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ABSTRACT

The fuel energy resources around the globe are declining at a faster rate. The
greenhouse gases emitted in the process of harnessing energy from the non-renewable
resources such as coal, fossil-fuel and radioactive substances cause the global warming
and there is a danger of climate change. All these factors compel the researchers to
explore renewable sources for power generation. Wind is a renewable resource, which
is available naturally and is practically inexhaustible. In this study, the hourly wind
data collected between the years 2013 to 2015 is evaluated. The wind data at the height
of 11 m was obtained from a wind station at the Indian Meteorological Department,
Colaba (Mumbai, India). The highest monthly wind speed measured was 5.11 m/s and
the yearly average was found to be 2.72 m/s. various distribution functions were
statistically analyzed and it was observed that the Two-parameter Weibull distribution
gives the best fit to the actual data. The mean wind power density was 73.013 W/m2.
The maximum wind speeds can be observed between the months of June and September.
The wind data analysis shows that if a domestic wind turbine is installed at this site, it
will generate enough energy for power saving. This paper aims to promote the growth
of small wind power plant in a developing country like India.
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1. INTRODUCTION

Industrial revolution has constantly increased mankind’s demand for energy. Most of the energy
generated is harnessed from a non-renewable source. Most of these non-renewable sources are
fossil fuels [1]. These energy sources which have a limited availability, when harnessed results
in degradation of the environment. Hence to reduce the negative impact of the fossil fuels,
scientists were forced to focus on cleaner energy sources which are easily available and
environmental friendly [2]. The energy sources which do not exhaust when their energy is
exploited are known as renewable energy resources [3]. Renewable energy is available in the
form of flowing water, waves, wind, sunlight, geothermal energy & biological processes.
Harnessing these natural phenomena for human use requires proper knowledge and
technologies. Amongst the mentioned renewable resources, technology for harnessing energy
from the solar and wind has seen a vast development in past few years [4].

To balance the global temperature caused by non-uniform heating of the earth’s surface, a
force is created which push the air masses around. This motion of air masses is known as wind.
Wind energy or wind power generation can be described as the process in which the wind is
converted to mechanical energy [5]. A device such as wind turbine can be used to convert the
kinetic energy of the wind to mechanical energy. This mechanical power can be used to produce
electricity by using a generator [6]. The process of harnessing energy from wind is clean, uses
little land and there is no emission of any greenhouse gas [7].

The wind power is distributed over a large area on our planet and is available in abundance.
Off-shore winds have greater velocity than the winds available near the coasts. The off-shore
wind analysis shows that Maharashtra has the maximum wind energy potential after Gujarat
[8]. According to the Ministry of New and Renewble Energy (MNRE), the cumulative wind
power installed capacity in India at the end of 9™ Five Year Plan (FYP) was only 1.7 GW and
during 12" FYP more than 15 GW wind capacity is added. The wind installed capacity of India
added in each FYP can be explained by the graph given by the MNRE shown in Figure 1.
Extraction of power from wind has undoubtedly achieved remarkable improvement over a
decade and also significant growth is seen in the operating efficiencies.
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Figure 1 Wind installed capacity of India (URL 1)

To install a standalone small scale power plant for local level, every aspect including the
efficiency, economy and environmental impact requires a detailed research [9]. Estimation of
the wind energy can be done through proper statistical analysis. It helps to estimate either the
energy potential or the wind velocity for the site [10]. Various approaches in studying the wind
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characteristics and estimation of its output have been made. Amongst all the other statistical
methods, the Weibull distribution gives the most suitable depiction of the wind characteristics
[11]. The two parameter Weibull distribution function with scale parameter (c¢) and shape
parameter (k) is most widely accepted to fit a real data. Graphical method was used to derive
the parameters when the computers were not as powerful as they are today as it could be
performed manually with negligible calculations. It was observed that when there is a time
series format data, the Weibull distribution parameters estimated by the maximum likelihood
method is more suitable than the graphical method [12]. The mean annual velocity and the wind
energy potential of a site can be estimated by using the Weibull parameters.

The wind data analysis includes the distribution curves, cumulative curves, mean wind
speeds and plotting a wind rose diagram [13]. The energy that can be generated from a wind
power site will always be less than its estimated theoretical energy potential because of the Betz
limit coefficient. The extractable energy due to this capacity factor reduces up to 59.3% of the
total energy available [14]. The wind speed for different elevations for a same site can be
obtained by calculating its wind shear coefficient. The wind shear coefficient helps to find the
approximate value of the wind speed available at different elevations with respect to an accurate
data at a particular height [15]. It is difficult to setup a domestic wind power plant in urban
areas as there is no proper wind data available even though the new domestic wind turbines
have enormous potential. This leads to increase in the use of polluting energy sources like diesel
generators. Significant amount of diesel consumption can be reduced by using a wind-diesel
hybrid system power plant [16]. Specific wind data of the site is required for mounting of a
wind turbine [7]. Therefore by proper wind data analysis of a selected site it is possible to setup
domestic wind power plants in urban areas.

