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Stochastic Analysis of Energy Potentials of
Wind 1n Lagos Metropolis

Olawale O.E., Ajibola and Oluwaseyi J., Balogun Member, IAENG

Abstract— Energy potentials in three selected sites within Lagos
metropolitan were studied using three-, four- and five-years
hourly wind speed data collected from Nigeria Meteorological
Agency (NIMET) Lagos, Nigeria. Two-parameter Weibull,
statistical analysis and power curve of Aeolos-V1000W were
used to analyze the data. The results showed that annual mean
wind speed at a height of 10m ranged between 1.86 and 3.05 m/s
while 58.70% to 84.86% of the wind speed data were found to
be less than 3.0m/s. The annual mean wind power densities
(WPD) at height 10m are 60.66, 13.17 and 8.4 Wm™2 for lkeja,
Lagos Roof and Lagos Marine respectively. The annual WPD
for height 50m are 244.18, 61.81 and 42.55 Wm™2for lkeja,
Lagos Roof and Lagos Marine respectively. The annual
electrical energy output simulated from Aeolos-V1000W at
height 10 — 100 m showed the values of 270.1 t0 691.0 kWh, 140.6
to 494.8 kWh and 184.3 to 494.8 kwh for Ikeja, Lagos Marine
and Lagos Roof respectively. The capacity factor at height 10 —
100m revealed the values of 0.1784 to 0.4509, 0.0671 to 0.2826
and 0.0275 to 0.1988 for lkeja, Lagos Roof and Lagos Marine
respectively. These results indicate that wind speed profiles in
Lagos metropolis have feasible potential for small scale wind
turbine applications at height 20 — 100 m in Ikeja and at height
90 — 100 m in Lagos Roof. The annual electrical energy output
of the wind turbine at Ikeja site from height 70 — 100m surpasses
the current average electrical energy consumption per
household in Lagos.

Index Terms— energy potential, Lagos roof, wind power
density, wind turbine applications.

. INTRODUCTION

Energy is a key component in the economic progress and
social development of any nation [1, 2]. Energy can be
classified into two forms: Renewable and Nonrenewable.
Nonrenewable resources such as crude oil, gas and coal are
the energy sources that are depletable while renewable
resources such as solar, wind, hydropower, geothermal and
tidal are inexhaustible sources of energy [3, 4].
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Nigeria government in collaboration with UNDP in 2006
initiated Nigeria Renewable Energy Master Plan (REMP) and
in 2015 Federal Executive Council approved National
Renewable Energy and Energy Efficiency Policy (NREEEP).
These policies were aimed at increasing the contribution of
Renewable Energy to account for 10% of Nigerian total
energy consumption by 2025 [5, 6]. Lagos, a megacity in
southwest region of Nigeria with population of about 25
million, is central to commercial and industrial activities of
the nation. Electricity supply to Lagos metropolis from the
national grid account for only 20% of total energy
requirement of Lagos State. The grid system in Nigeria is
powered by hydropower and turbo generators only.
Currently, Lagos has energy deficit of over 4000 megawatts
[7, 8,9, 10]. At least 40% of Lagos residents have no access
to electricity supply from the grid and 80% of households rely
on fossil fuel generators [11]. The average annual energy
consumption per household in Lagos is 548kWh which is
marginally poor compared to other contemporary megacities
like New York, Delhi, Sao Paulo and Cairo with 7140 kWh,
3240 kwh, 4800 kWh and 8888 kWh respectively [12, 13,
14, 15, 16, 17]. Also, the dependence of the populace on
generators to power homes produce carbon emission which is
hazardous to health of the people and the environment [18].
In resolving this electricity supply gap to create pollution free
atmosphere, Lagos State government entered a memorandum
of understanding with Federal Government on private
controlled power industry and energy mix. Alternative energy
resources like biomass, solar and wind were identified to
solve the electricity crisis [19].

