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ABSTRACT

In this chapter, the authors present the result of a study carried out to develop a pre-assessment model
that can be used to carry out a preliminary study on the availability of wind energy resources of a site.
21 years’ (1987 — 2007) monthly average wind speeds for 18 locations in Nigeria were used to create
the simple constitutive model. The locations span across the six geopolitical zones of the nation with
three stations from each zone. Various statistical procedures were employed in the development of the
model. The outcome gave an empirical model, which if employed, will lead to determining the mod-
est range of wind energy potential of a site. Further, the results from this model were compared with
those from the well-established two-parameter Weibull statistical distribution function and found to be
reasonably adequate. Thus with this model, decision on site selection for complete assessment can be

made without much rigour.
INTRODUCTION

The impact of electricity to a nation cannot be
overemphasized. The socio-economic growth of
national economies has been proved to depend to
alarge extent on the balance between demand and

DOI: 10.4018/978-1-4666-2208-1.ch018

supply of electrical energy. Moreover, the level of
availability and utilization of energy in a country
is reported to be responsible for the increase or
decrease in the population of a community, it
is also directly linked to the growth of national
product (Hermann, 2001). Countries with low
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energy availability and high-energy demand have
been found to have correspondingly high propor-
tion of poverty, illiteracy and migration. Also, the
principles of the millennium development goals,
access to information technology systems and im-
proved telecommunication, literacy programmes
and birth control policies will not do well if the
current trend of energy shortages experienced
by developing nations is not addressed globally
(Hermann, 2001).

However, energy production has over the years
been dependent to a large extent on fossil fuels in
the form of coal, oil and natural gas. An estimate
revealed that, 65% of the global sources of energy
generation are from fossil fuels (Stiebler, 2008;
Ajayi et al., 2010). It is reported. In Nigeria for
instance, that major telecommunication systems
and masts depend majorly on electricity produced
from diesel generators on a daily basis. The emis-
sions from this source have been found to include
various gases, which have direct or indirect effects
on the ozone layer. This creates a depleting effect
of the layer and also in the process interferes with
the self-cooling of the natural atmosphere (Ajayi
et al., 2010).

Recently, concerns over the environment’s
quality have become subjects of global discussion,
prompting various legislations, debates and decla-
rations. Majority of the arguments have favoured
the reduction of anthropogenic emissions that
are deleterious to the environment and promotes
the utilization of renewable energy resources for
power generation (Ajayi et al., 2010). However,
utilization of renewable energy resources, such
as wind, for power generation in a given location
requires the first step of resource assessment.
This is in order to have adequate information on
the intensity and viability of its prospects at the
location (Fadare, 2009; Islam et al., 2009). The
development of wind as a source of renewable
electricity in developing countries, especially Af-
rica, has been hindered by the absence of adequate
measurements and/or assessment studies (Ajayi et
al., 2013b). It is worthy of note that, before em-
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barking on wind energy investments, the investors
would first want to know the magnitude of likely
wind energy output from a site’s wind speed. A
complete resource assessment therefore ranges
from site selection and preparation, installation
of wind speed measuring equipment, data gather-
ing, analyses, and modelling to decision making.
The analyses and modelling stage is critical to
the study as it exposes the site’s potential and
degree of viability for a wind-to-power project.
Various means exist for modelling wind energy
potential of a site.

Based on the aforementioned, modelling can
be explained to mean a process of creating suitable
and qualified approximations which could be used
toreplacereal life systems, repetitive or fluctuating
data, or phenomena. However, without appropriate
models, foretelling climatic variables, such as wind
resources, will be a process thatbecomes expensive
and could be frustrating. Several studies have been
conducted and published on using statistical prob-
ability density functions to describe wind speed
frequency distributions. Some of those that have
been used in time past (pre-1970 analyses) range
from using standard parametric distributions to
distributions that relate to applying the principle
of maximum entropy. Some authors have also
suggested the use of univariate and bivariate
distributions, unimodal, bimodal, bitangential
and hybrid distributions (Justus, 1978; Auwera,
1980; Koeppl, 1982; Ozerdem, 2003; Shata &
Hanitsh, 2006; Ramirez & Carta, 2006; Akpinar
& Akpina, 2007; Tar, 2007; Chang & Tu, 2007,
Shamilov et al., 2008; Carta et al., 2009).