2. STATISTICAL FUNCTIONS

Assessment of wind energy potential requires the understanding of wind speed distribution as
an elementary step by proper statistical analysis. The economic and technical features for the
site can be expediently determined after competently specifying the wind speed distribution.
Many researchers have used various probability functions in the study of the distribution of
wind speeds. Unremitting attempts have been tried by experts to determine distribution models
and obtain the most suitable distribution parameters in order to efficiently evaluate wind speed
distribution. From sundry literatures, few of the distribution functions used to study the wind
data are described in this section.

2.1. Normal distribution function
It is a probability distribution function for the normally mannered distributed wind speed
variable and is expressed as the formula given in equation (1) [17];

@) = = exp (- L) (1)

202

Here wind speed is denoted as v, value of 7 is taken as (22/7), standard deviation is denoted
as o and mean is denoted as u.

2.2. Lognormal distribution function

It is a probability distribution for the normally distributed logarithm wind speed variable and
can be expressed by the formula given in equation (2) [18, 19];

f@) = = exp (- 102200 @)
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Here wind speed is denoted as v, value of 7 is taken as (22/7), standard deviation is denoted
as o and mean is denoted as u.

2.3. Log-logistic distribution function

It is a probability distribution for the logistic form logarithm of wind speed variable and it is
obtained by the formula stated in equation (3) [20];

<%f§
((1+9)")

Here wind speed is denoted as v, scale parameter is taken as a and shape parameter is
denoted as .

fw) = )

2.4. Rayleigh distribution function
In a special case of shape factor (k = 2) in the Weibull distribution and is written as the formula
given in equation (4) [20, 21];

F@) = () e (-73) @

Here wind speed is denoted as v and scale parameter is denoted as c.

2.5. Weibull distribution function

This distribution is most widely accepted for the study of wind data. It can be expressed as the
formula stated in equation (5) [22, 23];

f@= ()F) e [-()] ®

Here wind speed is denoted as v, scale parameter is taken as ¢ and shape parameter is
denoted as £.

The suitability value for Weibull distribution is maximum compared to all other
distributions [17] and hence among all the other probability distribution function which help in
determining the distribution of wind speed frequency, Weibull distribution prove to give a better
fit and is most commonly used [24].

3. METHODOLOGY

This study was conducted to observe the wind characteristics at a specified location. Evaluation
of wind energy potential for a particular site can be done with proper knowledge. Figure 2
shows the flowchart of the methodology used for this study which was adopted after studying
the works of various researchers
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Figure 2 Flowchart of the methodology used for this study

3.1. Site Description and data collection

To evaluate the wind potential over any location, the basic factor is to have a proper knowledge
of the nature of wind speed. The theoretical estimation of the wind power depends on the cubed
value of the wind velocity and hence the accuracy of this analysis is pivotal [25]. The local
meteorological department monitors the wind speed and directions. In this research work, the
data related to wind speed is collected by authentication of the Indian Meteorological
Department (IMD), Vile Parle for the wind station situated at the Indian Meteorological
Department (IMD), Colaba (Mumbai, India). The wind data of three years (2013 to 2015) was
collected in the hourly series format. Table 1 shows the details of the co-ordinates of the wind
station and Figure 3 shows the location map.

Table 1 Wind station details

1. Latitude 18°53°51.72"" N
2. Longitude 72°48°47.52"" E
3. Altitude (AGL) 11 meters
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Indian Meteorological Department, Colaba, Mumbai

Figure 3 Location of IMD, Colaba, Mumbai

3.2. Wind rose diagram

Wind rose can be described as a graphic tool that gives a compact view about the distribution
of direction and speed of the wind for a particular station. Emanating from zero at the center,
the concentric circles represent a different frequency increasing at the outer circles [24]. Wind
roses normally use 16 fundamental directions, each at angle of 22.5°.

3.3. Distribution functions

The distribution function helps in understanding the type of data and hence various distribution
functions like Normal, Lognormal, Log-logistic, Rayleigh and Weibull were tested for the wind
data. Values of Log-Likelihood, p-value & Akaike’s Information Criterion (AIC) shown in
Table 2 for each distribution function, helps in determining the distribution with best fit. The
Weibull distribution gives the highest values for Log-Likelihood and p-value and the least value
for AIC when compared to the other distribution functions.

