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Abstract: The study assessed the wind energy potential of ten selected sites in the south
western region of Nigeria and carried out a cost benefit analysis of wind power generation
at those sites. Twenty four years’ (1987 to 2010) wind speed data at 10 m height obtained
from the Nigerian meteorological agency were employed to classify the sites wind profiles
for electricity generation. The energy cost analysis of generating wind electricity from the
sites was also carried out. The outcome showed that sites in Lagos and Oyo States were
adequately suited for large scale generation with average wind speeds ranged between 2.9
and 5.8 m/s. Those from other sites may be suitable for small scale generation or as wind
farms, with several small turbines connected together, to generate large enough wind
power. The turbine matching results shows that turbines cut-in and rated wind speeds of
between 2.0 and 3.0 m/s, and between 10 and 12.0 m/s respectively will be very suited to
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all the sites, particularly those in locations outside Lagos and Oyo States. The energy cost
analysis shows that generation cost can be as low as 0.02 €/kWh and as high as 5.03/kWh,
depending on the turbine model employed.

Keywords: wind power; energy cost; Weibull; South West Nigeria; turbine matching

1. Introduction

Energy is one of the major tools of development. Its availability has a great effect on the
socio-economic make up of a place, while its variability can lead to fluctuations in the population [1].
The performance of the millennium development goals has over the years has hinged on adequate
supplies of modern energy, of which electricity is a key example. Major sources of electricity
production are fossil fuel, nuclear reactors, and large and small scale hydroelectric generation. While
electricity from hydropower plant is widely acknowledged as environmentally friendly, those from
fossil fuels and nuclear power have associated environmental limitations. This is because of the
harmful effects of their by-products [1,2]. It is reported that energy production from fossil sources
(both in the form of electricity and heating) is one of the major sources of anthropogenic emissions of
CO:2 and other greenhouse gases. This has led to the need for ways to create a balance between
sustainable socio-economic development and energy security.

Adopting renewable energy resources for electricity production and other energy needs has become
a notable objective globally. While countries have started to look at ways of harnessing the abundant
environmentally friendly renewable resources, some others have already proved it and are extending
their generation capacities. China, United States, Germany, Spain, India are some examples of
countries who have annual installed wind power capacities in the regions of some Giga-Watt (GW) of
electricity [2,3].

The African continent, though improving in generation capacities, represents the least developed in
terms of installed wind power and wind electricity adoption. North Africa, with Egypt (550 MW) and
Morocco (286 MW) leads the way. Tunisia (54 MW), South Africa (10 MW) and Kenya are other
promising countries. Moreover, projections reveal that in the near future wind power capacities up to
few GW will be achieved in places like Egypt, Morocco and South Africa. In sub-Saharan Africa,
particularly the West African region, no country has yet generated grid electricity from wind despite
the identified opportunities [4].

The challenges of wind energy project development in West Africa may however be linked to
inadequate measurements, incomplete assessment studies and/or improper wind classification of the
countries in the region. This is partly due to the fact that wind resources are site specific. Therefore, in
order to properly classify a country’s wind profile, assessment of as many sites will be required.
Nigeria’s wind profile assessment has gone through various developmental stages. Various policy
issues have been generated with the government demonstrating the intention to generate electricity
from wind [3,4].
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1.1. Wind Profile Characteristics of Nigeria: Review of Some Previous and Recent Results

Various initiatives, both from governments and researchers exist [5,6]. The characterization of Nigeria’s
wind profile started way back in the mid-nineties. Fagbenle et al. [7] summarized the earliest studies on
wind energy in Nigeria to include works by Adejokun [8], Fagbenle e al. [9] and Ojosu and
Salawu [10,11]. Adejokun [8] explained the wind speed distribution across the seasons. Fagbenle et al. [9]
studied the wind power potential of Nigeria and found that a modal class of about 3.0 m/s
characterised the 1951 to 1960 surface wind data at 10 m height from twelve meteorological stations.
It also showed that mean wind speeds in the North were twice as high as those of the South, while the
high-altitude Jos station in Plateau State had the highest mean wind speed of about 3.6 m/s. Ojosu and
Salawu [10,11] analysed annual average wind data from 22 meteorological stations for the period
1951-1975. They concluded that the high-latitude Sokoto station was the windiest, with a monthly
average wind speed of 5.12 m/s in June and an annual mean of 3.92 m/s. The report also showed that
the middle belt and the southern parts had wind speed values of at most 2.0 m/s.

