.75 to 2.06 kWh/m?/day and from 0.18
to 0.63 kWh/m?/day m/s, respectively for dry and rainy seasons.

3.1.4. Wind Characteristics at WT’s Hub Height

Figure 9 illustrates seasonal average PDF at 30 m height agl for the twenty-one
selected locations. As previously described, dry season average PDF (Figure
9(a)) displays lower percentage probability, with a larger range of speeds, whe-
reas rainy season average PDF (Figure 9(b)) shows higher percentage probabili-

ty, with a narrower range of WS.

DOI: 10.4236/sgre.2020.119009

145 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2020.119009

D. K. Kidmo et al.

Dry season at 30 m agl
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Figure 9. Seasonal average PDF at 30 m height agl for the twenty-one selected locations
during (a) dry season (b) rainy season.

Table 6 proposes seasonal variation of wind characteristics at 30 m height agl
for the twenty-one locations. Mean values of air density, Weibull parameters, wind
speeds, power and energy densities are adjusted to reflect the 30 m-hub height
tower. Seasonal values of k range from 3.02 to 3.58 and express sharper peak and
narrow distribution of WS. On the other hand, scale parameters show values
between 5.05 and 6.91 m/s for dry season and in the range of 3.27 - 4.78 m/s for
rainy season. At 30 m height agl, mean WS values are between 4.52 and 6.21 m/s
for dry season and vary from 2.93 to 4.28 m/s for rainy season. Wind power
density values vary between 70.88 and 176.96 W/m’ for dry season whereas
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Table 5. Statistical indicators for the accuracy of satellite-derived wind speed at Kousseri

and Maroua.
k V. W, E,
Seasons " P 5 e o
(m/s) (=) (m/s) (kg/m®) (W/m?) (kWh/m?/day)
Dry 4.38 3.39 3.93 1.12 44.98 1.08
Bogo
Rainy 2.62 341 2.36 1.13 9.75 0.23
Dry 4.27 3.19 3.82 1.12 42.58 1.02
Gazawa
Rainy 2.49 3.22 2.23 1.13 8.51 0.20
Dry 4.32 3.44 3.88 1.11 42.67 1.02
Maroua
Rainy 2.63 3.39 2.37 1.12 9.80 0.24
Dry 4.42 3.16 3.96 1.11 47.23 1.13
Ndoukoula
Rainy 2.46 3.19 2.21 1.12 8.19 0.20
Dry 5.32 3.39 4.78 1.13 81.51 1.96
Blangoua
Rainy 3.47 3.17 3.11 1.13 23.09 0.55
Dry 4.51 3.47 4.05 1.12 48.81 1.17
Darak
Rainy 2.73 3.43 2.45 1.13 10.99 0.26
Dry 4.96 3.43 4.46 1.13 65.52 1.57
Fotokol
Rainy 3.12 3.19 2.79 1.13 16.79 0.40
Dry 5.01 3.42 4.50 1.13 67.56 1.62
Goulfey
Rainy 3.10 3.24 2.78 1.13 16.40 0.39
Dry 5.42 341 4.87 1.13 85.77 2.06
Hile-Alifa
Rainy 3.61 3.14 3.23 1.13 26.05 0.63
Dry 5.00 3.40 4.49 1.13 67.27 1.61
Kousséri
Rainy 3.04 3.23 2.73 1.13 15.51 0.37
Dry 4.83 3.42 4.34 1.13 60.50 1.45
Logone-Birni
Rainy 2.84 3.31 2.55 1.13 12.51 0.30
Dry 3.83 3.10 3.43 1.12 31.10 0.75
Gobo
Rainy 2.37 3.19 2.12 1.13 7.35 0.18
Dry 4.27 3.19 3.82 1.12 42.58 1.02
Kalfou
Rainy 2.49 3.22 2.23 1.13 8.51 0.20
Dry 4.38 3.39 3.93 1.12 4498 1.08
Maga
Rainy 2.62 341 2.36 1.13 9.75 0.23
Dry 4.14 3.21 3.71 1.12 38.74 0.93
Yagoua
Rainy 2.47 3.23 2.21 1.13 8.32 0.20
Dry 4.29 3.54 3.86 1.12 41.71 1.00
Mora
Rainy 2.77 3.40 3.93 1.13 11.51 0.28
Dry 4.39 2.99 2.36 1.10 46.58 1.12
Bourrha
Rainy 2.44 3.07 3.82 1.11 8.00 0.19
Dry 4.43 3.11 2.23 1.10 47.13 1.13
Hina
Rainy 2.45 3.12 3.88 1.11 8.04 0.19
Dry 4.29 3.45 2.37 1.10 41.49 1.00
Mokolo
Rainy 2.68 3.30 3.96 1.11 10.30 0.25
Dry 4.27 3.19 2.21 1.12 42.58 1.02
Dziguilao
Rainy 2.49 3.22 4.78 1.13 8.51 0.20
Dry 4.42 3.16 3.11 1.11 47.23 1.13
Kaélé
Rainy 2.46 3.19 2.19 1.12 8.19 0.20
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Table 6. Seasonal variation of wind characteristics at 30 m height agl for the twenty-one