In the post-1970 analyses, better statistical
models surfaced. The use of the gamma distribu-
tion function of two parameters (scale and shape
parameters), normal and lognormal, Rayleigh,
Weibull and other statistical distributions were
proposed (Ozerdem, 2003; Akpinar & Akpina,
2007; Ngala et al., 2007; Carta et al., 2009). Ac-
cording to Carta et al. (2009), the Rayleigh distri-
bution function of one parameter corresponds to
the chi-distribution for two degrees of freedom.



Constitutive Modeling of Wind Energy Potential of Selected Sites in Nigeria

It also coincides with the 2-parameter Weibull
distribution when the shape parameter (k) of the
latter takes the value 2. The probability distribu-
tion has enjoyed wide application in wind speed
analysis either exclusively or in combination
with Weibull probability distribution. Moreover,
of these two and other probability distribution
methods, the Weibull distribution technique has
enjoyed more emphasis. It has been employed in
various regions of the world fundamentally for
evaluating wind energy potential, carrying out the
statistical analyses of wind characteristics, wind
power density. In the estimation of the energy
output and performance of wind energy systems,
etc. (Burtonetal.,2001; Koseetal.,2004; Akpinar
& Akpinar, 2005a; Akpinar & Akpinar, 2005b;
Fadare, 2008; Yangetal., 2008; Cartaetal., 2009;
Kamau et al., 2009; Soon-Duck, 2010).

However, the use of these models, especially
the Rayleigh and Weibull distributions involve
the utilization of a set of historical wind speed
data covering some period of years for statistical
significance. Based on this, some investors may be
unwilling to commit resources to embark on this
task since they are not sure of the outcome. This
therefore creates a need for the development of
an empirical model that can be used as a first stop
before complete assessment study. Such model
when available will serve as a pre-assessment
model and aid in the selection of a site for complete
resource assessment. The modelling procedure
involved employing wind speed data set of some
years to create a simple model that can be used for
a site’s pre-assessment study. The outcome from
this empirical model will give rise to a modest
estimation as well as the least magnitude of wind
energy potential of the site.

MATERIALS AND METHODS

Data used for the study were 21 years’ (1987-
2007) monthly mean wind speeds at 10 m heights

obtained from the Nigeria meteorological depart-
ment, Oshodi. These data covered for 18 stations
spread across the six geopolitical zones of Nigeria,
with a station per state and three states per zone
out of the 36 states of the federation. The data
were then analyzed on annual basis. Figure 1 gives
the annual average wind profile distribution for
all the stations covering the period of analyses,
while Figure 2 gives the range of annual average
wind speeds for each station. Figure 3 presents
the 21 years annual average wind speed per sta-
tion. Table 1 gives the information relating to the
station location.

MODELING TOOLS

Wind Power

The average power extractable from the wind by
a wind turbine is estimated to vary with the cube
of average wind speed as:

1 1
Pzg[ApCp;ZUf’] (1)

where:

P = Power Flux,

p = air density,

v, = wind speeds,

Cp = Coefficient of power,
x = number of data points,
A = wind turbine rotor area

Wind Energy Flux Density
The average wind energy per unit rotor area of
a turbine, extractable from the wind by a wind

turbine is obtained from the average power by:

E=PxnxT 2)
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Figure 1. 21 years’ annual average wind speed for all distribution stations
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Figure 2. 21 years’ annual range of wind speeds for each station
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Figure 3. 21 years’ annual average wind speed for each station
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Table 1. Details of the meteorological stations
Station Station No. Latitude (N) Longitude (E) State Elevation (m) Densli?; (kg/
Onitsha 65245 06.09° 06.47° Anambra 67.0 1.2173
Lagos Island 65205 06.26 03.25° Lagos 2.0 1.2248
Maiduguri 65082 11.51° 13.05° Borno 353.8 1.1842
Potiskum 65073 11.42° 11.02° Yobe 414.8 1.1771
Enugu 65257 06.28’ 07.33 Enugu 141.8 1.2086
Ibadan 65208 07.26° 03.54 Oyo 2272 1.1988
Jos 65134 09.52° 08.45° Plateau 1217.0 1.085
Port-Harcourt 65250 04.51° 07.01° Rivers 19.5 1.2228
Tlorin 65101 08.29° 04.35 Kwara 307.4 1.1895
Katsina 65028 13.01° 07.41° Katsina 517.6 1.1653
Sokoto 65010 13.01 ¢ 05.15° Sokoto 350.8 1.1845
Gusau 65015 12.10° 06.42 Zamfara 463.9 1.1715
Abuja 65125 09.15° 07.00° Fet 343.1 1.1854
Owerri 65252 05.29° 07.00° Imo 91.0 1.2145
Warri 65236 05.31° 05.44° Delta 6.1 1.2243
Benin 65229 06.19° 05.06 Edo 77.8 1.216
Nguru 65064 12.53 10.28 Yobe 343.1 1.1854
Ondo 65222 07.06° 04.50 Ondo 287.3 1.1919
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where:

T = maximum time period for a year in hours

m

= a760 hrs. per year.

Substituting Equation 9 into Equation 8 gives:

us

E, =10529.52xC, xn v e !

Um _1]7

U,

“4)
where:

E = Average wind energy flux density

Equation 4 is the general expression for annual
wind energy flux density in Whr/m?yr.

Since 10529.52 % Op X 7)1is a constant,

it therefore follows that:
Emrc = f(vm) (5)

Based on the relation of Equation 5, the exact
relationshipbetweenv and £, canbedetermined
through the procedure of regression statistics. This
will lead to the determination of the constitutive
relationship between v and E_ .

The 2-Parameter Weibull Statistics

In order to determine the accuracy of the model
generated, it became necessary to determine the
degree of convergence of the results from the
model with those from a well established statistics.
The 2-parameter Weibull statistical distribution
was therefore employed according to literature
(Akpinar and Akpinar, 2005a; Keyhani et al.,
2010; Fagbenleetal.,2011). The magnitude of the
annual wind energy per unit area obtained from
the Weibull statistics (E,,, ) can be evaluated

eibull

from (Keyhani et al., 2010),
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1 3
Eyeivan = B) pc’T |1+ =

CIXT, (6)

where:

¢ = Weibull scale parameter (m/s) and k =
Weibull shape parameter.

The scale and shape parameters of the Weibull
are evaluated from:

-1.086
k== (1<k<10) (7)
Um
v
c—=—m (8)
141
k

where I' is the gamma function of () given by:

o0

r (m) = fef“uxfldu (Keyhanietal.,2010),0 =
0
standard deviation (m/s).

Performance Estimation of
the Weibull Statistics

Before the Weibull results can be applied to this
study, its predictive accuracy to the actual mea-
sured wind speed values (vacml’) were evaluated
using the some statistics. These are the coefficient
of determination, R?, the Root Mean Square Error
(RMSE) and the Nash-Sutcliffe model Coefficient
Of Efficiency (COE) (Ajayi et al., 2011; Ajayi et
al. 2011). Based on these, the Weibull result is
judged accurate if the values of R? and COE are
closerto 1 orthe values of RMSE are closer to zero.
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RESULTS AND DISCUSSION
Wind Profile Characteristics

Figure 1 shows the annual mean wind speed pro-
files across the stations. While some stations such
as those of Enugu, Ondo, Benin, Ilorin, Abuja,
Potiskum, Maiduguri, Nguruand Jos demonstrated
stable monthly mean wind speeds’ distribution
across the period, others reveal fluctuations in
their profiles. However, the annual fluctuations
of wind speeds profiles across the period for all
stations are not very pronounced except for Jos
in Plateau state. Figure 2 shows the annual wind
speed range across the 21 years period and reveals
that Jos station had the best wind speed range,
followed by Katsina, Sokoto and Gusau, while
Onitsha and Ondo experienced the least. More-
over, on the 21 years average values, Jos has the
best wind energy potential followed by stations
in the North-West geopolitical zones of Nigeria.