Other studies include that of Adekoya and Adewale [12], who analyzed wind speed data of
30 stations in Nigeria and determined the annual mean wind speeds and power flux densities to vary
from 1.5 to 4.1 m/s and 5.7 to 22.5 W/m?, respectively. Fagbenle and Karayiannis [13] on the other
hand, did an analysis of 10-years’ wind data from 1979 to 1988. It considered the surface and upper
winds as well as the maximum gusts. Asiegbu and Iwuoha [14] studied the wind resource availability
in Umudike, South-East, Nigeria using 10 years (1994-2003) of wind speed data. They found that the
economic viability of the site required a hub height of 65 m above the ground with an annual mean
wind speed of 5.36 m/s. Fadare [15] carried out a statistical analysis of wind energy potential in
Ibadan, using a Weibull distribution function on 10 years (1995-2004) of daily wind speed data.
The outcome showed that the city experienced an average wind speed and power density of 2.947 m/s
and 15.484 W/m?. Ogbonnaya et al. [16], on the other hand, worked on the prospects of wind energy in
Nigeria. Four years’ wind data from seven cities (Enugu, Jos, Ikeja, Abuja, Warri, Sokoto and Calabar)
cutting across the different geopolitical zones of the federation were employed. The outcome showed
that the annual wind speed at 10 m height for the cities varied from 2.3 to 3.4 m/s for sites along the
coastal areas and 3.0-3.9 m/s for high land areas and semi-arid regions. It was also reported that
monthly average wind power could be about 50.1 W/m? and that it was possible to generate a wind
power of 97 MWh/yr from the Sokoto site. Also, Ngala et al. [17] did a statistical analysis of the wind
energy potential in Maiduguri (Borno State). It employed the Weibull distribution with 10 years
(1995-2004) of wind data. Further reports on the various assessment studies both by researchers and
government agencies are profiled in Ajayi [5,6].

1.2. Inferences from Previous Studies

Based on the reported results, some inferences can be adduced. These include that Nigeria was
classified as having low to moderate wind speed regime, with a magnitude variation between 1.5 and
4.1 m/s. Also, wind power class across the country may be rated to be between 1 and 2, while the
northern part of Nigeria experiences better wind speeds than the southern region. More so, most of the
assessment studies have focused mostly on the north, possibly because the region is claimed to possess
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better wind power potential. However, it was noted that studies averaging data for the nation employed a
wind speed data band covering between 1951 and 1975. Also the number and geographical spread of the
stations employed for the studies placed limitations on the accuracy and applicability of the results.
For instance, Fagbenle et al. [9] used data from 12 meteorological stations and Ojosu and Salawu [10,11]
employed data from 22 meteorological stations to average for the whole country. In the same vein,
ECN-UNDP (Energy Commission of Nigeria-United Nations Development of Nigeria) [18] and
Lahmeyer [19] based their reports on 12 months average wind speed data for only 10 locations.
The spread of the locations were such that three and four stations represented the North West (NW) and
North Central (NC) regions and one station each represented North East (NE), South West (SW) and
South East (SE), respectively. None represented the South-South (SS) region. Ogbonnaya et al. [16] also
used 4 years of wind data for seven locations to represent for the nation.

It is worthy of note that wind energy assessments are location specific and hence are limited in
terms of accuracy due to the non-linear variability of wind characteristics in space and time. Using a
minimal number of locations and sampling points to average for the whole nation may affect the
accuracy and utilization of the results. Other limiting factors are the effects of the mechanical
turbulences resulting from varying topography and roughness of an area and also thermal turbulences
produced by diurnal cycles. Therefore, for efficient exploration of the wind energy potentials of a
country, robust nationwide assessment is required.

1.3. Opportunities Presented by Previous Studies

A review of studies on recently measured wind speed bands suggests that the nation actually has
better wind speeds than previously reported. For instance, Fadare [20] showed that monthly mean wind
speeds measurements covering 1983 to 2003 ranging between 0.9 and 13.1 m/s characterise the
nation’s wind speed profile against those of earlier measurements. Also, while Ojosu and Salawu [10]
reported a wind speed range between 2.16 and 4.84 m/s, and also 2.22 and 3.52 for Potiskum and
Maiduguri, respectively, Fagbenle ef al. [21] reported 3.90 and 5.85 m/s, and 4.35 and 6.33 m/s for the
two places, respectively. Such observed differences may be due to increased wind speeds as a result of
extensive deforestation across the country [22]. The increase in deforestation can be due to
developmental changes that have taken place across the years and also possibly due to biomass
burning [3]. Another reason may be due to the effect of climate change on wind speed variability.
Scott ef al. [23] reported that climate change is predicted to cause stronger surface wind speed values
across tropical and sub-tropical Africa, with inter-model contrasts being largest in places which
include sub-Saharan Africa. Hence, measured wind speed magnitude can be limited by factors such as
time period and duration of measurement, and also by the issues of climate change and anthropogenic
activities. Given such evidence of increasing wind speeds across previously measured sites, it would
be valuable if a reanalysis of new measurements could be carried out. Going by the aforementioned,
there is the need to have more recent wind speed measurement results and analyses across the country.
This will provide updated information about the true situation of wind power potential of Nigeria and
invariably aid in proper decision making as regard the application of wind turbines.
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2. Site Characteristics and Wind Speed Data