locations.
Seasons k Voo Viaxe  Va P Wpp Epp
(m/s) (=) (m/s) (m/s) (m/s) (kg/m®) (W/m?) (kWh/m?/day)
Dry 504 285 4.33 6.08 4.49 1.12 73.64 5.04
Bogo
& Rainy 490 266 4.11 6.05 4.36 1.12 70.11 4.90
Dry 5.00 291 4.33 5.98 4.46 1.11 70.46 5.00
Gazawa
Rainy 5.02 257 4.14 6.27 4.45 1.11 76.14 5.02
Dry 6.12 295 532 7.29 5.46 1.13 129.92 6.12
Maroua
Rainy 5.19 293 4.50 6.20 4.63 1.12 79.36 5.19
Dry 570 293 494 6.80 5.08 1.13 105.21 5.70
Ndoukoula
Rainy 5.73 291 496 6.86 5.11 1.13 107.51 5.73
Dry 6.24 299 545 7.41 5.57 1.13 137.26 6.24
Blangoua
Rainy 5.70 2.87 491 6.86 5.08 1.13 106.54 5.70
Dry 549 284 4.71 6.63 4.89 1.13 95.67 5.49
Darak
Rainy 4.50 2.67 3.77 5.54 4.00 1.12 53.95 4.50
Dry 490 266 4.11 6.05 4.36 1.12 70.11 4.90
Fotokol
Rainy 5.04 285 433 6.08 4.49 1.12 73.64 5.04
Dry 479 271 4.04 588 4.26 1.12 64.83 4.79
Goulfey
Rainy 5.03 3.07 4.42 5.92 4.49 1.12 70.40 5.03
Dry 497 245 402 634 441 1.10 75.70 4.97
Hile-Alifa
Rainy 5.01 2.53 4.11 6.31 4.45 1.10 75.99 5.01
Dry 5.00 294 434 5.96 4.46 1.10 69.22 5.00
Kousséri
Rainy 4.90 2.66 4.11 6.05 4.36 1.12 70.11 4.90
Dry 5.02 257 4.14 6.27 445 1.11 76.14 5.02
Logone-Birni
Rainy 5.04 2.85 4.33 6.08 4.49 1.12 73.64 5.04
Dry 490 266 4.11 6.05 4.36 1.12 70.11 4.90
Gobo
Rainy 5.00 291 4.33 5.98 4.46 1.11 70.46 5.00
Dry 5.02 257 414 6.27 4.45 1.11 76.14 5.02
Kalfou
Rainy 6.12 295 532 7.29 5.46 1.13 129.92 6.12
Dry 519 293 450 620 4.63 1.12 79.36 5.19
Maga
Rainy 5.70 293 4.94 6.80 5.08 1.13 105.21 5.70
Dry 573 291 496 6.86 5.11 1.13 107.51 5.73
Yagoua
Rainy 6.24 299 545 7.41 5.57 1.13 137.26 6.24
Dry 570 2.87 4091 6.86 5.08 1.13 106.54 5.70
Mora
Rainy 549 284 471 6.63 4.89 1.13 95.67 5.49
Dry 450 2.67 3.77 554 4.00 1.12 53.95 4.50
Bourrha
Rainy 4.90 2.66 4.11 6.05 4.36 1.12 70.11 4.90
Hi Dry 5.04 2.85 4.33 6.08 4.49 1.12 73.64 5.04
ina
Rainy 4.79 271 4.04 5.88 4.26 1.12 64.83 4.79
Dry 5.03 3.07 4.42 5.92 4.49 1.12 70.40 5.03
Mokolo
Rainy 497 245 4.02 634 441 1.10 75.70 4.97
Dry 5.01 2.53 4.11 6.31 4.45 1.10 75.99 5.01
Dziguilao
Rainy 5.00 294 4.34 5.96 4.46 1.10 69.22 5.00
Dry 490 266 4.11 6.05 4.36 1.12 70.11 4.90
Kaélé
Rainy 5.02 257 4.14 6.27 4.45 1.11 76.14 5.02
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the corresponding values for rainy season range from 19.26 to 60.44 W/m’.
Mean energy density values fluctuate from 1.70 to 4.25 kWh/m?/day and from
0.46 to 1.45 kWh/m?/day, respectively for dry and rainy seasons.

Table 7 presents mean seasonal frequency for the six selected wind turbines
to produce power at the twenty-one locations. mean seasonal frequency values
represent the availability of wind during which WT produce power. Based on
WT characteristics, it is observed a trend of probability to produce power that is
highest using WT, and WT, (0.99 - 0.82), followed by WT, (0.97 - 0.66). WT,,
WT, and WT, show the lowest seasonal probability (0.95 - 0.47) to produce
power. As a result, WT with lower cut-in WS (WT, and WT,) display a higher
probability to produce power, in comparison to WT presenting higher cut-in
WS (WT,, WT; and WT,).

