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Abstract

In this study, the wind speed characteristics and energy potential in five selected locations in the
southwestern part of Nigeria were investigated using monthly mean wind speed data of 51 years
obtained from the Nigeria Meteorological Agency. The data were subjected to the 2-parameter-
Weibull and other statistical analyses. The outcome showed that the wind speed measured at a
height of 10 m ranged from 1.3 to 13.2 m/s while the modal wind speed ranges from 3.0 to 5.9 m/s.
83.6% of the data were found to be greater than 3.0 m/s. The average monthly wind speed ranged
from 2.72 to 7.72 m/s. Seasonally, average wind speeds ranged between 3.47 to 6.55 m/s and 3.83
to 6.94 m/s for dry (October to March) and wet (April to September) seasons, respectively. The
two parameters of the Weibull statistics were found to lie between 2.99 <k < 5.32 and 3.02 < c <
8.57, respectively. The annual mean power densities are 65.09, 145.07, 176.96, 387.07 and 87.34
W/m? for Abeokuta, Akure, Ibadan, Ikeja and Oshogbo respectively. It was further shown that the
respective mean annual values of the most probable wind speed are 3.82,4.97, 5.23, 7.03 and 4.01
m/s, while the annual values of the wind speed carrying maximum energy are 4.12, 5.48, 5.87, 7.50
and 4.55 m/s. These results indicate that wind speed has the viable potential for wind-to-electricity
at height of 10 m for most of the locations assessed but it will be more viable in all the stations ata
height above 10 m.
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1. Introduction

The concern over the production of adequate and sustainable electricity to drive economic developments is a
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global issue. Although the conventional sources of fossil fuel burning have been able to produce surplus amount
of energy, its finite nature is a concern for the future. Employing environment friendly and non-toxic sources for
energy production has gained wide acceptance across the globe. This is because these sources which include
wind, solar and hydro are non-depletable and so contain sustained potentials for abundant energy generation.
This has led to various efforts at measuring and assessing their potentials for electricity generation. Wind Energy
Technology (WET) application involves three important stages of resource assessment, hardware development
and installation, and also electricity generation and distribution [1]. The first stage, which in this case is the po-
tential resource assessment and the objective of this study is very important to the other two stages and therefore
to WET.

Many studies have been carried out on wind resource assessment around the world to determine the potential-
ities of local sites for wind power/electricity [2]-[9]. Also, several studies on wind resource assessment have
been done in Nigeria [10]-[18]. Each one of these reports considered different sites and presented analyses to
justify their results. ECN-UNDP (2005) reported that due to the varying topography and roughness of the nation,
large differences in wind distribution within the same locality exist. This is corroborated by the fact that wind
resources are site specific and despite reports summarizing for the country, a site-by-site assessment is necessary
in order to have proper wind classification for the nation. This work is therefore a wind resource assessment of
wind measuring sites in five major towns in the southwestern region of Nigeria. It assessed the wind energy re-
sources of the sites to determine its monthly, yearly and seasonal potentials for electricity generation.

2. Materials and Methods

Fifty one years (1961-2011) monthly mean wind speed data employed for this study were obtained from the Ni-
geria Meteorological Agency (NIMET). The data were measured continuously using three cup generator ane-
mometer at a height of 10 m above sea level. Table 1 presents information about the cities. The data were then
analyzed to determine the monthly, seasonal and yearly wind resource potentials for power generation.

Data Analyses

The Weibull distribution has been found to be most adequate of the various statistical distributions that could be
employed for describing and analyzing wind resource data. Moreover, the 2-parameters Weibull statistical dis-
tribution has been proved to be more accurate than that of the 3-parameters. It can be employed in describing
and predicting the characteristics of prevailing wind profile over a place [18] [19]. This study therefore em-
ployed the 2-parameters Weibull Probability Density Function (PDF) with scale (c) and shape (k) being the pa-
rameters. The Probability Density Function (f (v)) and the corresponding Cumulative Density Function
(F(v)) associated with the 2-parameter Weibull distribution are given by Equations (1) and (2) respectively

[18]:
{4 A ]
F(v) =1—-exp {—(%) } )

where f(v) = the probability of observing wind speed v, k = the dimensionless Weibull shape parameter and
¢ (m/s) = the Weibull scale parameter.