Wind energy is receiving global attention due to its green
energy prowess. Compared to solar, the cost per kWh of wind
power is much lower [20]. The power from the wind will
never cease if the sun is rising, and the earth’s revolution is
continuous. Wind results from the movement of air masses
due to atmospheric pressure gradients caused by differential
solar heating of the earth’s surface. The pressure gradient
creates mechanical energy that is converted into electrical
energy in the wind turbine. Electricity generated from the
wind depends on many factors like the irregularity of solar
heating, the Coriolis effect of earth’s rotation and local
geographical conditions [3, 20].

Lagos annual average onshore wind speed profile at 10 m
height ranges from 2.1 to 3.0 m/s. The wind energy potential
is very abundant in the coastal areas where wind speed of 4.7
m/s was observed at 30 m height along Lekki Beach [21, 22,
23]. Many researchers have made immense contributions
estimating the energy potentials of some locations in Lagos.
Ajayi et al. [24] studied wind energy potential of ten sites in
the south western region of Nigeria using twenty-four years
wind speed data at 10m height. The result revealed that Lagos
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and Oyo states were suited for large scale generation of
energy with average wind speeds range of between 2.9 and
5.8 m/s. Prior to this study, Ajayi et al. [25] carry out a pre-
assessment study of a potential site for wind farm
establishment using 21 years monthly mean wind speeds
from 11 stations across south-west geopolitical zones in
Nigeria. The study developed a model that showed that Ikeja,
Lagos Island (Roof) and Lagos Marine have 4.67 m/s, 5.03
m/s and 3.72 m/s average wind speed respectively. [26]
investigated the wind energy potentials of coastal stations of
Calabar and Lagos using power law and diabatic methods. It
was found that Lagos has stronger wind speeds than Calabar.
[27] studied wind energy potential in five locations in
southwestern part of Nigeria using monthly mean wind speed
data of 51 years. The methods of 2-parameter Weibull
distribution among other statistical analyses were used. The
results showed that the modal wind speed at height of 10 m
ranged from 3.0 to 5.9 m/s. The annual mean power density
at Ikeja is 387.07 Wm~2. However, there are few reported
cases of wind energy potentials of the metropolitan cities of
Lagos at elevated height above 10m. For wind energy to serve
as alternative energy source in Lagos State, it is imperative to
possess the knowledge of wind speed profiles in the locations
where wind electricity conversion system is to be sited. The
focus of this study is to evaluate the wind energy potentials at
a height of between 10m and 100m in three locations namely:
Ikeja, Lagos Marine, and Lagos Roof within Lagos
Metropolis, and to simulate the output energy of a small-size
commercial vertical axis wind turbine (VAWT) on the wind
profiles. The information from this study will be helpful to
individuals, organizations and governments in decision
making in respect of investment on wind energy resources in
Lagos State.

Il. MATERIALS AND METHODS

The Lagos wind speed data used in this study were
collected from Nigeria Meteorological Agency (NIMET),
Oshodi, Lagos. The geographical coordinates of the synoptic
stations where the wind speed data were captured at a height
of 10m by a cup-generator anemometer are given in Table 1.
The accuracy of the anemometer instrument is +2% [24].
Hourly wind speed data for a period of 3, 4 and 5 years were
obtained for Lagos Roof, lIkeja and Lagos Marine
respectively. Twenty-four (day and night) hourly wind speed
data is available at Ikeja, while diurnal (12 hours) wind speed
data are obtainable from Lagos Marine and Lagos Roof (or
Island). The day-light wind speed data of lkeja were used in
this study. The hourly (diurnal) wind speed data has
advantages over average monthly wind speed data in the
accurate analysis of energy potential of a site and energy
production of a wind turbine [3]. Table 1 summarizes the
geographical locations of the three synoptic stations in Lagos.

TABLE |
GEOGRAPHICAL LOCATION OF THREE SYNOPTIC STATIONS IN LAGOS

Station Latitude Longitude (E) Altitude Period
(N) (m)