All available recent assessment results show higher magnitude of wind speeds across all stations
studied. For instance, Ajayi et al. [24,25] reported the wind power characteristics of the North West
(NW) region of Nigeria. The reports demonstrate that monthly mean wind speeds of between 2.6 and
9.8 m/s characterise the wind profiles of the region. It was also reported that modal wind speeds above
4.0 m/s typify the region’s wind regime. Further on this, Ahmed ef al. [26] and Ajayi et al. [27]
provided reports of wind profile studies of stations in the North Central (NC) region of Nigeria.
Average wind speeds of between 2.2 and 10.1 m/s are prevalent in the region. Reports also exist for the
North East (NE) region [21].

Like previous studies, most of the recent studies also focused on the northern regions.
More therefore needs to be done to expose the wind profile characteristics of the southern regions of
Nigeria. Further to this, such studies will require the use of more recent wind speed databases that are
not older than the 1980s and updated to most recent times. Based on this, this study focused on the
analyses of wind speed data for 10 stations in the South West region of Nigeria. It employed wind
speed data covering the period between 1987 and 2010. Information relating to these stations is given
in Table 1 and the geographical location is as displayed in Figure 1. The climatic condition of the
studied sites is prevalently of two seasons, the wet and dry ones. The dry periods are dominated by hot,
dry, low humidity, and dusty winds that blow from the Sahara towards the Gulf of Guinea between
November and March every year.

Figure 1. Map of Africa showing the location and states of the study areas [28].
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Table 1. Location information for the Nigeria Meteorological (NIMET) stations.
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Serial State Station’s Latitude  Longitude Elevation  Air Density
number location N) (E) (m) (kg/m?)
1 Lagos Ikeja 6.35' 3.200 394 1.2205
2 Lagos Lagos Marine 6.26' 3.25' 2 1.2248
3 Lagos Lagos Island 6.26' 3.25 2 1.2248
4 Oyo Ibadan 7.26' 3.54' 227.2 1.1988
5 Osun Oshogbo 7.47 4.29' 302 1.1902
6 Ogun Abeokuta 7.10 3.20 104 1.213
7 Ogun Ijebu-Ode 6.50' 3.56' 77 1.2161
8 Ondo Akure 717 5.18' 375 1.1817
9 Ondo Ondo 7.06' 4.50' 287.3 1.1919
10 Ekiti Ado Ekiti 7.38' 5.13' 455 1.2020

Although results exist for a site in Ibadan [15], the station’s data employed for the study were those
obtained from the International Institute of Tropical Agriculture (IITA), Ibadan (latitude 7°3'N,
longitude 3°54'E). Those employed for Ibadan in this study were obtained from the Nigeria
Meteorological agency (NIMET). The NIMET station in Ibadan is located differently from IITA
(about 25 km apart). Thus, analysing data for NIMET station in Ibadan provides information for an
additional measuring site in Ibadan.

Wind data for the stations were obtained from NIMET, Oshodi, and Lagos State. The data were
those of wind speeds at 10 m height captured with three-cup anemometer generator and covering the

periods between 1987 and 2010. The accuracy of the anemometer instrument is +2%. Graphical

presentation of the stations’ monthly average and the range of mean measured wind speeds

distributions for the stations across the 24 years period are presented in Figures 2 and 3.

Figure 2. 24 years’ average monthly wind speeds distributions across the stations.
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Figure 3. Range of wind speed and the stations’ 24 years’ average values.
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3. Data Analysis

Various statistical probability density functions have been used to describe wind speed frequency
distributions and also classify the wind profile characteristics of a site. The methods vary from the use
of standard parametric distributions to distributions that relate to the principle of maximum entropy.
Other methods of approach include univariate and bivariate distributions, unimodal, bimodal,
bitangential (bitangentiality is implied by bimodality and occurs if there are two distinct points, vi, v2 at
which there is a common tangent to the density curve [28]) and hybrid distributions [29-39]. Recently,
the two parameters gamma distribution function, normal and lognormal, Rayleigh, Weibull and other
statistical distributions have been employed [17,32,35,39]. However, of all the statistical probability
density functions, the 2-parameter Weibull distribution has enjoyed wide use [15,22,39—46]. This was
because some of the other distributions did not produce a good fit to the observed data. More so, where
others present a better fit (e.g., the nonparametric kernel density function [47], they could not be used
to determine the two important wind speeds for wind farm evaluation or carry out further technical
analyses. The statistical significance of the Weibull results has also been the best [40,41,48—50].