Table 1. Details of the selected cities.

Station Latitude (N) Longitude (E) Altitude (m) Air Density (kg-m™)
ABEOKUTA 7.10 3.20 104.00 121
AKURE 7.17 5.18 375.00 1.18
IBADAN 7.26 3.54 227.20 1.20
IKEJA 6.35 3.20 39.40 1.22
OSHOGBO 7.47 4.29 302.00 1.19
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The wind power density (W/m?) which is the quantitative measure of the wind energy available at any loca-
tion can be estimated from the Weibull parameters as [18]:

1 3
V)=—pC’|1+— 3
p(v)=5p ( kj 3)
where p(v) =wind power density, p = air density.

The mean value of the wind speed, v,,, and standard deviation, o , for the Weibull distribution is defined in
terms of the Weibull parameters, k and c, as [4] [6] [18] [20]:

1
v, =cl (1 + Ij (4)

o=l ]

where T'(x) is the gamma function of x.
The evaluation of the most probable and maximum energy carrying wind speeds is very important to wind
energy assessors. They can be evaluated from Equations (6) and (7) [18]:

= 2] ©
k+2 %
Ve - C(Tj ™

where: Vv, = most probable wind speed and v, = maximum energy carrying wind speed.

3. Results and Discussions

Analysis of the whole data spread revealed that the sites’ wind speeds average ranged between 1.3 and 13.2 m/s
over the period of consideration. Figure 1 and Figure 2 however, present the average monthly and annual wind
speed profiles respectively, covering the period between 1961 and 2011 for the five cities.

Figure 1 showed that the months with highest and lowest wind energy potential for Abeokuta occurred in
April and November respectively, for Akure in March and October respectively, for Ibadan in April and No-
vember, for Ikeja in August and December, and for Oshogbo in March and November respectively. Figure 1
and Figure 2 also reveals that average wind speed values for the period lay between 3.2 and 4.3 m/s for Abeo-
kuta, 4.0 and 5.4 m/s for Akure, 3.8 and 6.0 m/s for Ibadan, 5.8 and 7.7 m/s for lkeja and 2.7 and 4.7 m/s for
Oshogbo for the period from January to December. The annual range lay between 2.0 and 5.7 m/s for Abeokuta,
2.7 and 7.5 m/s for Akure, 3.1 and 7.3 for Ibadan, 3.8 and 10.4 m/s for Ikeja and between 2.0 and 6.2 m/s for
Oshogbo, thus showing that Ikeja has the highest range and Oshogbo having the lowest.

8.0

7.0
Q
c 60
= —o— AKURE
[a]
2 so
e —#—ABEOKUTA
wv
a 4.0 IBADAN
g 3.0 —>=IKEJA
6 20 —¥—0SHOGBO
<
P> P N I T s s S
E FFIEFE VG EF
T &S NP ORI ORI

Figure 1. Monthly average wind speeds (at 10 m height) over Abeokuta, Akure, Ibadan,
Ikeja and Oshogho, Nigeria for the period 1961-2011.

O,



N. Nze-Esiaga, E. C. Okogbue

z

£ —o—AKURE

a

E ——ABEOKUTA
wv

o IBADAN

= =< IKEJA

s

] —¥—0SHOGBO
<

o

s

=3

Figure 2. Annual averages wind speeds (at 10 m height) over Abeokuta, Akure, Ibadan,
Ikeja and Oshogbo, Nigeria for the period 1961-2011.

A survey of wind energy potential of all the capital cities of Nigeria [21], obtained a similar result in which
Ikeja with a monthly mean wind speed of 3 m/s, was reported as having the highest potential for electricity gen-
eration in the south western Nigeria.

In contrast to wind regimes of south western Nigeria, wind in the northern part of Nigeria has been reported
[11] [21] to have better potential for electricity generation. Also [11] [21] reported that winds in the southeastern
region of the country have higher potential for electricity generation than those of the southwest.