lkeja 6.35’ 3.20’ 39.4 2012 —
2013

Lagos 6.26' 3.25’ 2.0 2008 —
Marine 2012

Lagos 6.26' 3.25' 2.0 2009 —
Roof 2011
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Weibull probability distribution has been used for
stochastic analyses of the wind speed profiles, since two-
parameter Weibull distribution function is the most
appropriate, accepted and recommended distribution function
for wind speed data analysis. This is because it gives a better
fit for measured hourly wind speed probability density
distributions than other statistical functions [3, 24, 25, 28,
29]. According to [30], Weibull parameters at known height
can estimate wind parameters at another height. The two-
parameter Weibull probability density function f(v) and the
cumulative distribution function F (v) are given by Equations
1 and 2 respectively. The probability density function
indicates the probability of the observed wind at a given
velocity v, while cumulative distribution function of velocity
v implies that the probability that the wind velocity is not
greater than v, or is within a given range of wind speed.
Interpreting scale (c) and shape (k) are the two parameters of
Weibull distribution, the shape factor is a parameter that
reflects the breadth of a distribution of wind speed whilst
scale factor is associated with mean wind speed. The shape
and scale factors are estimated from equations (3) and (4) [3,
24].

f@) =) ewl- (%) 1)
Fv) =1 :oesg@ 2)
k=(%)_' 1<k<10 3)

where f(v) isthe probability of observed wind speed (v), k
(shape factor) is dimensionless Weibull parameter, ¢ is
Weibull scale parameter (in meter per second) and I'(x) =
Jy t*te~tdt is the gamma function. The Weibull
parameters were determined using standard deviation
approach. This procedure is very useful if mean wind speed
standard deviation is available. In addition, it gives better
results compared to graphical method and has relatively
simple expression when compared with other methods [31].
The V,, (in meter per second) is the mean wind speed
calculated by Equation (5) where o is the standard deviation
of wind speed data computed applying Equation (6) [32, 33].

Vi = =31, V; (5)
1 05
o = [2Zh(V; — )7 (6)

where V; is the value of the wind speed recorded per hour.
Other two significant wind speeds are probable wind speed,
Vr and the wind speed carrying maximum energy, Vg. They
are as expressed in Equations (7) and (8) respectively [27]:

1

Ve =e ()" @
Ve =e ()" ®

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 designed or rated wind speed. For optimal
performance of the wind turbine system in a site, the wind
speed carrying maximum energy should be as close as
possible to rated speed of the wind turbine [3].

Il WIND SPEED AND WEIBULL PARAMETERS
VARIATION WITH HEIGHT

The wind speed data collected from the synoptic stations
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are measure at a height of 10m. These observed wind speed
data is different from the wind speed at wind turbine hub
height. The wind speed at the hub height is crucial for wind
power application. Thus, the observed wind speeds are
adjusted to the wind turbine hub height using the power law
expression given by Equation (9) [48]:

v r\%

= () ©
where V is the wind speed at the hub height h, V, is wind
speed at the original height hy and a is the surface roughness
coefficient and is assumed to be 0.143 (or 1/7) in many
applications [34]. Weibull probability density function can
also be used to obtain the extrapolated values of wind speed
at different heights. The following expression give the scale
factor ¢ and form factor k of the Weibull distribution as a
function of height [35];

e = o ()" (0
ko[1-0.0881n[cp]]

k(h) =% H

(h) [1-0.0881n[ ] o

__[0.37-0.0881n][c]] (12)

[1-0.0881n[1]]
where C, and K, are the scale factor and shape parameter

respectively at the measured height h,. The exponent n
corresponds to height h.

V. WIND POWER DENSITY (WPD) AND WIND
ENERGY DENSITY (WED)

The mean wind power density can be estimated by using

the Equation (13) below [36]:
P(V) 1 3

Pp =T=_pvm (13)
Where P(V) is the wind power (in Watt), Py is the wind
power density (Watt per square meter), p is air density at the
site (assumed to be 1.225 kgm in this study) and A is the
area swept by the rotor blades. The wind power density is
generally used to classify the wind energy resource [37].
However, the wind power density can be obtained from
Weibull probability density function using Equation (14)
[37]:
wpD =P, =782 =2 pc3r (1 +2) (14)

The mean energy density (Ep) over a period T is the
product of the mean power density and period T, and it is
expressed as [38]:
WED = Ep =3pc3T (14+2)T (15)
V. WIND TURBINE ENERGY OUTPUT AND