Ranking the stations in each geopolitical zones
according to their monthly and yearly wind profiles
showed that the stations in the North-West zone
have the greatest potential for wind energy harvest,
followed by those of North-Central, North-East,
South-East, South-West and South-South zones.
Based on the data from the 18 locations of this
study, it can be deduced that stations and sites in
the northern Nigeria are capable of large wind-
to-power projects, while those of the southern
parts are capable of medium to small scale (or
standalone) projects except for Enugu and Lagos
Island.

Modelling Wind Energy Potential
of the Sites, Zones, and Nation

Equation 4 was employed for the modelling. The
equation reveals that the values of £ depend on
v, Cp and n respectively. Thus with the different
values of v and varying values of n and Cp, the
magnitudes of £ can be evaluated for the dif-
ferent stations. However, carrying out aregression

analysis of £, depend on v _for different values
of n while keeping Cp constant gives Figure 4 for
Onitsha. The range of n used lay within
0.15<n<1.

Figure 4 shows that:

E e — /81]7”2657 (9)

a

Further observing Figure 4 also reveal the
relation:

B=f(n) (10)

Based on Equations 9 and 10, it became nec-
essary to establish the exact relationship between
E  andv .This gives Figure 5 after a regression
of (3 against 7.

Thus combining Equations 9 and 10 from
Figures 4 and 5 gives Equation 11 for Onitsha as:

E, . =10900x 1 x v*%7 (11)

Varying the values of C,, as was done for n
gave Equation 11 as:

E,. =10900xnxC xuv *% (12)

Equation 12 is therefore the constitutive wind
energy model whichis suitable for analyzing wind
energy situation of Onitsha station. Repeating the
procedure for the other stations gave Equations
13 to 29.

Katsina: £ =8657xnxC » X V280
(13)

Sokoto: . =8617 X7 X Cp X U;.S[W (14)

Gusau: £ =8966xnxC » X V2780
(15)
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Table 2. Results obtained from Weibull analysis and those of Equations 31 and 32

" Percentage
. v ¢ :;:lll;l:ilsl Minimum from differencge
Station (ml:'is) k() ¢ n;v's) (B model range (Eq. (Whr Ion:’.’yr) R? RMSE COE  between
(Whr/m?yr) 31) (Whr/m*/yr) Eqeinun &
E,, (%)
Onitsha 3.68 400 410 632472.00 180051.82 592271.00 1.00 0.10 1.00 6.36
Lagos Island  5.03 3.70 5.60 1739736.00 396293.79 1482273.00 090 0.30 0.90 14.80
Maiduguri 535 4.00 590 1935960.00 462833.99 177546478 1.00 0.10 1.00 8.29
Potiskum 481 250 5.50 1903548.00 354276.08 1301149.08 1.00 0.20 1.00 31.65
Enugu 547 370 620 1072224.00 489669.58 1895726.19 0.80 2.30 0.30 -76.80
Ibadan 391 3.70 440 803292.00 210185.77 709037.56  0.90 0.20 1.00 11.73
Jos 922 330 1050 12045000.00 1827333.46 8766249.18 0.80 1.20 0.70 27.22
PortHarcourt 3.52 3.80 3.90 560640.00 161473.53 52182295 1.00 0.20 1.00 6.97
Ilorin 471 320 530 1525116.00 336728.91 1226516.56  1.00 0.20 1.00 19.58
Katsina 746 350 830 5626548.00 1070019.13 4704810.40 1.00 0.50 1.00 16.38
Sokoto 724 450 790 4430808.00 992917.61 4312959.98 1.00 0.20 1.00 2.66
Gusau 6.14 370 680 3050232.00 655801.31 2662579.44 1.00 0.30 1.00 12.71
Abuja 377 290 430 855852.00 192134.90 638737.48 090 0.30 0.90 25.37
Owerri 332 570 360 375804.00 139019.55 438439.59 050 020 0.90 -16.67
‘Warri 314 530 340 337260.00 121049.04 373256.11 0.80 0.20 0.90 -10.67
Benin 319 620 340 322368.00 126200.09 391788.94 1.00 0.10 1.00 21.53
Nguru 400 230 4.50 1166832.00 223493.55 761503.97 1.00 0.20 1.00 34,74
Ondo 197 210 220 142788.00 37659.79 96018.81 1.00 0.20 1.00 12.75