More recently, other methods have surfaced. These include the application of Artificial Neural
Networks (ANNSs), Adaptive neuro-fuzzy, Mixture probability distribution functions, Autoregressive
Integrated Moving Average (ARIMA) the Bayesian model averaging, the ARIMA-ANN and the
ARIMA-Kalman hybrid methods to model wind speed distributions [47,51-57]. Despite the significance
of these methods in predicting wind speeds profiles of a place, they also fall short in their inability to
determine the two very important site specific wind speeds. These are the most probable and maximum
energy carrying wind speeds. Also, the two parameters of the Weibull statistics can be employed directly
to simulate the application of wind turbine at a site, a property superior to other methods. It could also be
used to determine the turbine’s performance. Thus, the 2-parameter Weibull distribution has proven to be
very versatile for wind profile characterisation of a place [58]. It is still regarded as the best in terms of
quality and variety of application. Therefore, this study employed the method.
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3.1. The Weibull Statistics
The Weibull Probability Density Function (PDF) is expressed as:
AT vY
ror2)E) el 2] g

where f(v) is the probability of observing wind speed v, & is the dimensionless Weibull shape parameter
and ¢ (m/s) is the Weibull scale parameter. The Cumulative Density Function (CDF) corresponding to

F(v)=1 —exp[—(gjk} )

where F(v) is the cumulative distribution function of observing wind speed v. Equation (2) can be
expressed in a linear form as y=mx+C as:

the Weibull distribution is given as:

In[~In[1-F(v)]]=kInv—knc 3)

where y = ln[—ln[l—F(v)]], mx=klnv 4354 C=-klnc
A graph of ln[—ln[l—F (v)ﬂ on the vertical against Inv on the abscissa leads to estimating the

shape (k) and scale (c) parameters of the Weibull distribution.
3.2. Weibull Mean Wind Speed and Standard Deviation

The mean value of the wind speed vm and standard deviation ¢ for the Weibull distribution can be
estimated from [59,60]:

1
v, =cl’ (1 + %j 4)

P

where I'() is the gamma function of ().

and:

3.3. Most Probable and Maximum Energy Carrying Wind Speeds

The most probable (vmp) and maximum energy carrying (VEmax) wWind speeds are expressed as:

k+2)% ’
. (6)

vEmax = C(

Vip = c(—)* 7



Energies 2014, 7 8516

3.4. Weibull Wind Power Density

The Weibull wind power density per unit area can be obtained from:
P(v) 1 (. 3
v)=——>~=—pc | 1+—
p(v)=—r=2p ( ,J ()

where P(v) is the wind power (W), p(v) is the wind power density (W/m?) and p is the air density at the site.
3.5. The Goodness of Fit Test

The suitability of the Weibull distribution and the degree of convergence of its results to the sites’
measured values was determined using the Kolmogorov—Smirnov (K—S) goodness of fit test [27].
The expression for the K-S test is given as:

d=d (Vv =NHSUP |[F* ()~ F (V) 9)

—00<X <0

where 7 is the sample size, sup is the supremum (or least upper bound) of the set ‘F *W)-F (v)‘ .

—00<X<0

The P-value of K-S goodness of fit test can be estimated from the value of d using the relationship

given by:
P=1 for d <0.22
le—gexp(;;jj for 0.22 < d <0.80 o)
P =2exp(-2d” ) +exp(-84”)—exp(-184°) for 0.80<d <3.15
P=0 ford >3.15

Therefore, at a significant level o = 0.05, the P-Value can be compared directly with o to test the
hypotheses as:

H,:P>uo
H,:P<ua (1)

where Ho is the null hypothesis, while Ha is the alternative hypothesis.
3.6. Determination of the Degree of Accuracy of the Weibull Distribution Model Results

To estimate the degree of accuracy of the Weibull results, various estimation statistics were
employed. These are the coefficient of determination, R?, the Root Mean Square Error (RMSE) and the
Nash-Sutcliffe model Coefficient of Efficiency (COE) [27,61]. They are mathematically expressed as:

Z(yi _Zi)2 _Z(xi _yi)2
R2 _ =l - i=1
Z(yi _Zi)2

RMSE:{%Z(% —xi)z}z (12)
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(yi_xi)2
COE=1-2 (13)

(yi_)_c)z

M=

i

where y; is the ith actual data, x; is the ith Weibull result, z is the mean of the actual data and N is the
number of observations. The closer the values of R? and COE are to one, the more accurate the result,
while the closer to zero the vales of RMSE the better results.

