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Analysis of Wind Energy Conversion Systems in North East
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ABSTRACT: Wind turbines with power ratings of 20, 1000, 2000 and 2300 kW were examined in this study to
assess their energy generation and economic analysis for the city of Maiduguri (11.850 N; 13.083 E; altitude
354 m), North-Eastern Nigeria. Costs of electricity were estimated based on the present value cost (PVC)
method using wind speed data for9 years. The wind speed, measured at the height of 10 m was obtained from
Nigerian Metrological Department. Monthly, seasonal and annual wind characteristics of the site were
analysed.The result indicates that the Maximum monthly mean wind speed value of 15.78 m/s was recorded in
June while the maximum annual mean wind speed was 11.63 m/s. the monthly mean power output and
accumulated annual energy output were obtained as 15.91 MWh and 13.61 MWh/year respectively.  The least
costs of electricity Production per kilowatt hour was obtained with Avantis AV1010 model at 99-m hub height,
while the highest is obtained with P10-20 model at 36.6-m hub height.
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I. INTRODUCTION

Many local wind sites have been studied by various researches around the country to determine the
potentials of wind power for electricity generation, for example [1-8]. As reported in [4,7], annual mean wind
speeds in Nigeria was found to vary between 2 and 9.5 m/s with an overall annual mean wind speed of about
4.62 m/s.For Maiduguri, a number of authors have conducted researches on wind energy, indicating the viability
for wind harvesting in the region [5, 9]. Ngala et al. [9] carried out an economic assessment on the viability of
wind energy as a power source in MaiduguriHowever, in spite of all the numerous work carried out so far on
wind analysis in Nigeria, only few research studies have been focused on the economic analysis of wind
applications in few sites in Nigeria. For instance, [4, 6,7,8] used the present value cost (PVC) and Levelised
Cost of Electricity (LCOE) methods to study the economic feasibility of using wind energy conversions systems
for some locations in Nigeria.

In this research, wind energy resource assessment in Maiduguri is presented. Investigation of wind
energy generation and the economic analysis of wind turbine applications in this region are carried out using
PVC method of analysis for the various wind energy conversion systems (WECS) with power capacities ranging
from small to large size. The PVC method takes into consideration the current value of the total cost of energy
investment during the entire lifetime of the energy conversion system. This information provided in this paper
will be useful to wind energy developers, governments at various levels, and individuals, as well as private
organizations that are interested in wind energy developmentNine years (2003-2011) monthly mean speed data
were obtained from the Nigerian Metrological department of the Federal Ministry of Aviation (NIMET)
Maiduguri, for analysis. The data were measured at a height of 10 m above sea level using a cup anemometer.
Maiduguri is located in latitude 11.850 N and Longitude 13.083 E at an altitude of 354 m.

I1. WIND SPEED DISTRIBUTION
There are many probability distributions functions that describe wind speed distribution in a particular
location. The Raleigh and Weibul distributions are the two most widely used [1]. The weibul distribution is
adopted in this study because of its versatility and found to give a better fit with experimental data [1, 2]. The
weibul probability distribution function is expressed as:

PRI E P A
Where & and ¢ (m/s) are the Weibull shape and scale factors, respectively and v (m/s) is the wind speed. These

parameters can be determined by the mean wind speed-standard deviation method [10] given by equations (2)
and (3)
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c= _——r (3)

Where T is the mean wind speed and computed as:
v= -(Zk,w) 4)

And = is the standard deviation given by:

7= [Tl -7 5)

nis the number of hours in the period of time considered. The parameters can also be computed by
other methods as in [2]. However the first method is adopted here.

2.1.Wind speed extrapolation

The wind turbine models selected in this work are designed to operate at different hub heights when
compared to the available measured wind data (10 m); it is therefore necessary to extrapolate for the respective
turbine hub heights. This can be achieved using log law; whereby the desired speed v at the desired height = is
expressed as [11, 12]:

Y= Yo\ (2, z,.-: (6)

v= v, (—) @)

Where 1 is the wind speed at the wind turbine hub heightH .z, is the wind speed at original height X ., and o is a
surface roughness coefficient. The power law with roughness coefficient of 0.4 is used in this research to
compute the speed at the respective turbine hub heights, shown in Table 1.