CAPACITY FACTOR

A wind turbine can operate optimally if designed based on the
wind profile of the site. This is because the rated power, cut-
in and cut-off wind speeds must match with wind
characteristics of the site [39]. The performance of a wind
turbine installed in a given location can be evaluated by the
amount of mean power output over a period (P,,.4,) and the
conversion efficiency or capacity factor of the turbine. The
capacity factor C; is defined as the ratio of the mean power
output to the rated electrical power (Pg) of the wind turbine
[40]. The mean power output B,.., and the capacity factor
Cr of a wind turbine can be estimated using Equations (16)
and (17) based on Weibull distribution function [3]:
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where I, V.. and Vg are cut-in wind speed, rated wind speed
and cut-off wind speed respectively. For an investment in
wind power to be cost effective, capacity factor > 0.25 [41].

VI. SIMULATION OF WIND TURBINE ENERGY
OuTPUT

The transformation from wind speed to power by an
individual wind turbine is well characterized by the wind
turbine power curve [42]. The wind turbine power curve for
Aeolos-V1000 was used in this study. Aeolos-V1000 is a
Vertical Axis Wind Turbine (VAWT) manufactured by
Aeolos Wind Energy Ltd in Denmark. Aeolos-V1000 is a
small wind turbine with rated power of 1000 watts designed
for low wind speed. Table 2 shows the specification of
Aeolos-V1000. The wind turbine power curve displayed in
Figure 1 is used to simulate electrical power outputs and the
capacity factors at the three locations in Lagos Metropolis.
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Source: Aeolos Wind Turbine Ltd
Fig. 1. Aeolos-\VV1000 power curve.
TABLE 2
AEOLO0S-V1000W SPECIFICATIONS

Rated Power 1000 W Survival Wind 50 m/s
Speed
Maximum 1500 W Rated Rotating 240 rpm
Power Output Speed
Output Voltage  48/110 V Generator Permanent
Magnet
Rotor Height 28m Generator >0.96
Efficiency
Rotor Diameter 2.0 m Turbine 28 Kg
Weight
Blade Material ~ Aluminum Noise <45dB
Alloy
Start Wind 1.5m/s Temperature —20% to 50°c
Speed Range
Rated Wind 10 m/s Design 20 years
Speed Lifetime
VII. RESULTS AND DISCUSSION

In this study, the hourly diurnal wind speed data for Ikeja,
Lagos Marine and Lagos Roof representing metropolitan
cities of Lagos in Lagos State, Nigeria between 2008 and
2013 measured at height 10m as obtained from Nigeria
Meteorological Agency (NIMET) were analyzed using
Microsoft Excel. Figure 2 shows the Weibull probability
density function at height 10m as a function of annual wind
speed profiles of Lagos Roof, Lagos Marine and lkeja
respectively while Table 3 displayed the summary of the wind
parameters in the three locations for the years under review.
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Table 3 showed that the maximum annual wind speeds for
Lagos Roof, Lagos Marine and lkeja range from 6.67 to 8.75
m/s, 5.14 t0 10.29 m/s and 18.0 to 21.61 m/s sequentially. The
same table reveals annual average wind speed values that drift
from 1.69 to 2.0 m/s in Lagos Roof, 1.22 to 1.77 m/s in Lagos
Marine and 2.52 to 3.30 m/s in Ikeja. Hence, lkeja has the
highest annual average wind speed while Lagos Marine have
the lowest. The result of a Weibull stochastic analysis on the
wind speed data at height 10 m for all the years considered is
also displayed in Table 3. Here, the analysis showed values
of 1.17<k<1.49, 1.79 <¢<2.21,0.35 <V <1.05, 2.65< Vg
<3.21 and 12.54< WPD < 13.77 for Lagos Roof; 1.12 <k <
2.39,1.27<¢c<256,0.17 <Vp <1.98, 1.89 <V, <3.58 and
4.34 <WPD <12.19 for Lagos Marine; 1.18 <k <1.48,2.72
<¢<3.65,0.68< Vp <1.71, 5.62< Vi <7.72 and 33.97 < WPD
< 78.79 for Ikeja. For low values of Weibull shape factor k
<1.5, Lagos Roof and Ikeja experienced gusty winds while
Lagos Marine with k >2.0 witnessed steady winds [43].