3.7. Simulating Electrical Power Output from a Turbine Model

To simulate the electrical power output of a wind turbine model and also determine its performance,
Equations (14)—(16) [21] were employed:

0 (v<v,)
kK k
v -V,
C
P Pr——F v.<v<n
e = Vr Ve (14)
Py Ve SV
V>V

The average power output (Peave) of a turbine model is given as:
Ay

e = B P T
Bl

where: ve = cut in wind speed, vk = rated wind speed, vr = cut off wind speed and Per = rated electrical

power. The capacity factor, CF, is given as:

‘Pe,ave
CF=—=— (16)

eR
4. Results and Discussion

Analysis of the value distribution of the measured wind speeds of the stations gave Figure 4.
The statistical data tolerance limit for the whole population at 95% confidence level and 99% certainty
also gave 3.602 + 1.661 m/s The standard skewness and standard kurtosis of the data distribution was
estimated to be —0.309 and —0.631, respectively. These values show that the wind speed data at the
sites falls into the range for normal distribution. Based on this, at 95% statistical confidence, it can be
stated that 99% of the wind speed data from the ten stations were between 1.9 and 5.3 m/s.
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Figure 4. Box and whiskers plot showing range of mean wind speed across the stations.
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Moreover, Figure 2 reveals fluctuations in the distributions of the mean measured wind speeds as is
common with real life and climatic data because of their dynamic nature. September to November
were the months with the least wind supply across all the stations. Site by site analysis of the measured
wind speed data across the 24 years period reveals that Lagos Island experienced the best wind speed
profile. Analysis of the measured wind speeds’ frequency of occurrence for the stations is presented in
Figure 5. Figure 5 therefore demonstrates that stations within Lagos State (Ikeja, Lagos Island and
Marina) experience better wind speed bands than the others. Mean wind speeds majorly within the

range 2.5 to 6.4 m/s characterized stations in Lagos, while the other stations experiences mean wind
speeds below 4.5 m/s.

Figure 5. Wind speed Frequency of occurrence for (a) stations in Ondo, Osun, Oyo and
Ekiti States; (b) stations in Lagos and Ogun States.
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Figure 5. Cont.
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The results of the Weibull statistical analysis are presented in Table 2 and the plots of the CDF and

PDF for the whole data and seasons (Figures 6—11) demonstrate that the stations’ wind profiles follow

the same cumulative and probability distribution patterns. Figures 6 and 7 demonstrate that up to 50%

of the whole data series were values that ranged from about 1.9 to 5.0 m/s, while up to 80% of the data

series were values that ranged from about 2.8 to 6.1 m/s. Mean wind speed values across the stations also
ranged from about 2.0 to 5.0 m/s. The dry season Weibull plots of Figure 8 indicate that up to 50% of the
dry season’s data across the stations were values that ranged from about 1.4 to 4.6 m/s, while up to 80%

of the data were values that ranged from 2.3 to 5.7 m/s.

Table 2. The range of some important Weibull results for the stations.

Range of Values relating to important Weibull results at 10 m height

Estimated
. Viweibull Vmp VEmax
Station Vactual Gactual Gweibull k ¢ (m/s) Power
(m/s) (m/s) (m/s)
(W/m?)
Lagos Island  4.1-5.8 0.9-1.6 4.1-5.7 0.9-2.9 1.8-5.8 4462 3462 47-8.6 83.8-3203
Ikeja 3.5-5.8 1.0-1.6 3.5-5.8 3.9-6.3 3.648 39-63 3.6-59 43-69 064.0-264.6
Ibadan 2.9-4.7 0.6-1.5 2.9-47 0.6-2.2 1.7-6.9 3253 2448 3.666 36.7-164.7
Marina 3.2-4.8 0.4-1.2 3.2-4.8 0.5-1.4 3.7-8.1 3.5-53 3349 3.6-60 36.2-165.1
Ijebu Ode 2442 0.6-1.2 2442 0.6-1.1 35-62 2646 2544 2949 18.5-94.4
Oshogbo 2.04.0 0.5-1.0 2.04.0 0.5-1.0 27-55 2244 1942 2748 16.1-85.6
Ekiti 2.34.1 0.3-0.7 2.34.1 0.3-0.7 54-122 2543 2443 2644 13.3-65.9
Akure 2.7-4.0 0.2-1.4 2.74.0 0.3-1.2 29-142 2944 2941 3.148 21.1-88.5
Abeokuta 2.4-2.7 0.5-1.0 2.4-2.8 0.5-0.9 32-56 2631 2528 2835 16.3-24.9
Ondo 1.2-2.8 0.7-1.2 1.1-2.9 0.7-1.1 1.3-3.5 1.3-32 0429 2237 3.6-37.2
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Figure 6. Whole year’s CDF Plots of all the stations.
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Figure 7. Whole year’s PDF Plots of all the stations.
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Figure 9. Dry Season’s PDF Plots of all the stations.
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Based on the Weibull results, the ranking of the stations from the best to the least follow in order
from Lagos Island (4.1-5.7 m/s), Tkeja (3.5-5.8 m/s) and Ibadan (2.9—4.7 m/s) as the top three stations.
Marina (3.2-4.8 m/s), [jebu Ode (2.4—4.2 m/s), Ado Ekiti (2.3-4.1 m/s), Oshogbo (2.0-4.0 m/s) and
Abeokuta (2.4-2.8 m/s) are the next five stations in rank. Ondo and Akure are the least, with Weibull
wind speed results ranged from 1.1 to 2.9 m/s respectively. The period of highest potential for wind
energy harvest falls within February to July and that for lowest yield was within September to
November across the stations.