Table 1: Wind Speed at Different Hub Heights

36.6 m 50 m

Period v o c k % o c k

January 6.95 3.23 7.84 2.30 7.87 3.66 8.88 2.30
February 6.05 3.38 6.82 1.89 6.86 3.82 7.73 1.89
March 9.36 3.70 10.52 2.74 10.60 4.20 11.91 2.74
April 8.60 4.50 9.70 2.02 9.74 5.09 10.99 2.02
May 8.98 4.95 10.12 1.91 10.17 5.61 11.46 1.91
June 10.60 4.21 11.91 2.73 12.01 4.77 13.50 2.73
July 9.74 4,08 10.97 2.57 11.03 4.63 12.43 2.57
August 8.12 2.59 9.03 3.47 9.20 2.93 10.23 3.47
September 6.51 2.78 7.34 2.52 7.38 3.15 8.31 2.52
October 6.42 2.77 7.23 2.49 7.27 3.13 8.20 2.49
November 6.15 2.97 6.94 2.20 6.97 3.36 7.86 2.20
December 6.29 1.94 6.98 3.59 7.13 2.20 7.91 3.59
Whole year 7.81 3.85 8.82 2.16 8.85 4.36 10.00 2.16
Dry Season 7.14 3.40 8.06 2.24 9.90 4.34 11.17 2.45
Rainy Season 8.74 3.83 9.86 2.45 8.08 3.85 9.13 2.24
2003 10.20 4.08 11.47 2.71 11.56 4.62 12.99 2.71
2004 7.56 2.12 8.34 3.97 8.56 2.41 9.45 3.97
2005 10.48 2.86 11.55 4,09 11.87 3.24 13.08 4.09
2006 9.01 2.67 9.98 3.75 10.21 3.03 11.31 3.75
2007 11.01 2.64 12.03 4,72 12.48 2.99 13.63 4,72
2008 4.04 4.43 3.85 0.90 4,57 5.01 4.36 0.90
2009 5.84 3.83 6.51 1.58 6.62 4.34 7.37 1.58
2010 6.78 1.96 7.50 3.84 7.68 2.23 8.50 3.84
2011 5.40 1.48 5.95 4,08 6.11 1.67 6.74 4.08

WWW.ijesi.org 29 | Page



Analysis Of Wind Energy Conversion...

Table 1 Continued

80 m 99 m

Period % T c k % T c k
January 9.50 4.42 10.72 2.30 10.34 4.81 11.68 2.30
February 8.28 4.61 9.33 1.89 9.01 5.03 10.16 1.89
March 12.79 5.06 14.38 2.74 13.93 5.51 15.66 2.74
April 11.76 6.15 13.27 2.02 12.80 6.69 14.45 2.02
May 12.27 6.77 13.83 191 13.36 7.38 15.06 191
June 14.49 5.75 16.29 2.73 15.78 6.26 17.74 2.73
July 13.32 5.58 15.00 2.57 14.50 6.08 16.33 2.57
August 11.10 3.53 12.35 3.47 12.09 3.85 13.45 3.47
September 8.90 3.80 10.03 2.52 9.69 4.14 10.92 2.52
October 8.78 3.78 9.89 2.49 9.56 4.12 10.77 2.49
November 8.41 4.06 9.49 2.20 9.15 4.42 10.34 2.20
December 8.60 2.65 9.54 3.59 9.36 2.89 10.39 3.59
Whole year 10.68 5.26 12.06 2.16 11.63 5.73 13.14 2.16
Dry Season 11.95 5.23 13.48 2.45 10.62 5.06 12.00 2.24
Rainy Season 9.76 4.65 11.02 2.24 13.02 5.70 14.68 2.45
2003 13.95 5.58 15.68 2.71 15.19 6.07 17.08 2.71
2004 10.33 2.90 11.40 3.97 11.25 3.16 12.42 3.97
2005 14.33 3.91 15.79 4.09 15.60 4.26 17.19 4.09
2006 12.32 3.65 13.65 3.75 13.42 3.98 14.86 3.75
2007 15.06 3.60 16.45 4,72 16.40 3.92 17.92 4.72
2008 5.52 6.05 5.26 0.90 6.01 6.59 5.73 0.90
2009 7.99 5.24 8.90 1.58 8.70 571 9.69 1.58
2010 9.27 2.69 10.26 3.84 10.10 2.93 11.17 3.84
2011 7.38 2.02 8.13 4.08 8.03 2.20 8.85 4.08