3.2. Cost of Energy

Table 8 and Table 9 illustrate, respectively mean seasonal capacity factor (CF)
and costs of energy (COE), for the six selected WT at the twenty-one selected lo-
cations. Mean seasonal CF values show the ranking of selected WT. WT, achieves
the first position, whereas WT, and WT, take, respectively the second and third
positions in rank. Although WT, gets the fourth position, it displays the same
performance as WT.. The least efficient is WT,. It is observed that the CF is
characteristically affected by the WT cut-in and rated WS while the cut-out WS
has insignificant impact on the CF. The first four locations that show the highest
mean seasonal CF values are Hile-Alifa, Blangoua, Kousseri and Goulfey, in that
order. With respects to WT, the most efficient of considered WT, mean season-
al CF values for dry and rainy seasons display, respectively 26.93% and 9.13% at
Hile-Alifa, 25.79% and 7.94% at Blangoua, 21.32% and 4.99% at Kousseri, and
21.27% and 5.28% at Goulfey. Similarly, mean seasonal COE provide also the
ranking of selected WT, based on cost per kWh of energy produced. CF and
COE values followed the same trend when ranking WT performance. The lowest
costs per kWh are obtained using WT,, while the 2™ and 3™ third positions in
rank are taken, respectively by WT; and WT,. WT, and WT; exhibit the same
performance. WT; shows the highest cost per kWh of energy produced. With
respects to WT,, the most cost-effective of considered WT, dry season COE val-
ues are 68.84, 71.97, 87.30 and 87.47 XAF/kWh at Hile-Alifa, Blangoua, Kousseri
and Goulfey, in that order. Rainy season Corresponding COE values stand at
213.18, 246.60, 402.95 and 379.07 XAF/kWh.

Figure 10 illustrates mean monthly CF and COE plotting using WT1, at (a)
Blangoua, (b) Goulfey, (c) Hilé-Alifa and (d) Kousseri. With respect to the PVC
method, COE are inversely proportional to CF. It is seen that the higher the CF,
the lower the COE. Lower COE are observed in dry season, whereas higher COE
are experienced in rainy season. The highest COE are revealed in September fol-
lowed by August, while the lowest COE are shown in March followed by Febru-

ary.
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Table 7. Average seasonal frequency for selected wind turbines to produce power at the
twenty-one locations.

Locations Seasons WT1 WT2 WT3 WT4 WT5 WTé6

Dry 97.25% 97.25% 94.20% 89.45% 89.45% 89.45%
Bogo
8 Rainy 87.46% 87.46% 74.93% 58.26% 58.26% 58.26%
Dry 96.39% 96.39% 92.73% 87.30% 87.30% 87.30%
Gazawa
Rainy 84.08% 84.08% 69.86% 52.23% 52.23% 52.23%
Dry 97.30% 97.30% 94.22% 89.38% 89.38% 89.38%
Maroua
Rainy 87.53% 87.53% 75.11% 58.59% 58.59% 58.59%
Dry 96.61% 96.61% 93.22% 88.20% 88.20% 88.20%
Ndoukoula
Rainy 83.31% 83.31% 68.74% 50.93% 50.93% 50.93%
Dry 98.50% 98.50% 96.80% 94.11% 94.11% 94.11%
Blangoua
Rainy 93.35% 93.35% 86.89% 77.75% 77.75% 77.75%
Darak Dry 97.71% 97.71% 95.06% 90.84% 90.84% 90.84%
aral
Rainy 88.99% 88.99% 77.68% 62.22% 62.22% 62.22%
Dry 98.22% 98.22% 96.18% 92.94% 92.94% 92.94%
Fotokol
Rainy 91.19% 91.19% 82.77% 71.19% 71.19% 71.19%
Dry 98.25% 98.25% 96.26% 93.09% 93.09% 93.09%
Goulfey
Rainy 91.38% 91.38% 82.94% 71.21% 71.21% 71.21%
Dry 98.61% 98.61% 97.02% 94.50% 94.50% 94.50%
Hile-Alifa
Rainy 93.89% 93.89% 88.01% 79.63% 79.63% 79.63%
Dry 98.20% 98.20% 96.16% 92.94% 92.94% 92.94%
Kousséri
Rainy 90.86% 90.86% 81.99% 69.77% 69.77% 69.77%
Dry 98.04% 98.04% 95.81% 92.28% 92.28% 92.28%

Logone-Birni
Rainy 89.44%  89.44%  79.04%  64.88%  64.88%  64.88%

Gob Dry 94.65% 94.65% 89.53% 82.23% 82.23% 82.23%
obo
Rainy 81.51% 81.51% 65.73% 46.99% 46.99% 46.99%
Kalf Dry 96.39% 96.39% 92.73% 87.30% 87.30% 87.30%
alfou
Rainy 84.08% 84.08% 69.86% 52.23% 52.23% 52.23%
M Dry 97.25% 97.25% 94.20% 89.45% 89.45% 89.45%
aga
8 Rainy 87.46% 87.46% 74.93% 58.26% 58.26% 58.26%
Dry 96.11% 96.11% 92.15% 86.28% 86.28% 86.28%
Yagoua
Rainy 83.81% 83.81% 69.34% 51.46% 51.46% 51.46%
M Dry 97.51% 97.51% 94.55% 89.80% 89.80% 89.80%
ora
Rainy 89.32% 89.32% 78.42% 63.48% 63.48% 63.48%
Dry 95.87% 95.87% 92.06% 86.64% 86.64% 86.64%
Bourrha
Rainy 81.82% 81.82% 67.00% 49.44% 49.44% 49.44%
Dry 96.45% 96.45% 92.98% 87.90% 87.90% 87.90%
Hina
Rainy 82.44% 82.44% 67.72% 50.05% 50.05% 50.05%
Dry 97.28% 97.28% 94.17% 89.28% 89.28% 89.28%
Mokolo
Rainy 87.46% 87.46% 75.45% 59.64% 59.64% 59.64%
Dry 96.39% 96.39% 92.73% 87.30% 87.30% 87.30%
Dziguilao
Rainy 84.08% 84.08% 69.86% 52.23% 52.23% 52.23%
Kadld Dry 96.61% 96.61% 93.22% 88.20% 88.20% 88.20%
aélé