The frequency of occurrence of the wind speed data are also presented in Table 2 and Figure 3. Clearly, the
percentage frequency of wind between 2.0 and 5.9 m/s are 62.1% for Abeokuta 72.2% for Akure, 71.1% for
Ibadan , 40.5% for lkeja and 63.4% for Oshogbo respectively. Furthermore, the percentage of the annual wind
energy above the 3.0 m/s cut-in wind speed which contribute to the generation of electricity from wind in most
new wind turbine designs are 65.4% for Abeokuta, 90.2% for Akure, 93% for Ibadan, 98.7% for Ikeja and 70.8%
for Oshogbo respectively. The implication of this is that wind turbines installed at these sites will work for most
of the time. This is in agreement with the findings of previous works for the region [1] [11].

The result of a Weibull statistical analysis on the wind speed data is displayed in Tables 3(a)-(e), and the
corresponding CDF and PDF plots for the seasons are shown in Figures 7-9. These figures demonstrate that the
wind profiles for these periods and whole year data series follow the same cumulative distribution pattern.

Furthermore, the values of k and ¢ from the analysis across all the stations ranged between 2.99 <k <5.32
and 3.02 < ¢ < 8.57, respectively. These high values of k and ¢ (k > 2 and ¢ > 2) indicate a data spread in a per-
fectly normal distribution [19], and also show that the data spread exhibits good uniformity with relatively small
scatter [22]. The scale parameter, c, further indicates how windy a location under consideration is, whereas the
shape parameter, Kk, indicates how peaked the wind distribution is [20]. Thus, if the wind speeds tends to spike
steeply at a certain value, the distribution will have a high k value.

The Weibull results of standard deviation were compared with the actual standard deviation to assess the de-
gree of convergence. The results are displayed in Figure 4. Figure 5 also show that the Weibull scale parameter
“c” and wind speed has a correlation.

Figure 6 clearly demonstrated that all the sites have a better magnitude of wind speed profile in the wet (April
to September) than in the dry season (October to March). Ikeja however showed much better wind speed profile
in the wet than others and this is due to itslocation which is close to the Atlantic Ocean, thus, the ocean wind
blows into the city. The mean measured data distribution between the dry and wet periods gave the range of
mean wind speeds as 3.5 to 4.3 m/s and 3.5 to 4.1 m/s for Abeokuta, 4.3 to 5.3 m/s and 4.1 to 5.4 m/s for Akure,
5.0 to 6.0 m/s and 3.8 to 5.6 m/s for Ibadan, 6.4 to 7.7 m/s and 5.8 to 7.5 m/s for lkeja, 3.5 to 4.6 m/s and 2.7 to
4.7 m/s for Oshogbo respectively. Other studies have shown these seasonal signatures of winds in Nigeria [1]
[18].

The seasonal and whole year’s PDF and CDF plots are presented in Figures 7-9. The figures shows that the
wind speed profiles for the periods follow the same cumulative distribution pattern. These patterns were also
observed in previous studies [1] [18] [23]. The difference in shapes of the CDF and PDF plots were the results
of the varying values of k and c.

On the wind power density across the period and years considered (Figure 10 and Figure 11), Ikeja has the
highest wind power potential with its peak in August and 2006 while Oshogbo has the least. As can be seen in
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Figure 3. Frequency of wind speed data (10 m height) over Abeokuta, Akure, Ibadan, Ikeja
and Oshogbo, Nigeria for the period 1961-2011.
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Figure 4. Actual standard deviation and Weibull deviation of wind over Abeokuta, Akure,
Ibadan, Ikeja and Oshogbo, Nigeria for the period 1961-2011.

Table 2. Frequency of occurrence of wind speed data over Abeokuta, Akure, Ibadan, Ikeja and
Oshogbo, Nigeria for the period 1961-2011.

FREQUENCY OF OCCURANCE (%)

RANGE ABEOKUTA AKURE IBADAN IKEJA OSHOGBO
V<1 0.0 0.0 0.0 0.0 0.0
1<v<2 6.7 0.8 11 0.0 6.7
2<V<3 28.0 9.0 5.9 13 22.5
3<Vv<4 29.9 24.3 16.7 6.2 28.3
4<V<5 19.8 27.6 30.6 12.9 255
5<V<6 124 20.3 23.9 21.4 9.6
6<V<7 2.9 10.8 124 173 4.9
7<V<8 0.2 4.4 51 15.0 21
8<V<9 0.2 2.6 2.9 11.8 0.3
9<V<10 0.0 0.2 11 7.8 0.0
o<v<il 0.0 0.0 0.3 34 0.0
11<Vv<12 0.0 0.0 0.0 1.3 0.0
12<V <13 0.0 0.0 0.0 11 0.0
13<VvV<14 0.0 0.0 0.0 0.3 0.0
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Table 3. Results of the Weibull analysis of wind data for (a) Abeokuta (b) Akure (c) Ibadan (d) Ikeja and (e)
Oshoghbo, Nigeria.