2.2 Power output from turbine models
The electrical power output . developed by a wind machine as a function of speed is given by [13]:

®)

)

(10)

Where v-,; is the cut-in wind speed (m/s),x., the cut-out wind speed (m/s) w. the rated wind speed (m/s)
and F.z the rated power (kW).The parameters of interest for assessment of wind power are the mean power
output and the capacity factor. The mean power output (: ;.:) over a period of time (usually, monthly and

are

annually) can be used to determine the total energy of any installed wind turbine at any location and can be
used for total income/cost analysis. The capacity factorCy, which represents the fraction of the mean power

output over a period of time to the rated electrical power .z of the turbine, can be used for selection of wind

turbine among available turbines to be installed in a site with known wind speed characteristics and for
identification of sites that are suitable for wind energy development.

The mean power output 7 ;.. and capacity factor £y can be calculated using the following expressions
based on Weibull distribution parameters [13]:
. {[5.1;1.—:;.'—5.1;1.—:;.'_ - ':—G'fl} (ll)

-
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The accumulated annual energy output is given by [7, 13, 14]:

E; = F zpe % 8780 (kWh) (14)
2.3 Cost analysis of electrical generation from a practical wind turbine

In order to produce energy at a low operating cost it is essential to accurately estimate all the costs
involved in generating electricity over the life span of a WECS [7, 15]. The cost of a wind turbine varies from
one manufacturer to another and dependent on the following factors [8,16]: (i) the rated power, (ii) investment
cost (iii) control systems and turbine accessories,(iv) operation and maintenance costs (v) the turbine lifetime,
(vi) wind speed regime in selected location, (vii) cost of construction and other infrastructures, and (viii)
discount rate. Costs of wind turbine based on rated power are depicted in Table 2 [7, 15].

Table 2: Specific Cost of Wind Turbines based on rated power
Wind turbine | Minimum specific cost | Maximum specific cost | Mean specific cost

sizei kW) (5 kW (5 kW 5/ kW

10-20 2200 2900 2550
20-200 1500 2300 1900
200 and above 1000 1600 1300

According to [7, 16], there are three different ways of quantifying the cost of wind turbines. These are:
cost per unit kilowatt, cost per unit rotor area, and cost per unit kilowatt hour of electricity produced. Cost of
electricity per unit kilowatt hour is adopted in this work and computed using Present Value Costs (PVC) method
to examine the economic analysis of the selected WECS. PVC is computed using the following expression [15]

PVC =1+ Con () % 1= ()

Where I is the total capital/initial costs, £, = 8760 z.zL; is the annual energy output of the

turbine,C ... ,m 72 .1 are the operation and maintenance cost for the first year, useful lifetime of the turbine,
interest rate, and inflation rate, respectively.
In evaluating the costs of kilowatt hour of energy produced by the WECS at the selected sites, the following
assumptions were taken into consideration:

Interest rate (v ) was taken as 16%.

Inflation rate (i) was taken as 12%.

The lifetime (=) of each turbine is considered to be 20 years.

The total capital/initial costs ‘I’ is the summation of turbine price and other initial costs. These include

provisions for civil work, land, infrastructure, installation and grid integration. The actual total of other

initial costs depends on a number of factors, for instance the available infrastructure in the selected location.

Considering the level argument presented in [17], other initial costs is considered to be 20% of the wind

turbine and tower cost.

5. As reported in [18], operational costs are annually recurring and involved in routine operation of wind
farms; these costs are fixed and can be estimated in a straight forward deterministic manner. However,
maintenance cost cannot be calculated in a straight forward manner as they are not fixed, but only
calculated using stochastic variables. It has been reported that the annual operation and maintenance costs
vary from about 1% to 7% of the initial system cost [7, 16] and 2% to 16% of the wind turbine cost [16],
depending on the rated power and age of the wind turbine. In this study, operating and maintenance cost is
assumed to be 25% of the initial capital cost of the wind turbine installation system (system price/lifetime).

6. It has been argued in [7] that assumption of 0% for the scrap value will results in higher unit price of
electricity than if non-zero value were assumed. The scrap value, S was therefore taken to be 10% of the
turbine price and civil work.