Figure 7. Comparison of the values of results from Weibull analysis with those form Equation 31 and E
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Based on the aforementioned, Figures 6 pres-
ents the values of average wind energy per unit
area of each stations corresponding to employing
the individual models of Equations 12 to 29 and
range of Equation 31

Figure 6 shows that the results from employing
Equations 12 to 30 fall within that of Equation
31. This therefore means that Equation 31 is a
better model representation for all the stations and
in the geopolitical zones and anywhere in the
country. Thus with this model, predictions can be
made on the likely range of average wind energy
flux density that can be generated from a site/
station when the average wind speed of the site
and station is known. Moreover, since investors
are always interested in the optimum (E, ) value
of the wind energy that can be harvested from a
particular wind speed value, the maximum of
Equation 31 is selected and called the optimum
ormaximum modestaverage wind energy harvest-
able from a site/station. This is given as:

E, =13105x7xC xv*

op

(32)

Equation 32 can therefore be the useful model
for estimating the most probable maximum likeli-
hood magnitude of wind energy per unit area from
any site in Nigeria.

Evaluation of the Performance of the
Model Represented by Equation 32

Since Equation 32 can give the probable maximum
value of wind energy flux density of any location
in Nigeria, it became important to estimate its
accuracy. In order to determine this, the 2-param-
eter Weibull statistical distribution was fitted to
the wind speed data set employed for this study.
Some of the Weibull results are presented in Table
2. The outcome of the Weibull analysis (£, )
was then compared to the results of employing
the minimum of Equation 31 and also the results
of E_. This is shown in Figure 7.

Table 2 shows that the model representation
of Equation 32 predicted between 65 and above
100% of the value values of E, .- However, at
each pointthe percentage difference was negative,
the value of £, was more than £, . It is noted
that for Enugu, Owerri, Warri, and Benin where

Figure 6. Magnitude of wind energy per unit area corresponding to Equations 12 to 30 and the model
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Maiduguri: £ = 9732 X1 X Cp > U72ﬁ739
(16)

Potiskum: . =10074xn X Cp X v
A7)

Nguru: £ =10216 x 17 X Cp x v 107
(18)

Jos: B = 8100><77><Cp ><fufn'837 (19)

Horin: B, =10133xnXxC x V2
(20)

Abuja: E  =10697 x 1 X Cp X p=073
2D

Lagos Island:
E =9502xmnx Cp X Ufn'752
(22)

Ihadan: £, =10513x7x C, x o254

(23)
Ondo: E, =10409xnxC x 210

(24)
Enugu: B =9859Xn X X ks

(25)

Owerri: £ =10732x 17X Op % UTQr;665
(26)

Port-Harcourt:

E, =10530xnxC, xv%%
27

Warri: £, =10753 X1 x Cp X vy,
(28)

Benin: £, =10697 xnx C x v (29)

The R? values that relates to the models all lie
within 0.998 < R* < 1.000. This reveals that the
models as they are, are adequate at explaining
over 99% variations in the average wind energy
per unit area of the locations.

Doing the same for the nation in order to obtain
the national model gave Equation 30. This was
obtained by taking the arithmetic mean of the
annual wind speeds of all the stations.