Seasonally (Figures 10 and 12), the wet season (April to September) produced the better average wind
speed profiles than the dry (October to March). Figure 10 moreover, demonstrates that up to 50% of the
wet season data series were values that ranged from about 2.1 to 5.2 m/s and up to 80% of the data
ranged from 2.3 to 5.7 m/s. Figures 8 and 10 are the PDF plots of the dry and wet season’s data series.

Figure 12. Weibull results showing the average wind speed values for the seasons
(dry and wet) and whole years’ analysis.

6 - B Dry Season B Wet Season Whole Year

LT

Ikeja Island Marina Ijebu-OdeAbeokuta Ondo  Akure Oshogbo Ibadan Ado-Ekiti
Town Town

Weibull average wind speed (m/s)
w

Station

The appropriateness of the Weibull distribution, in terms of its accuracy and goodness-of-fit to the
sites wind speed data were determined and the results show adequacy. Figure 13 presents the
performance estimation results of R2, RMSE, COE and K-S statistics. The values of K-S statistics for
all the stations’ data were greater than 0.05 and the range of values for R and COE were mostly
between 0.9 and 1.0.

The values of k& and ¢ from the analysis across all the stations ranged between 1.3 < k£ < 12.2 and
1.3 < ¢ <6.3 m/s respectively. These high values of k£ and ¢ (k> 2 and ¢ > 2 m/s) indicate a data spread
in the normal distribution [59], and also shows that the data spread exhibits good uniformity with
relatively small scatter. According to Keyhani et al. [60], the scale parameter ¢, indicates how windy a
location under consideration is, while the shape parameter £, indicate how peaked the wind distribution
is. Thus, if the wind speeds tend to be very close to a certain value, the distribution will have a high &
value and will be very peaked. Also shown in Table 2 are the most probable (or modal) wind speed vmp,
and the wind speed carrying maximum wind energy vemax, Weibull standard deviations (o), and Weibull
power density.
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Figure 13. Estimation of the accuracy and goodness-of-fit of the Weibull distribution to
the sites wind speed data: (a) Ado Ekiti; (b) Ikeja; (¢) Lagos Island; (d) Marina;
(e) Abeokuta; (f) [jebu Ode; (g) Akure; (h) Ondo; (i) Oshogbo; and (j) Ibadan.
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4.1. Adapting Practical Wind Turbine Models to the Sites

Five practical wind turbine models were employed. The technical parameters of the turbines are
presented in Table 3. These turbines were matched to the sites’ wind profiles at the turbines’ hub heights.
The results gave the likely wind power that may be generated if the turbine machines were installed at
the sites. However, based on the fact that the turbines hub heights were above 10 m, the wind profile
characteristics were estimated for this height using Equation (17) [24]. This was because NIMET’s data
are only at 10 m height. NIMET does not take or store data apart from those at this height:

Pt o
vref = le X (hlr_Ef) (17)
0

where vref = wind speed at reference height, vio = wind speed at 10 m height, hrer = reference height,
hio = 10 m height, o = roughness factor for the sites. The commonest and widely accepted value of a
for most sites is 0.143. The results are presented in Table 4.

Table 3. Technical parameters of wind turbine models used in the analysis [41,62].

Wind Machine c Ve Vr P.r  Hub Height Rotor Diameter  Assumed Price
(m/s) (m/s) (m/s) (kW) (m) (m) ©
Bonus 2300/82.4 3 25 15 2,300 60 824 2,300,000
Bonus 2000/76 4 25 15 2,000 60 76 2,000,000
Bonus 300/33.4 3 25 13 300 30 334 300,000
GE 1.5sle 3.5 25 14 1,500 65/80 77 1,500,000

GE 1.5xle 3.5 20 11.5 1,500 80 82.5 1,500,000
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Table 4. Results of simulating electrical power output of a model wind turbine.