7. In practice, the annual mean wind speed in the selected locations may vary from year to year. However, it

will be difficult to estimate the level of variation in the wind speed and, hence, the energy produced over

the entire useful life of the wind energy conversion systems. Therefore, it is assumed in this study that the
wind turbine produces the same amount of energy output in each year during its useful lifetime.

H oD
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I11. RESULTS AND DISCUSSION
3.1 Energy analysis of wind turbines

Four practical Wind Energy Conversion Systems (WECS) were selected for analysis. The turbines are:
AV1010 from AVANTIS group, VESTAS V100, AN BONUS 1 MW and P10-20 [7, 8, 19-20]. The technical
details of the turbines are presented in Table 3.

Table 4 and Fig. 1 show the monthly electrical power output, the mean power, the capacity factors and
the accumulated annual energy output computed from Equations.(8)—(14),using the three values of the
velocities (1, and ishown in Table 3) and the extrapolated values of Weibull and calculated from
equations (2) and (3) at the respective turbine heights. These are computed to assess the monthly, seasonal and
year round performance of the four considered wind turbines. It can be observed that the monthly mean power
output across the turbine series varied from 0.05 to 15.91 MWh. For both the AN Bonus 1 MW/54 and P10-
20,the monthly average power output varied from the lowest in December to the highest in June with values
ranging from 0.05 Mwh to 4,75 Mwh. For the remaining turbines, the monthly average power varied from 6.84
to 15.91 Mwh .The highest value of annual energy output among the four turbines was obtained as
13.61MWh/year with AV1010 wind turbine model. This may be attributed to the high turbine hub height. It can
be seen that although AN BONUS 1 Mw/54 has higher rated speed than AV1010, the annual energy is lower
showing that influence of the hub has significant effect on the on the energy production. AV1010 wind turbine
which produces the highest annual energy is therefore best suited for this site.

Another way of comparing the performance characteristics of a wind turbine is by considering the
capacity factor of the WECs in a given site. According to [7,] the capacity factor usually ranges from 20% to
70% in practice, is actually affected by the intermittent nature of the wind, the machine availability, and the
turbine efficiency. From Table 4, the highest capacity factor is found to be 79% using AV1010 while the lowest
is calculated as 9.7% with AN Bonus 1 Mw/54.

Table 3: Selected Wind Turbine Characteristics

Wind Machine AVANTIS VESTAS AN BONUS 1 MW/54 P10-20
characteristics AV1010 V100
Rated power . (kW) 2300 2000 1000 20
Cut-in wind speed 3 3 3 25
(m/s)
Rated wind speed 11.2 12 15 10
(m/s)
Cut-off wind speed 25 20 25 25
(m/s)
Hub height (m) 99 80 50 36.6
Rotor diameter (m) 100.6 100 54.2 10

Table 4: Electrical Power, Mean Power Output and Capacity Factor for the Selected Wind Turbines