Rainy 83.31% 83.31% 68.74% 50.93% 50.93% 50.93%
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Table 8. Average seasonal capacities factors for selected wind turbines at the twenty-one

locations.
Locations Seasons WT1 WT2 WT3 WT4 WT5 WT6
Dry 14.26% 10.29% 13.87% 9.55% 9.55% 7.07%
Bogo
8 Rainy 2.59% 1.86% 2.23% 1.25% 1.25% 0.93%
Dry 14.69% 10.80% 14.22% 9.89% 9.89% 7.45%
Gazawa
Rainy 2.58% 1.89% 2.16% 1.19% 1.19% 0.89%
Dry 13.23% 9.49% 12.87% 8.79% 8.79% 6.48%
Maroua
Rainy 2.65% 1.91% 2.29% 1.29% 1.29% 0.96%
Dry 16.62% 12.28% 16.14% 11.34% 11.34% 8.57%
Ndoukoula
Rainy 2.56% 1.88% 2.12% 1.16% 1.16% 0.87%
Dry 25.79% 18.94% 25.45% 18.25% 18.25% 13.58%
Blangoua
Rainy 7.94% 5.85% 7.44% 4.93% 4.93% 3.72%
K Dry 14.92% 10.68% 14.57% 10.01% 10.01% 7.36%
Dara
Rainy 2.92% 2.10% 2.56% 1.48% 1.48% 1.09%
Dry 20.54% 14.86% 20.20% 14.18% 14.18% 10.47%
Fotokol
Rainy 5.61% 4.13% 5.13% 3.26% 3.26% 2.45%
Dry 21.27% 15.42% 20.93% 14.73% 14.73% 10.89%
Goulfey
Rainy 5.28% 3.86% 4.82% 3.04% 3.04% 2.28%
Dry 26.93% 19.80% 26.61% 19.14% 19.14% 14.23%
Hile-Alifa
Rainy 9.13% 6.74% 8.61% 5.79% 5.79% 4.37%
Dry 21.32% 15.49% 20.97% 14.79% 14.79% 10.95%
Kousséri
Rainy 4.99% 3.65% 4.53% 2.84% 2.84% 2.13%
Dry 19.06% 13.78% 18.71% 13.08% 13.08% 9.66%
Logone-Birni
Rainy 3.71% 2.70% 3.30% 1.98% 1.98% 1.47%
Gob Dry 11.25% 8.34% 10.71% 7.33% 7.33% 5.56%
obo
Rainy 2.24% 1.64% 1.82% 0.96% 0.96% 0.72%
Dry 14.69% 10.80% 14.22% 9.89% 9.89% 7.45%
Kalfou
Rainy 2.58% 1.89% 2.16% 1.19% 1.19% 0.89%
Dry 14.26% 10.29% 13.87% 9.55% 9.55% 7.07%
Maga
Rainy 2.59% 1.86% 2.23% 1.25% 1.25% 0.93%
Dry 13.25% 9.73% 12.78% 8.83% 8.83% 6.63%
Yagoua
Rainy 2.48% 1.82% 2.07% 1.13% 1.13% 0.85%
Dry 12.22% 8.68% 11.89% 8.05% 8.05% 5.88%
Mora
Rainy 3.16% 2.28% 2.79% 1.63% 1.63% 1.21%
Dry 17.69% 13.29% 17.11% 12.18% 12.18% 9.33%
Bourrha
Rainy 2.81% 2.09% 2.31% 1.28% 1.28% 0.97%
Hi Dry 17.07% 12.67% 16.56% 11.69% 11.69% 8.86%
ina
Rainy 2.71% 2.00% 2.24% 1.23% 1.23% 0.93%
Dry 12.92% 9.26% 12.56% 8.57% 8.57% 6.31%
Mokolo
Rainy 3.09% 2.25% 2.68% 1.55% 1.55% 1.16%
Dry 14.69% 10.80% 14.22% 9.89% 9.89% 7.45%
Dziguilao
Rainy 2.58% 1.89% 2.16% 1.19% 1.19% 0.89%
) Dry 16.62% 12.28% 16.14% 11.34% 11.34% 8.57%
Kaélé
Rainy 2.56% 1.88% 2.12% 1.16% 1.16% 0.87%
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Table 9. Average seasonal costs of energy for selected wind turbines at the twenty-one