Model Bonus 2300/82.4 Bonus 2000/76 Bonus 300/33.4
P.  Pae CF P. P CF P.  Peaw CF
kW) &W) (o)  &W) &W) (%) kW) (kW) (%)
LagosIsland  60.12 239.18 1040 47.97 204.09 1020 11.64 2853  9.51
Ikeja 2856 136.86 595 22.15 11650 5.83 587  16.04 535
Marina 333 2683  1.17 200 2247 112 078 297  0.99
Ibadan 17.75  93.10 405 11.17 77.03 385 351 1056 3.52
liebuOde 576 4095 178 207 3290 1.65 115 443  1.48

Station

Akure 1.13 12.01 0.52 0.29 9.79 0.49 0.26 1.27 0.42
Oshogbo 7.91 5430 2.36 0.79 4192  2.10 1.35 5.72 1.91
Ekiti 0.51 6.56 0.29 0.10 5.38 0.27 0.13 0.69 0.23
Ondo 0.00 66.21 2.88 0.00 37.41 1.87 0.00 5.24 1.75
Abeokuta 0.18 5.04 0.22 0.00 3.47 0.17 0.00 0.45 0.15
Model GE 1.5sle GE 1.5xle - - -
. P. Peave CF P Peave CF
Station - - -

kW) &W) (o)  &W) kW) (%)
LagosIsland  56.71 297.26 19.82 138.08 633.97 42.26 - - -
Ikeja 2742 18270 1218 72.34 460.10 30.67 - - -
Marina 319 4168 278  10.07 131.73 8.78 - - -
Ibadan 1548 11849 790 37.89 288.15 19.21 - - -
licbuOde  4.66 5505 3.67 12.14 14328 9.55 - - -

Akure 0.98 19.44  1.30 3.24 64.09 4.27 - - -
Oshogbo 5.47 66.66 4.44 12.63 153.92 10.26 - - -
Ekiti 0.46 11.61  0.77 1.69 4290 2.86 - - -
Ondo 0.00 63.42 423 0.00 106.38 7.09 - - -

Abeokuta 0.00 7.81 0.52 0.00 23.93 1.60 - - -

Table 4 clearly shows that if the turbine models were employed at the sites, the magnitude of
average power generation per annum for each turbine will vary as (5.04 < Peave < 239.18) kW,
(3.47 < Peave < 204.09) kW and (0.45 < Peave < 28.53) kW for Bonus 2300/82.4, Bonus 2000/76 and
Bonus 300/33.4 respectively. For GE 1.5sle and GE 1.5xle, the magnitude of production will vary as
(7.81 < Peave <297.26) kW and (23.93 < Peave < 633.97) kW, respectively. Clearly, Table 4 shows that
Turbine machine model GE 1.5xle gave the best production of all the models. This is closely followed
in order by GE 1.5sle, Bonus 2300/82.4, Bonus 2000/76 and Bonus 300/33.4, respectively. Based on
this, it can be concluded that the best turbine matching parameter that will produce excellently at the
sites will be machines whose wind speed (m/s) rating is: (vc = between 2.0 and 3.0 m/s; vr = between
10.0 and 12.0 m/s).

Furthermore, going by the values of the capacity factor, the turbines will underperform at some of
the sites. This is because the rated wind speeds of the turbines are far above the wind speed bands of
the sites. Only Stations in Lagos State and Ibadan are closer with reasonable values of veEmax (Table 2).
This is suggestive of the fact that smaller wind turbine machine ratings, coupled with speed ratings
stated earlier, would be better suited to such sites. Hence, those sites can be appropriate for small scale

wind power generation instead of as mega stations. However, although as demonstrated by the turbine
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matching results, some of the sites may not be applicable for large scale megawatt turbine utilisation,
they may invariably be appropriate for small turbines connected together as wind farms to generate
large scale power, up to the megawatt and giga-watt statuses. Thus, each of the sites can be employed
for wind farm development housing many small wind turbines connected together for power
generation. Further to this, the values of the CF suggest that employing the turbines for wind power
generation may be economically infeasible for most of the sites. Hence employing smaller wind
turbines with low wind speed ratings will be very appropriate for the sites.

4.2. Cost Benefit Analysis

The cost benefit of generating wind electricity at the sites with the aid of the turbine models were
carried out using Equations (18) and (19). The assumed economic parameters and the turbine prices
are shown in Tables 3 and 5.

The bases for the assumptions are discussed in Ajayi et al. [61]:

— CPV
Cscmm——amw (18)
t t
X 1+17 1+17 1+17
Cpy :x(1+RC)+7R0m[RI_;R}x{1[1+1€J }xRSC(lJrRC)[H]zJ (19)

where Cpv = present value cost, x = turbine price, Rc = rate chargeable on turbine price to arrive at the
cost for civil/structural works, Rom = rate chargeable on annual turbine price to arrive at the cost for
Operation and Maintenance, R1 = prevailing interest rate, /r = prevailing inflation rate, Rsc = rate
chargeable on total investment cost, # = turbine life or period of operation of turbine, Cscikwh = specific
cost per kWh of wind electricity.

Table 5. Assumptions used for the econometrics analysis [24,61,63].