National model:

E, =9712xnxC x ;™ (30)

Range of Average Wind
Energy Potential

Each of Equations 12 to 29 gives the magnitude
of wind energy per unit area that can be harvested
from the station. Moreover, for the purpose of
simplicity and ease of application, it became
necessary to develop a model which can be used
to determine the maximum and minimum range
of values of wind energy per unit area that can be
harvested from any sites within the nation. This
was achieved by employing the statistical tolerance
limit method together with the set of Equations
12 to 29. The outcome gave Equation 31.

6793.28 xx C xv2™ < B <13105xnxC x 2™
(€2

Thus with Equation 31, the range of average
wind energy per unit area can be determined. This
is given to lie within

E . :6793.28X77><0p varflg and
E =13105xnX Cp X 117271'928 (Whr/m?yr.).
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Figure 4. Regression plots of wind energy against annual wind speed for Onitsha
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the values of Eop weremorethanE, . . theexcess
prediction of E, were between 11 and 77%. While
those of Owerri, Warri and Benin were reasonably
low, that of Enugu was high (see Figure 7). The
reason for this is explained by the values of RMSE
(2.30) and COE (0.3). The values of these estima-
tion parameters contradicted the interpretation
given earlier. The interpretation to this phenom-
enon is given in Ajayi et al. (2011). This is given
as, the greater than the actual measured data is
the value of the Weibull prediction, the closer to
or greater than 1.0 is the value of RMSE and the
closer to zero the value of COE. Thus it means
that at this point there is an over prediction by the
Weibull result. This invariably referred to the fact
that the percentage difference is expected to be
less than the 77%. Further to this, apart from the
results for Potiskum, Nguru and Ondo stations,
the values of £, reasonably predicted the Weibull
results (E, . ). The percentage differences for
the other stations apart from the three aforemen-
tioned are above 72% of the Weibull results. Based
on this, it can be concluded that the model repre-
sentation of Equation 32 is adequate for a pre-

assessment study of a site. It can reasonably
predict good enough percentages of wind energy
harvestable from a site and therefore could lead
to accurate decision making on a site.

When the model was tested with other pub-
lished results (Akpinar and Akpinar, 2005a;
Kamau et al., 2009; Keyhani et al., 2010) it gave
Figure 8. Sulaiman et al. (2002) carried out the
study of the wind characteristics of four different
locations in Oman out of which two (Salalaha
and seeb) were employed. Akpinar and Akpinar
(2005a) carried out the statistical analysis of the
wind speed data of Keban-Elazig, Turkey. Kamau
et al. (2009) on the other hand studied the 6 years
wind data for Marsabit Kenya, while Keyhani et al.
(2010) carried out the assessment of wind energy
potential for power generation of Tehran, Iran.
The studies employed the 2-parameter Weibull
statistical distribution for the analyses. Figure
8 shows that apart from kamau et al. (2010),
Equation 32 reasonably predicted the results of
the other researches. Figure 8 therefore reveals
that the model represented by Equation 32 can be
used as a preliminary check to predict the likely

Figure 8. Comparison of the results from E”p with published Weibull results
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potential of wind energy harvestable from a site
before embarking on detailed assessment study
of such site.

CONCLUSION

The development of a model suitable for car-
rying out the pre-assessment study of a site has
been developed. Although it is always necessary
to embark on a thorough assessment study of a
site proposed for a wind farm, investors would
however want to know the viability of such site
before hand. This is as to be able to arrive at a
preliminary decision that a complete assessment
study would depend on. Such questions as to how
much on the least and what optimum or maximum
modest value is likely to be the situation of the
wind energy distribution of the location can be
evaluated by simply knowing the magnitude of the
average wind speeds of alocation or aregion. Most
times such information is available at a national
(meso-scale) level and at times site’s specific local
level. With the knowledge of such wind speeds
and the use of models of Equations 31 and 32, itis
possible to determine the minimum and optimum
(or maximum modest) values of wind energy flux
density of the local site or region.
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