locations.
Locations Seasons WT1 WT2 WT3 WT4 WT5 WTé6
Dry 131.86 182.68 139.90 214.04 214.04 289.06
Bogo
8 Rainy 807.79 1122.32 1095.47 2507.25 2507.25 3391.92
Dry 129.07 175.54 138.64 211.63 211.63 281.18
Gazawa
Rainy 842.37 1150.54 1213.16 2949.00 2949.00 3929.18
Dry 142.05 197.93 150.82 232.60 232.60 315.65
Maroua
Rainy 787.29 1092.69 1064.11 2417.18 2417.18 3267.00
Dry 113.83 154.08 121.52 182.72 182.72 241.98
Ndoukoula
Rainy 857.58 1167.84 1252.35 3090.89 3090.89 4107.35
Dry 71.97 98.00 74.20 106.44 106.44 143.09
Blangoua
Rainy 246.60 334.97 282.86 477.32 477.32 632.87
Dry 125.42 175.16 131.96 201.05 201.05 273.55
Darak
Rainy 703.12 978.82 918.51 1985.43 1985.43 2690.71
Dry 90.60 125.28 94.08 138.76 138.76 187.92
Fotokol
Rainy 357.05 485.86 430.75 788.29 788.29 1046.82
Dry 87.47 120.66 90.74 133.28 133.28 180.27
Goulfey
Rainy 379.07 518.41 457.55 844.65 844.65 1126.67
Dry 68.84 93.61 70.81 101.09 101.09 135.96
Hile-Alifa
Rainy 213.18 288.82 241.15 396.77 396.77 524.86
Dry 87.30 120.19 90.64 133.02 133.02 179.58
Kousséri
Rainy 402.95 550.68 492.04 924.01 924.01 1231.77
Dry 97.82 135.37 101.97 151.50 151.50 205.03
Logone-Birni
Rainy 550.33 757.74 701.10 1426.09 1426.09 1913.77
Gob Dry 171.68 231.68 190.59 303.12 303.12 399.63
obo
Rainy 1001.43 1363.60 1531.03 4057.78 4057.78 5391.72
Dry 129.07 175.54 138.64 211.63 211.63 281.18
Kalfou
Rainy 842.37 1150.54 1213.16 2949.00 2949.00 3929.18
Dry 131.86 182.68 139.90 214.04 214.04 289.06
Maga
8 Rainy 807.79 1122.32 1095.47 2507.25 2507.25 3391.92
Dry 143.52 195.59 155.22 240.03 240.03 319.33
Yagoua
Rainy 878.20 1200.64 1275.79 3150.44 3150.44 4201.18
M Dry 153.46 215.98 162.59 252.80 252.80 346.06
ora
Rainy 646.93 898.34 835.25 1762.94 1762.94 2383.80
Dry 107.79 143.47 116.03 173.21 173.21 226.15
Bourrha
Rainy 796.12 1071.45 1179.20 2897.45 2897.45 3810.16
Dry 111.01 149.54 118.69 177.89 177.89 234.65
Hina
Rainy 819.23 1107.74 1206.38 2968.92 2968.92 3920.48
Dry 145.41 202.84 154.50 238.87 238.87 324.45
Mokolo
Rainy 676.21 929.86 903.77 1979.63 1979.63 2653.54
Dry 129.07 175.54 138.64 211.63 211.63 281.18
Dziguilao
Rainy 842.37 1150.54 1213.16 2949.00 2949.00 3929.18
-y Dry 113.83 154.08 121.52 182.72 182.72 241.98
aélé
Rainy 857.58 1167.84 1252.35 3090.89 3090.89 4107.35
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Figure 10. Mean monthly CF and COE using WTI, at (a) Blangoua, (b) Goulfey, (c)
Hilé-Alifa and (d) Kousseri.
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3.3. Flow Rate Capacity

Table 10 discloses mean seasonal flow rate capacity (m*/h) using the six selected
WT at the twenty-one considered locations. WT, achieves the highest flow rate
capacity, whereas WT,, WT, and WT, rank, respectively 2™, 3 and 4™. WT, re-
veals the same performance as WT.. The least efficient is WT,. Flow rate capaci-
ty and CF are linearly related to each other; hence they follow the same trend
when ranking WT performance. With consideration to WT,, the most perform-
ing of considered WT, dry season flow rate capacity values are 612.69, 585.99,
483.08 and 482.19 m*/h at Hile-Alifa, Blangoua, Kousseri and Goulfey, in that
order. Rainy season Corresponding values stand at 197.83, 171.03, 104.67 and
111.26 m* h. The upper range possible for mechanical wind pumps is about 2500
m'/day and for larger power requirements, above 2500 m*/day, the electrical
wind pumping is the most cost-effective option [43]. Wind electric pumping
system can be implemented at Hilé-Alifa, Blangoua, Kousseri and Goulfey, using
WT characteristics similar to WT,. Based on hydraulic requirements for wind
pumps, the use of Mechanical wind pumping system is highly suggested as the
most cost-effective option of wind pumping technologies in FNR.

Figure 11 shows mean monthly flow rate capacity (m*/h) histograms using
WT,, at (a) Blangoua, (b) Goulfey, (c) Hilé-Alifa and (d) Kousseri. Higher flow
rate capacity are observed in dry season, whereas lower values are seen in rainy
season. The lowest flow rate capacity are observed in September followed by

August, whereas the highest values are shown in March followed by February.

3.4. Volumetric Flow Rate of Water (m3/day) at 50 m Dynamic
Head

Table 11 illustrates mean seasonal volumetric flow rate of water (m*/day) at 50
m dynamic head using the six selected WT at the twenty-one selected locations.
Volumetric flow rate (Q,) and flow rate capacity (F,) are lineary related to each
other, hence they follow the same trend when ranking WT performance. WT,
achieves the highest volumetric flow rate, whereas WT,, WT, and WT, rank, re-
spectively 2™, 3" and 4™, WT, reveals the same performance as WTs. The least
efficient is WT,. With consideration to WT), the most performing of considered
WT, dry season volumetric flow rate of water are 490.96, 449.11, 305.22 and
304.10 m’/day at Hile-Alifa, Blangoua, Kousseri and Goulfey, in that order.
Rainy season corresponding values stand at 51.19, 38.26, 14.33 and 16.19 m*/day.