Item Assumed value

Rc 20.0%

Rom 25.0%

R 12.0%

Ir 8.6%

Rsc 10.0%
t 20.0 years

Table 6 presents the cost of producing wind electricity per kWh with the turbine models. It shows
that using GE 1.5xle at the sites will result in a production cost ranging between 0.02 € and
0.47 € per kWh while employing Bonus 300/33.4 will require between 0.08 € and 5.03 € per kWh.
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Table 6. Economic cost benefit of generating wind electricity using different turbine models.

Average Pecave per annum

20 years average Peave (f X Peave)

Specific cost per

Location Cov (€)
x 106 kWh x 106 KWh kWh (€)
Station Bonus 2300/82.4
Lagos Island  3,033,617.2 2.1 419 0.07
Ikeja 3,033,617.2 1.2 24 0.13
Marina 3,033,617.2 0.235 4.7 0.65
Ibadan 3,033,617.2 0.816 16.3 0.19
Ijebu Ode  3,033,617.2 0.359 7.17 0.42
Akure 3,033,617.2 0.105 2.1 1.44
Oshogbo 3,033,617.2 0.476 9.51 0.32
Ekiti 3,033,617.2 0.058 1.15 2.64
Ondo 3,033,617.2 0.58 11.6 0.26
Abeokuta  3,033,617.2 0.044 0.88 344
Station Bonus 2000/76
Lagos Island 2,637,928 1.79 35.8 0.07
Ikeja 2,637,928 1.02 20.4 0.13
Marina 2,637,928 0.2 3.94 0.67
Ibadan 2,637,928 0.68 13.5 0.20
Ijebu Ode 2,637,928 0.29 5.76 0.46
Akure 2,637,928 0.086 1.72 1.54
Oshogbo 2,637,928 0.37 7.34 0.36
Ekiti 2,637,928 0.047 0.94 2.80
Ondo 2,637,928 0.33 6.55 0.40
Abeokuta 2,637,928 0.03 0.61 4.33
Station Bonus 300/33.4
Lagos Island  395,689.2 0.25 5 0.08
Ikeja 395,689.2 0.14 2.81 0.14
Marina 395,689.2 0.03 0.52 0.76
Ibadan 395,689.2 0.09 1.85 0.21
Ijebu Ode 395,689.2 0.04 0.78 0.51
Akure 395,689.2 0.01 0.22 1.78
Oshogbo 395,689.2 0.05 1 0.39
Ekiti 395,689.2 0.006 0.12 3.29
Ondo 395,689.2 0.05 0.92 0.43
Abeokuta 395,689.2 0.004 0.08 5.03
Station GE 1.5sle
Lagos Island 1,961,325 2.6 52.1 0.04
Ikeja 1,961,325 1.6 32 0.06
Marina 1,961,325 0.37 7.3 0.27
Ibadan 1,961,325 1.04 20.8 0.09
Ijebu Ode 1,961,325 0.48 9.64 0.20
Akure 1,961,325 0.17 341 0.58
Oshogbo 1,961,325 0.58 11.17 0.17
Ekiti 1,961,325 0.1 2.03 0.96
Ondo 1,961,325 0.56 11.1 0.18
Abeokuta 1,961,325 0.07 1.37 1.43
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Table 6. Cont.

. Average Peave per annum 20 years average Peave (f X Peave) Specific cost
Location Cov (€)
x 106 kWh x 106 kWh per kWh (€)
station GE 1.5xle
Lagos Island 1961325 5.55 118 0.02
Ikeja 1961325 4.03 80.6 0.02
Marina 1961325 1.15 23.1 0.08
Ibadan 1961325 2.52 50.5 0.04
Ijebu Ode 1961325 1.26 25.1 0.08
Akure 1961325 0.56 11.2 0.17
Oshogbo 1961325 1.35 27 0.07
Ekiti 1961325 0.38 7.52 0.26
Ondo 1961325 0.93 18.6 0.11
Abeokuta 1961325 0.21 4.19 0.47

5. Conclusions

This study focused on assessing the wind power potential and energy cost analysis of wind power
generation at ten South West Nigerian sites/stations. The purpose of the study was to expose the
region’s wind profile characteristics for power generation. The outcome proved that the region’s wind
profiles and characteristics are suitable for wind power generation. Average wind speeds of between
1.9 and 5.3 m/s are prevalent, while the most probable wind speed ranged between 1.9 and 6.2 m/s.
The maximum energy carrying wind speeds ranged between 2.2 and 8.6 m/s across all the stations.
Lagos and Oyo states are areas with very high potential for harvesting wind power, while the
mountainous regions of Ogun, Ondo and Ekiti would also be very suitable. Further to this, the results
proved that, apart from sites in Lagos and Oyo States and in mountainous regions, lower wind speed
rated turbine machines will be more appropriate for the sites. Specifically, turbines with rated cut-in
wind speed of between 2.0 and 3.0 m/s will be valuable. In terms of the rated wind speed (vr),
wind turbines with rated speeds of between 10 and 12.0 m/s will be excellent for the sites.
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