(@
Period Vweibull (m/s) c(m/s) k() f(v) F(V) p(v) (W/m? Vmp (m/s) Vemax (m/s)
JANUARY 3.00 3.89 3.79 0.33 0.31 64.54 3.59 4.35
FEBRUARY 3.75 4.13 4.18 0.38 0.49 74.03 3.87 453
MARCH 411 4,57 3.45 0.29 0.50 109.65 414 5.22
APRIL 4.24 471 3.59 0.29 0.50 117.11 4.30 5.32
MAY 381 4.24 3.16 0.29 0.51 91.22 3.76 4.96
JUNE 351 3.90 3.60 0.35 0.49 66.68 3.56 4.41
JULY 3.74 4.20 3.03 0.28 0.51 89.96 3.68 4.96
AUGUST 3.95 4.40 3.46 0.30 0.50 97.40 3.99 5.02
SEPTEMBER 3.76 421 3.15 0.29 0.50 89.21 3.73 4.92
OCTOBER 3.45 3.82 4.00 0.40 0.49 59.54 3.55 4.22
NOVEMBER 3.24 3.59 3.74 0.40 0.49 50.96 3.30 4.02
DECEMBER 3.28 3.69 3.02 0.32 0.51 61.13 3.22 4.36
DRY SEASON 3.47 3.95 3.70 0.35 0.46 69.98 3.61 4.45
WET SEASON 3.83 4.28 3.33 0.30 0.50 91.93 3.84 4.93
WHOLE YEAR 3.65 411 3.51 0.33 0.48 80.95 3.72 4.69
(b)
Period Vweibull (m/s) c(m/s) k() f(v) F(V) p(v) (W/m?) Vmp (m/s) Vemax (m/s)
JANUARY 5.22 5.83 3.27 0.22 0.50 232.20 5.21 6.74
FEBRUARY 4.97 5.49 3.92 0.27 0.49 178.43 5.09 6.09
MARCH 5.40 5.97 3.81 0.24 0.50 233.08 5.51 6.67
APRIL 5.27 5.80 4.15 0.27 0.49 206.36 5.43 6.38
MAY 4.96 5.47 3.94 0.27 0.49 176.94 5.08 6.07
JUNE 4.85 5.32 4.49 0.32 0.48 154.08 5.03 5.78
JULY 5.23 5.75 4.00 0.26 0.50 203.67 5.35 6.36
AUGUST 4.86 5.33 4.35 0.31 0.49 156.33 5.02 5.81
SEPTEMBER 4.35 4.74 4.75 0.37 0.49 106.69 451 5.11
OCTOBER 4.02 4.44 391 0.34 0.49 9451 411 4.93
NOVEMBER 4.16 4.65 3.19 0.27 0.50 119.46 413 5.42
DECEMBER 4.14 4.58 3.63 0.30 0.50 107.40 419 5.17
DRY SEASON 4.65 5.16 3.62 0.27 0.50 160.85 4.71 5.84
WET SEASON 4.92 5.40 4.28 0.30 0.49 167.34 5.07 5.92
WHOLE YEAR 4.79 5.28 3.95 0.29 0.49 164.10 4.89 5.88
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©