3.5. Cost of Water

Table 12 illustrates mean seasonal costs of water (XAF/m®) at 50 m dynamic
head using the six selected WT at the twenty-one selected locations. COW and
flow rate capacity are lineary related to each other, hence they follow the same
tendency when ranking WT performance. WT, achieves the highest volumetric
flow rate, whereas WT;, WT, and WT, rank, respectively 2™, 3" and 4™ WT,
reveals the same performance as WT,. The least efficient is WT,. With consider-
ation to WT, the most performing of considered WT, dry season COWare 9.06,
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Table 10. Average seasonal flow rate capacity (m*/h) using selected wind turbines at the

twenty-one locations.

Locations Seasons WT1 WT2 WT3 WT4 WT5 WT6
Dry 319.84 230.87 301.47 197.04 197.04 145.90
Bogo
8 Rainy 52.21 37.58 38.50 16.82 16.82 12.43
Dry 326.75 240.25 304.20 199.29 199.29 149.99
Gazawa
Rainy 50.07 36.66 34.76 14.30 14.30 10.73
Dry 296.91 213.08 279.64 181.32 181.32 133.61
Maroua
Rainy 53.57 38.60 39.63 17.45 17.45 1291
Dry 370.50 273.73 347.05 230.82 230.82 174.29
Ndoukoula
Rainy 49.18 36.11 33.68 13.64 13.64 10.27
Dry 585.99 430.35 568.37 396.24 396.24 294.75
Blangoua
Rainy 171.03 125.91 149.10 88.36 88.36 66.64
Dry 336.28 240.78 319.60 209.77 209.77 154.18
Darak
Rainy 59.98 43.09 45.92 21.24 21.24 15.67
Dry 465.50 336.65 448.29 303.94 303.94 224.43
Fotokol
Rainy 118.12 86.80 97.91 53.50 53.50 40.29
Dry 482.19 349.54 464.80 316.43 316.43 233.96
Goulfey
Rainy 111.26 81.35 92.18 49.93 49.93 37.43
Dry 612.69 450.53 595.58 417.22 417.22 310.21
Hile-Alifa
Rainy 197.83 146.03 174.90 106.29 106.29 80.36
Dry 483.08 350.91 465.29 317.06 317.06 234.85
Kousséri
Rainy 104.67 76.59 85.72 45.64 45.64 34.24
Dry 431.17 311.56 413.58 278.39 278.39 205.71
Logone-Birni
Rainy 76.64 55.66 60.16 29.57 29.57 22.04
Gob Dry 245.67 182.04 221.28 139.14 139.14 105.53
obo
Rainy 42.11 30.93 27.55 10.39 10.39 7.82
Dry 326.75 240.25 304.20 199.29 199.29 149.99
Kalfou
Rainy 50.07 36.66 34.76 14.30 14.30 10.73
Dry 319.84 230.87 301.47 197.04 197.04 145.90
Maga
Rainy 52.21 37.58 38.50 16.82 16.82 12.43
Dry 293.85 215.63 271.71 175.71 175.71 132.07
Yagoua
Rainy 48.02 35.13 33.06 13.39 13.39 10.04
Dry 274.82 195.28 259.39 166.83 166.83 121.87
Mora
Rainy 65.19 46.95 50.49 23.92 23.92 17.69
Dry 391.27 293.97 363.47 243.49 243.49 186.50
Bourrha
Rainy 52.98 39.36 35.77 14.56 14.56 11.07
Hi Dry 379.93 282.03 355.33 237.08 237.08 179.73
ina
Rainy 51.48 38.07 34.96 14.21 14.21 10.76
Dry 290.04 207.92 272.97 176.56 176.56 129.99
Mokolo
Rainy 62.37 45.36 46.67 21.30 21.30 15.89
Dry 326.75 240.25 304.20 199.29 199.29 149.99
Dziguilao
Rainy 50.07 36.66 34.76 14.30 14.30 10.73
' Dry 370.50 273.73 347.05 230.82 230.82 174.29
Kaélé
Rainy 49.18 36.11 33.68 13.64 13.64 10.27
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Table 11. Average seasonal flow rate capacity (m*/h) using selected wind turbines at the

twenty-one locations.