In Table 4, the average values of wind speed parameters at
height 10 m for the year 2008 — 2013 in the three locations
are presented. The overall mean wind speed (V,,), shape
factor (k,), scale factor (c,), probable wind speed (V), wind
speed carrying maximum energy (V) and wind power
density (WPD) ranged between 1.86 and 3.05m/s, 1.29 and
2.11m/s, 2.02 and 3.30m/s, 0.69 and 1.64 m/s, 3.05 and 6.82
m/s, 8.45 and 60.66 Wm™?2 respectively. It is observed that
Ikeja has the highest average wind speed of 3.05 m/s
followed by Lagos Marine with mean wind speed of 1.96 m/s
and the lowest is Lagos Roof with average wind speed of
1.86 m/s. The values of (V, Vi) for Ikeja, Lagos Marine and
Lagos Roof are (1.04, 6.82), (1.64, 3.05) and (0.69, 4.06)
respectively. These values of V correspond to the peak of
Weibull density function in figure 2. The value of Vg is
mostly used to rate wind turbine speed. Therefore, all the
three locations wind speed profiles at height 10m are
adequate for wind energy application because majority of
wind turbines produce electrical power from wind speed of 3
m/s and above [3, 25]. Wind power density of Ikeja is 60.66
Wm™2, Lagos Marine is 8.45 Wm™2, and Lagos Roof is
13.17 Wm~™2. They all fall into wind power class one (1) at
height 10 m. Figure 3 shows Weibull cumulative distribution
graph for the three locations in Lagos metropolis. It is obvious
that 58.70%, 81.47% and 84.86% of the wind speed data are
less than 3 m/s in lkeja, Lagos Roof and Lagos Marine
sequentially.

Table 5 contains the Weibull distribution parameters for
height 10 — 100 m while Figure 4 is a plot of the computed
WPD for the height 10 — 100m in the three locations. The
WPD at height 50m, 80m and 100m in Ikeja are 244.18,
373.96 and 467.49 Wm™2, for Lagos Roof they are 61.81,
103.26 and 137.57 Wm™2, and for Lagos Marine they are
42.55,74.89 and 100.21 Wm™2 respectively. The wind power
density in lIkeja is classified as two (2) at the height of 50 m
while Lagos Roof and Lagos Marine have wind power
density class of one (1) at height 50m. Figure 5 shows the
simulated electrical energy output at the height 10 — 100m per
year from Aeolos-V1000W (wind turbine) in all the three
locations of Lagos. At the height of 10 m, 30 m, 50 m, 70 m
and 100 m the wind speed profile in Ikeja produces annual
electrical energy output of 270.10 kWh, 421.91 kWh, 519.61
kWh, 585.46 kWh and 690.95 kWh respectively. Using the
same heights, the corresponding values of energy output are
140.62 kWh, 248.46 kWh, 359.11 kWh, 447.23 kWh and
494.79 kWh for Lagos Marine whilst 184.34 kWh, 278.4
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kWh, 376.02 kWh, 444.20 kWh and 493.97 kWh for Lagos
Roof. It was observed that the output energy profiles are the
same for Lagos Marine and Lagos Roof, especially, from
height 70 m to 100 m. Finally, Figure 6 displayed the plot of
the capacity factor against vertical height 10 — 100m for
Aeolos-V1000W in all the three locations in Lagos. The
capacity factor ranged between 0.1784 and 0.4509 in Ikeja,
0.0275 and 0.1988 in Lagos Marine and 0.0671 and 0.2826 in
Lagos Roof.