AVANTIS AV1010 VESTAS V100 AN BONUS 1 MW/54 P10-20
perod | Pl | (i | 900 | o] G5 | 60 | Gy | i | 09 | G | i | 9
January 16.54 12.70 63.06 9.93 9.24 52.77 | 1.82 2.39 2724 | 0.07 | 0.08 46.31
February 1253 10.74 53.31 8.94 7.84 4472 | 166 2.15 2450 | 006 | 007 | 3841
March 37.31 15.91 78.96 21.24 1153 65.82 | 3.32 3.89 4439 | 015 | 012 | 66.00
April 27.06 13.73 68.14 1754 0.88 56.37 | 3.45 373 4258 | 013 | 010 | 59.20
May 29.20 13.40 66.53 19.26 9.57 5460 | 3.95 3.95 4508 | 014 | 011 | 60.91
June 52.71 15.85 78.65 29.89 11.09 63.31 | 4.72 475 5421 | 021 | 013 | 73.89
July 40.13 15.58 77.33 23.42 11.12 63.47 | 3.90 4.24 4844 | 016 | 012 | 68.29
August 26.39 15.55 77.19 13.47 11.39 65.01 | 1.58 2.25 25.65 | 0.08 | 009 | 52.94
September 13.65 11.98 59.48 8.36 8.51 4860 | 1.34 1.84 21.01 | 006 | 007 | 38.88
October 13.18 11.78 58.45 8.13 8.35 4766 | 1.30 1.80 2054 | 005 | 007 | 38.02
November 12.31 11.12 55.19 8.13 7.98 4556 | 1.40 1.89 2161 | 005 | 007 | 37.22
Decemher 10.45 11.10 55.11 5.31 684 | 39.02 | 058 | 086 977 | 003 | 005 | 26.29
Whole year 22.02 13.61 67.55 14.07 9.92 56.61 | 2.62 3.15 3593 | 0.10 | 0.09 | 53.55
Dry Season 17.73 12.93 64.19 17.78 10.88 62.11 | 3.06 3.61 4117 | 008 | 008 | 47.27
Rainy Season 29.68 14.99 74.40 11.30 9.44 53.87 | 2.01 2.59 2952 | 012 | 011 | 61.03
2003 47.10 15.91 78.95 26.83 11.26 64.28 | 4.27 450 5140 | 019 | 013 | 71.56
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2004 20.52 14.67 72.82 9.70 10.07 | 5749 | 093 | 138 1581 | 006 | 007 | 42.20
2005 78.80 18.29 90.78 3632 | 13.69 | 78.13 | 3.36 | 4.3 4711 | 021 | 013 | 76.66
2006 39.92 16.97 84.22 19.44 | 12.78 | 7294 | 2.06 | 2.85 3258 | 0.12 | 011 | 62.81
2007 122.42 18.93 93.94 5126 | 14.27 | 8145 | 367 | 4.42 5040 | 028 | 014 | 8174
2008 6.81 5.74 2851 9.48 434 2478 | 124 | 159 1811 | 0.04 | 0.04 | 24.02
2009 12.26 9.95 49.39 9.62 7.32 4181 | 186 | 228 2602 | 006 | 007 | 37.84
2010 13.47 12.59 62.49 6.53 8.00 4564 | 065 | 0097 11.10 | 0.04 | 005 | 31.19
2011 5.06 7.04 34.92 2.40 3.50 1997 | 021 | 032 3.67 001 | 002 | 1167
120000 -
100000 -
>
g
o o
L?%D S 80000 A
25
gi 60000 -
z3
S 5 40000
c O
c
<C
20000 - .
0 T T T 1

AV1010 ANBONUS V100 P10-20
Turbine Type

Figure 1. Accumulated Annual Energy Output

3.2 Economic analysis of wind turbines

The characteristics of the four wind turbines discussed in section 2.1 is substituted in equation (15) to
compute the cost of energy per kWh. The computed result is shown in Table 5.
The least value of electricity cost is found to be $0.0196/kWh with the minimum specific cost of wind turbine
using AV1010 model. Also, it can be seen from Table 5 that the highest costs of unit energy per kWh using the
maximum specific cost of wind turbine, is obtained using P10-20 turbine as $0.3988. Maiduguri therefore can
be considered as economically viable site with respect to average PVC values for AV1010 and V100 wind
turbine models because the present cost of electricity as at July ,2013 [21], is 13.63 NGN per kWh(0.0868
USD;1 USD  157.60 NGN; [22]).

Table 5: Costs of Wind Turbines based on PVVC Method

Wind turbine Minimum specific cost Maximum specific cost Mean specific cost
($/kW) 5/ kW 5w
AVANTIS AV1010 0.0196 0.0313 0.0255
VESTAS V100 0.0269 0.0430 0.0349
AN BONUS 1 MW/54 0.0847 0.1355 0.1101
P10-20 0.2622 0.5354 0.3988

1V. CONCLUSION
Technical and economic analysis of the four wind energy conversion systems has been carried in the
study for the city of Maiduguri. The summary of the observations and findings are as follows: Maximum and
minimum monthly mean wind speed values are 15.78 m/s and 6.05 m/s obtained in June and January
respectively. The maximum an annual mean wind speed recorded is 11.63m/s. The highest capacity factor was
computed as 79%, while the monthly mean power output and accumulated annual energy output were obtained
as 15.91 Mwh and 13.61 Mwh/year respectively.

Average minimum cost per Kwh was $0.0196/kWh with Avantis AV1010 turbine while the highest
cost was found to be $0.388/kWh using P10-20 turbine.
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