Locations Seasons WTI1 WT2 WT3 WT4 WT5 WTé6
Dry 133.80 69.71 118.86 50.78 50.78 27.84
Bogo
Rainy 3.57 1.85 1.94 0.37 0.37 0.20
Dry 139.64 75.49 121.03 51.95 51.95 29.43
Gazawa
Rainy 3.28 1.76 1.58 0.27 0.27 0.15
Dry 115.30 59.38 102.28 43.00 43.00 23.35
Maroua
Rainy 3.75 1.95 2.05 0.40 0.40 0.22
Dry 179.54 98.00 157.53 69.68 69.68 39.73
Ndoukoula
Rainy 3.16 1.71 1.48 0.24 0.24 0.14
Dry 449.11 242.23 422.51 205.35 205.35 113.63
Blangoua
Rainy 38.26 20.73 29.08 10.21 10.21 5.81
Dry 147.90 75.83 133.59 57.55 57.55 31.09
Darak
Rainy 4.71 2.43 2.76 0.59 0.59 0.32
Dry 283.41 148.23 262.84 120.83 120.83 65.88
Fotokol
Rainy 18.25 9.86 12.54 3.74 3.74 2.12
Dry 304.10 159.80 282.56 130.96 130.96 71.59
Goulfey
Rainy 16.19 8.66 11.11 3.26 3.26 1.83
Dry 490.96 265.48 463.94 227.67 227.67 125.86
Hile-Alifa
Rainy 51.19 27.89 40.01 14.78 14.78 8.45
Dry 305.22 161.05 283.15 131.48 131.48 72.14
Kousséri
Rainy 14.33 7.67 9.61 2.72 2.72 1.53
Dry 243.15 126.96 223.72 101.36 101.36 55.34
Logone-Birni
Rainy 7.68 4.05 4.73 1.14 1.14 0.64
Dry 78.93 43.34 64.04 25.32 25.32 14.57
Gobo
Rainy 2.32 1.25 0.99 0.14 0.14 0.08
Dry 139.64 75.49 121.03 51.95 51.95 29.43
Kalfou
Rainy 3.28 1.76 1.58 0.27 0.27 0.15
Dry 133.80 69.71 118.86 50.78 50.78 27.84
Maga
Rainy 3.57 1.85 1.94 0.37 0.37 0.20
Dry 112.94 60.81 96.56 40.38 40.38 22.81
Yagoua
Rainy 3.02 1.61 1.43 0.23 0.23 0.13
Dry 98.78 49.87 88.00 36.40 36.40 19.43
Mora
Rainy 5.56 2.88 3.33 0.75 0.75 0.41
Dry 200.23 113.02 172.79 77.54 77.54 45.49
Bourrha
Rainy 3.67 2.03 1.67 0.28 0.28 0.16
Dry 188.79 104.03 165.13 73.52 73.52 42.25
Hina
Rainy 3.47 1.90 1.60 0.26 0.26 0.15
Dry 110.02 56.54 97.46 40.77 40.77 22.10
Mokolo
Rainy 5.09 2.69 2.85 0.59 0.59 0.33
Dry 139.64 75.49 121.03 51.95 51.95 29.43
Dziguilao
Rainy 3.28 1.76 1.58 0.27 0.27 0.15
Dry 179.54 98.00 157.53 69.68 69.68 39.73
Kaélé
Rainy 3.16 1.71 1.48 0.24 0.24 0.14
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Table 12. Average seasonal costs of water (XAF/m?) at 50 m dynamic head using selected
wind turbines at the twenty-one locations.

Locations Seasons  WTI1 WT2 WT3 WT4 WT5 WTé6
Dry 33.25 63.81 37.42 87.60 87.60 159.77

Bogo Rainy 1247.71  2408.57  2294.67  12,020.33  12,020.33  21,999.53
Gazawa Dry 31.86 58.92 36.76 85.64 85.64 151.18

Rainy 1356.83  2531.21  2814.24  16,629.19 16,629.19  29,520.65

Dry 38.58 74.91 43.49 103.45 103.45 190.51
Maroua
Rainy 1185.19  2283.06 2165.19 11,172.28 11,172.28 20,408.97
Dry 24.78 45.39 28.24 63.84 63.84 111.97
Ndoukoula
Rainy 1406.27  2607.89 2999.01 18,267.98 18,267.98  32,258.61
Dry 9.91 18.36 10.53 21.66 21.66 39.15
Blangoua
Rainy 116.28 214.56 152.99 435.65 435.65 765.87
Dry 30.08 58.67 33.30 77.29 77.29 143.09
Darak
Rainy 945.32 1832.02 1613.20 7537.58 7537.58 13,843.82
Dry 15.70 30.01 16.92 36.82 36.82 67.52
Fotokol
Rainy 243.77 451.39 354.80 1188.20 1188.20 2095.41
Dry 14.63 27.84 15.74 33.97 33.97 62.14
Goulfey
Rainy 274.77 513.90 400.31 1364.20 1364.20 2427.26
Dry 9.06 16.76 9.59 19.54 19.54 35.35
Hile-Alifa
Rainy 86.90 159.50 111.19 301.03 301.03 526.75
Dry 14.57 27.62 15.71 33.83 33.83 61.67
Kousséri

Rainy 310.47 579.86 462.93 1632.58 1632.58 2901.21

Dry 18.30 35.04 19.88 43.89 43.89 80.38
Logone-Birni
Rainy 579.12  1097.90 939.90 3888.83 3888.83 7003.30

Gob Dry 56.36 102.63 69.46 175.69 175.69 305.38
obo
Rainy 1917.61 3555.46  4482.17 31,484.73 31,484.73  55,587.57
Dry 31.86 58.92 36.76 85.64 85.64 151.18
Kalfou
Rainy 1356.83  2531.21 2814.24 16,629.19 16,629.19  29,520.65
Dry 33.25 63.81 37.42 87.60 87.60 159.77
Maga
Rainy 1247.71  2408.57  2294.67  12,020.33  12,020.33  21,999.53
Dry 39.39 73.15 46.07 110.17 110.17 194.99
Yagoua
Rainy 147471 275642  3112.30  18,978.68 18,978.68  33,749.27
Dry 45.03 89.19 50.55 122.20 122.20 228.99
Mora
Rainy 800.28 1543.13 1334.01 5942.87 5942.87 10,865.80
Dry 22.22 39.36 25.75 57.37 57.37 97.79
Bourrha
Rainy 1211.93  2195.16  2658.89  16,052.93 16,052.93  27,759.36
Hi Dry 23.56 42.76 26.94 60.51 60.51 105.29
ina
Rainy 1283.32  2346.40 2782.86 16,854.70  16,854.70  29,390.10
Dry 40.43 78.68 45.65 109.10 109.10 201.29
Mokolo
Rainy 874.35 1653.32 1561.86 7493.60 7493.60 13,464.00
Dry 31.86 58.92 36.76 85.64 85.64 151.18
Dziguilao
Rainy 1356.83  2531.21  2814.24 16,629.19 16,629.19  29,520.65
Dry 24.78 45.39 28.24 63.84 63.84 111.97
Kaélé