TABLE 3
WIND PARAMETERS AT HEIGHT 10M IN THREE LOCATIONS
Location Year Vinax Vin 4 k c Ve Vg wPD
(ms™Y)  (ms™) (ms™')  (ms™Y) (ms™)  (Wm™3)
Lagos 2008 10.29 1.63 0.73 2.39 1.84 1.47 2.56 4.34
Marine
2009 5.14 1.77 0.84 2.25 2.0 1.54 2.80 5.83
2010 7.20 1.77 0.91 2.06 2.0 1.45 2.82 6.32
2011 8.75 2.27 1.07 2.26 2.56 1.98 3.58 12.19
2012 7.20 1.22 1.10 112 1.27 0.17 1.89 51
2010 18.0 3.15 2.70 1.18 3.33 0.68 7.72 78.79
lkeja 2011 18.0 3.28 251 1.34 3.57 1.28 7.06 70.24
2012 21.61 2.52 2.00 1.29 2.72 0.86 5.62 33.97
2013 20.58 3.30 231 1.48 3.65 1.71 6.50 61.08
Lagos 2009 8.75 1.69 1.46 117 1.79 0.35 2.65 12.54
Roof
2010 7.72 1.89 1.46 1.32 2.05 0.70 3.01 13.77
2011 6.67 2.0 1.39 1.49 221 1.05 3.21 13.39
TABLE 4
THE AVERAGE OF WIND PARAMETER AT HEIGHT 10M
Location Vo o ko Co Ve Ve WPD
(ms™Y) (ms™Y) (ms™) (ms™) (Wm=2)
Lagos 1.96 0.99 211 2.22 1.64 3.05 8.45
Marine
Ikeja 3.05 241 1.29 3.30 1.04 6.82 60.66
Lagos Roof 1.86 1.44 1.32 2.02 0.69 4.06 13.17
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Fig 2: Weibull probability density function at height 10m
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TABLES speeds for lkeja, Lagos Marine and Lagos Roof are 3.05, 1.96

WEIBULL DISTRIBUTION PARAMETERS FOR HEIGHT 10— 100m and 1.86 m/s respectively, with annual values of wind speed
m carrying maximum energy of 6.82, 3.05 and 4.06 m/s

0 0 o 4 5 w 0 8 % 10 re§pect|vely based on Weibull distribution function. The
Lagos__Marine wind speed data revealed 58.70%, 81.47% and 84.86% of

ey 22 277 320 3% 390 420 459 479 802 528 |keja, Lagos Roof and Lagos Marine are less than 3m/s. The
k(h) 211 209 217 224 2.29 233 237 240 243 246 annual mean power densities at height 50m for Ikeja, Lagos
Ve 164 203 241 273 308 830 356 38L 404 427 Marine and Lagos Roof are 244.18 Wm~2, 42.55 Wm~2 and
Ve 305 382 432 474 513 s48 581 613 643 672 61,81 Wm™2, This makes Ikeja to have wind power of class
2 while Lagos Marine and Lagos Roof is class 1. The

Tkej . . .
c(h) 330 401 45 501 56 5@ on e@ e 7o simulated annual electrical energy output using Aeolos-
(ms) V1000W power curve ranges from 270.10 to 690.95 kWh for
I/I:(h) Loi 1os 1m 1ss 1o 223 248 2m 204 sis  Ikeja, 140.62 to 494.79 KWh for Lagos Marine and 184.34 to
g“’s) o s e 1013 178 11 1e 1o 1s 1e 49370 kWh for Lagos Roof. The capacity factor ranges from
ms ' ' ' ' 8 5 9 1 1 017810 0.451 in Ikeja, 0.028 to 0.199 in Lagos Marine and
Lagos  Roof 0.067 to 0.283 in Lagos Roof. Using wind turbine to generate
c(h) 2.02 2.54 2.94 3.29 3.60 3.89 4.16 4.42 4.67 492 .. - . . R
(mis) electricity in Ikeja and Lagos Roof sites produce electrical

k(h) (1)2; ég; ﬁ; ig; 1;‘9‘ 1‘71; 132 ;is ;23 ;22 energy that are cost effective because the capacity factor >
(A 70 L 21723255 () 55 from height of 20 to 100 m in Ikeja and 90 to 100m in
Vy 406 511 567 615 65 698 735 771 805 838 |agos Roof. The electrical output energy of the Aeolos-

V100W at height 70 m and above in Ikeja exceed 548 kWh

30 which is the current average annual electrical energy
o 450 - R . .
£ a00 consumption per household in Lagos. To this end, wind
w0 energy is a viable source of energy in residents of Ikeja. It is
7 300 also deployable as an alternative source of energy for Lagos
r4
8 250 roof.
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