Period Vweibull (m/s) c(m/s) k(=) f(v) F(V) p(v) (W/m? Vmp (m/s) Vemax (m/s)
JANUARY 4.29 4.73 4.18 0.33 0.49 111.36 4.43 5.19
FEBRUARY 5.04 5.53 4.24 0.29 0.49 177.12 5.19 6.06
MARCH 5.63 6.15 4.49 0.27 0.49 237.50 5.81 6.67
APRIL 5.97 6.54 4.29 0.25 0.49 291.39 6.15 7.15
MAY 5.39 5.92 4.09 0.26 0.49 220.65 5.53 6.53
JUNE 5.58 6.18 3.54 0.22 0.50 266.44 5.62 7.01
JULY 5.79 6.36 4.17 0.25 0.49 270.91 5.96 6.99
AUGUST 5.83 6.43 3.77 0.22 0.50 292.81 5.93 7.20
SEPTEMBER 5.02 5.50 421 0.29 0.49 174.37 5.15 6.03
OCTOBER 4.27 4.63 5.32 0.42 0.48 95.01 4.45 4.92
NOVEMBER 3.85 4.17 4.85 0.43 0.49 7212 3.98 4.48
DECEMBER 4.14 4.56 4.09 0.34 0.49 100.66 4.26 5.03
DRY SEASON 4.54 4.96 4.53 0.35 0.49 132.30 4.69 5.39
WET SEASON 5.59 6.16 4.01 0.25 0.49 252.76 5.72 6.82
WHOLE YEAR 5.07 5.56 4.27 0.30 0.49 192.53 5.21 6.10

(d)

Period Vweibull (m/s) c(m/s) k(=) f(v) F(V)  p(v) (W/m?) Vmp (m/s) Vemax (m/s)
JANUARY 6.45 7.10 414 0.22 0.49 377.22 6.64 7.80
FEBRUARY 7.29 8.04 3.97 0.19 0.49 559.02 747 8.91
MARCH 7.47 8.27 3.70 0.17 0.50 626.32 7.59 9.29
APRIL 7.08 7.82 3.83 0.19 0.49 522.03 7.22 8.73
MAY 6.36 7.10 3.30 0.18 0.50 418.47 6.36 8.20
JUNE 6.40 7.06 3.86 0.21 0.50 383.90 6.54 7.87
JULY 7.27 8.07 3.46 0.17 0.50 600.38 7.31 9.20
AUGUST 7.72 8.57 3.70 0.17 0.49 698.06 7.87 9.63
SEPTEMBER 6.81 7.55 3.73 0.19 0.49 475.66 6.94 8.47
OCTOBER 6.40 7.04 418 0.22 0.49 367.86 6.60 7.74
NOVEMBER 5.85 6.48 3.86 0.23 0.49 296.46 6.00 7.22
DECEMBER 5.85 6.47 3.87 0.23 0.49 294.83 5.99 7.21
DRY SEASON 6.55 7.23 3.95 0.21 0.49 420.28 6.71 8.03
WET SEASON 6.94 7.70 3.65 0.18 0.50 516.42 7.04 8.68
WHOLE YEAR 6.74 7.46 3.80 0.20 0.49 468.35 6.88 8.36
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@)

Period Vweibull (m/s) c(m/s) k(=) f(v) F(V)  p(v) (W/m? Vmp (m/s) Vemax (m/s)
JANUARY 3.60 4.03 299 029 0.51 80.27 3.52 4.78
FEBRUARY 4.06 4.48 400 034 0.49 96.68 417 4.96
MARCH 4.75 5.24 394 029 0.49 155.14 4.86 5.81
APRIL 4.52 4.98 382 029 0.50 134.90 4.60 5.56
MAY 3.99 4.43 327 029 0.51 102.39 3.97 5.13
JUNE 4.03 4.47 334 029 0.51 104.21 4.02 5.15
JULY 4.56 5.07 3.46 0.26 0.50 149.20 4.60 5.79
AUGUST 4.40 4.89 3.60 0.28 0.50 131.40 4.47 5.53
SEPTEMBER 3.54 3.91 385 037 0.49 65.25 3.62 4.36
OCTOBER 3.22 3.60 3.37 0.36 0.50 53.84 3.24 413
NOVEMBER 2.72 3.02 351 045 0.50 31.46 2.75 3.44
DECEMBER 3.20 3.58 328 036 0.50 53.73 3.20 4.14
DRY SEASON 3.59 3.99 352 035 0.50 78.52 3.62 454
WET SEASON 4.17 4.63 356  0.30 0.50 114.56 421 5.25
WHOLE YEAR 3.88 431 354 032 0.50 96.54 3.92 4.90
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Figure 5. Plot of Weibull parameters and wind speed.
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Figure 6. Seasonal and whole year (1961-2011) variation of average wind speed values over
Abeokuta, Akure, Ibadan, Ikeja and Oshogbo, Nigeria.
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Figure 10. Monthly and seasonal wind power density (W/m?).
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Figure 11. Annual wind power density over Abeokuta, Akure, Ibadan, Ikeja
and Oshogbo, Nigeria.