Rainy 1406.27  2607.89  2999.01  18,267.98 18,267.98 32,258.61
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Figure 11. Average monthly flow rate capacity (m*h) using WT1, at (a) Blangoua, (b)
Goulfey, (c) Hilé-Alifa and (d) Kousseri.
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Figure 12. Average monthly COW and volumetric flow rate using WT1 for (a) Blangoua,
(b) Goulfey, (c) Hilé-Alifa and (d) Kousseri.

DOI: 10.4236/sgre.2020.119009 159 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2020.119009

D. K. Kidmo et al.

9.91, 14.57 and 14.63 XAF/m’ at Hile-Alifa, Blangoua, Kousseri and Goulfey, in
that order. Rainy season corresponding values stand at 86.90, 116.28, 310.47 and
274.77 XAF/m®.

Figure 12 displays mean monthly COW and volumetric flow rate using WT|,
at (a) Blangoua, (b) Goulfey, (c) Hilé-Alifa and (d) Kousseri. With respect to the
PVC method, COW are inversely proportional to volumetric flow rate. It is ob-
served that the higher the volumetric flow rate, the lower the COW. Lower
COW are observed in dry season, whereas higher COW are experienced in rainy
season. COW are highest in September and August, while March and February
display the lowest COW.

4. Conclusion

In this work, seasonal wind characteristics, net energy production and perfor-
mance of selected 10-kW pitch-controlled WT in twenty-one selected locations
in FNR have been evaluated using measured wind and satellite-derived wind da-
ta at 10 m height agl. Five reliable statistical indicators have been employed to
assess the accuracy level of satellite-derived data. The 2-parameter Weibull PDF
using the energy factor method provided the required tool to investigate season-
al wind characteristics, net energy production and performance of selected WT.
The outcomes of this study show that mean wind speeds at 10 m height agl in
FNR vary in the ranges of 2.99 - 4.32 m/s, 2.12 - 3.23 m/s, 3.43 - 4.87 m/s, respec-
tively for yearly average, rainy and dry seasons. Satellite-based wind resource can
be appropriate to assess the potential of wind energy in the early phase of wind
farm projects, before higher-accuracy in-situ measurements are available. The
wind resource in FNR is deemed suitable for wind pumping applications. Based
on the hydraulic requirements for wind pumps, mechanical wind pumping sys-
tem can be the most cost-effective option of wind pumping technologies in FNR.
Wind electric pumping systems using WT, with cut-in WS (less than 2 m/s) and
rated WS (less than 10 m/s) can be a cost-effective option for water pumping for
four locations only, namely, Blangoua, Goulfey, Hilé-Alifa and Kousseri.
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Nomenclature

v, Mean wind speed [mv/s] v, Wind speed [nvs]

Ky Shape parameter at 10 m height agl [-] N Number of wind speed data

k, Shape parameter at z meters height agl [-] v Wind speed [mv/s]

o Standard deviation of the mean wind speed [m/s] n Power law exponent [-]

n Useful lifetime of WT in years (20 years) [year] v, Cut-in wind speed [m/s]

F, Water pumping capacity rate [m%h] A Rated wind speed [nvs]

Vg Measured wind speed [mv/s] Ve Cut-off wind speed [m/s]

o, Standard deviation of the mean measured WS [mvs] Pe Rated electrical power [kW]
Vs Satellite-derived wind speed [mv/s] P e Average power output [kW]
o Standard deviation of the mean satellite-derived WS [mv/s] Q, Volumetric flow rate (m%day)

f (v) Probability of observing wind speed v Pu Water density [kg/m’]

g Acceleration due to gravity[mvs?] Sat, Mean value of Sat,

C Weibull scale parameter [m/s] H Pump head [m]

k Weibull shape parameter [-] n System efficiency [-]

Epf Energy pattern factor [-] PVC Present value of costs [XAF]
MBE Mean Bias Error [-] L7 Efficiency of the pump [-]
RRMSE Relative root mean square error [%] P Net hydraulic power output [kW]
R* Coefficient of determination [-] I Investment cost [XAF]

Gr, FCFD of ground (measured) wind speeds i, Nominal interest rate [%]

Sat, FCFD of satellite-derived wind speeds N Scrap value [%]

C.. Operation and maintenance costs [%] I Inflation rate [%]

Number of non-zero wind speed data points r Discount rate [%]
Co Scale parameter at 10 m height agl [m/s] COE Cost of energy [XAF/kWh]
3 Scale parameter at z meters height agl [m/s] COW Cost of water [XAF/m’]

E,r Total energy output over the WT lifetime [kWh] I0A Index of Agreement
Vv, Annual volume of water [m*/year] RMSE Root mean square error [-]
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