Figure 11, the significant monthly change in power density according to Keyhani et al. [20] underscores the
importance of distinguishing different months and periods of the year when a wind power project is assessed or

designed to produce maximum power.

Wind power density directly determines electric power efficiency in using wind energy in the sense that the
higher the density, the higher the electric power generating potential of the area. Thus the potential for produc-

tion of electric power during this period will be much greater in Ikeja than in other sites.

The monthly and seasonal most probable (vmp

and maximum energy carrying wind speeds (vEmax) analyses
for all the sites are given by Figures 12(a)-(e). The values of v, ranged from 2.75 to 7.87 m/s (for January
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Figure 12. The most probable (v,,) and maximum energy car-

rying wind speed (VEW) over (a) Abeokuta; (b) Akure; (c) Iba-
dan; (d) Ikeja; and (e) Oshogbo for the period 1961-2011.

to December), 3.61 to 6.71 m/s (dry season), 3.84 to 7.04 m/s (wet season), and 3.92 to 6.88 m/s (whole years).
For the yearly analysis, it ranged from 2.46 to 10.98 m/s. Also, the values of v, ranged from 3.44 to 9.63
m/s (for January to December), 4.45 to 8.03 m/s (dry season), 4.93 to 8.68 m/s (wet season), and 4.69 to 8.36
m/s (whole years). For the yearly data, it ranged from 2.26 to 11.85 m/s (1961 to 2011), respectively.

The most probable wind speed corresponds to the peak of the probability density function, while the wind speed
carrying maximum energy can be used to estimate the wind turbine design or rated wind speed. Prior studies have
shown that wind turbine system operates most efficiently at its rated wind speed. Therefore, it is required that the
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rated wind speed and the wind speed carrying maximum energy should be as close as possible [24].

4. Conclusions

Int

his study, the assessment of the potential of wind power generation at five selected locations in the south-

western part of Nigeria was carried out. Fifty-one years of monthly mean wind data at 10-m height from the Ni-
geria meteorological department Oshodi, Nigeria were assessed and subjected to Weibull two-parameter and
other analyses. It was discovered that:

1)

2)

3)

Re
[1]

[2]
(3]
(4]
(5]
(6]

[7]

(8]
[°]
[10]
[11]
[12]
[13]

[14]
[15]

The annual mean wind speeds for Abeokuta, Akure, Ibadan, Ikeja and Oshogbo are 3.67, 4.79, 5.11, 6.74
and 3.88 m/s, respectively. The annual values of the wind speed carrying maximum energy for these loca-
tions are respectively 6.48, 4.33 and 3.90 m/s.

The mean annual value of Weibull shape parameter k is between 5.36 and 8.34, while the annual value of
scale parameter ¢ is between 3.93 and 7.21 m/s. The two-parameter Weibull probability distribution was
adequate in predicting the mean wind speed distribution in all the five sites.

The annual mean power densities for Abeokuta, Akure, Ibadan, Ikeja and Oshogbo are 65.09, 145.07, 176.96,
387.07 and 87.34 W/m? respectively. Both the mean wind speed and power density are generally used to
classify the wind energy resource (e.g., Pacific Northwest Laboratory (PNL) wind power classification
scheme, lllica et al. [25]). Therefore, based on the wind data used in this study, the wind energy resource in
south-west Nigeria may generally be classified into class 1. However, based on monthly mean power density,
the wind resource may fall into higher class category in some cases.
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Nomenclature

¢ (m/s): The Weibull scale parameter

f (v): Cumulative distribution function
F (v) : Probability distribution function
k: Weibull shape parameter or factor
p(v) : Wind Power density (W/m°)

v: Wind speed (m/s)

v., - Mean wind speed (m/s)

Vip

: Most probable wind speed

Vema - Wind speed carrying Max Energy
Greek symbols

o : Standard deviation

I'(x) : The gamma function of x

p : Air density (kg/m®)
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