Table 2 Comparison of various probability distributions

Log- -
Distribution | Parameter | Value Mean g g AIC
Likelihood | value
Rayleigh c 2.60709 | 2.91727 -65861 - 236890
T 2.72114 -61250 122503
Normal 2.72114 -
c 2.48864
o u 0.539187 -55098 < 110201
Log-logistic 5.46939
o 0.740054 0.005
T 0.410359 -54604 109212
Lognormal 3.42892 -
c 1.2821
c 2.72614 -52580 105165
Weibull 2.72018 <0.01
k 1.00523
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3.4. Mean wind speed

The wind characteristics can be studied with the help of statistical analysis of the wind speed
data. The mean wind speed of a data set can be easily calculated with the help of shape and
scale parameter of Weibull distribution. The wind power density of a location can be further
calculated with the help of average wind speed. The relation between the average wind speed
(vm) and shape parameter (k) and scale parameter (c) of the Weibull distribution is expressed
as the formula given in equation (6) [14].

vm:cl“(1+%) ©)
Here the mean wind speed is denoted by v,, the Weibull shape and scale parameters are
denoted by k and c respectively and the gamma function is denoted by r.

3.5. Wind power density

The annual energy (W) available at a site upon swept area (m?) of the wind turbine i.e. Watts
per square meter (W/m?) can be termed as the Wind Power Density (WPD) of that site. The
Weibull parameters can be used to evaluate the wind power density by using the formula given
in equation (7) [26].

wPD = >pc3r(1+3) 7)

Here WPD stands for Wind power density, air density is given as p and ¢ and k are Weibull
scale and shape parameters respectively.

4. RESULTS AND DISCUSSION

A tremendous increase in usage of renewable energy source for energy generation has been
observed over a decade. Thus for efficient use of a wind turbine, it is necessary to understand
and study the wind energy properly. Enhancing the conception of wind energy potential and
improving the efficiency of selected site by opting for the most suitable wind turbine is the main
objective of the study. Characteristics of wind are studied of Colaba region in Mumbai city and
the potential for wind power are explored. The hourly wind speed and direction data between
the years 2013 and 2015 have been collected from the Indian Meteorological Department wind
monitoring station at Colaba, Mumbai. After manually copying the three year wind data, the
data was organized into yearly, seasonally, monthly and hourly wind speeds for this site.

Predicting the wind flow direction is of great importance while planning the installation of
a horizontal axis wind turbine to select the direction in which the turbine shall be facing. It can
be said from Figure 4 that the maximum frequency of the wind in the Colaba region was
observed to be from the western, north-northwestern, west-northwestern and west-
southwestern.
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Figure 4 Wind frequency from 16 cardinal directions

Figure 5 shows the wind rose diagram based on the three year data Colaba and also shows
the nature of wind and wind distribution over Colaba region that is obtained by exporting the
wind rose diagram to Google Earth. This was an expected outcome as Colaba can be considered
as a coastal area with the winds blowing from the Arabian Sea from the west. Therefore we can
say that the area for which the investigation is carried observes the variation in wind blowing
between the north-northwest and south-west south directions.

WIND SPEED

{mia) [ 400-6.00
Il >- 1000 [ 200-400
Il :o0-1000 B o.10-200

[ so0-800 Calms: 15.86%

Figure 5. Wind rose diagram and wind distribution over Colaba 2013-15

Probability density function is commonly used to determine any distribution in a period of
time. Hourly wind speed distribution at Colaba for the time period of three years was established
using probability density function. Probability functions like Rayleigh, Log-normal, Normal,
Log-logistic and Weibull distribution functions were applied and tested for the wind data.
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Figure 7 Wind speed cummulative probability distribution

The Normal and Log-normal distribution parameters p and ¢ were found to be 2.721 &
2.489 and 0.410 & 1.282 respectively giving a mean speed of 3.429 m/s. The Log-logistic
distribution parameters p and ¢ showed the values 0.540 and 0.740 respectively and the mean
wind speed obtained was 5.469 m/s. The Rayleigh distribution’s scale parameter (c) was
observed to be 2.607 giving a mean wind speed of 3.267 m/s. The Weibull distribution when
applied to the wind data, gave the scale parameter (c) as 2.726 and shape parameter (k) as 1.005
which gives the mean speed of 2.720 m/s. It can be observed from Figure 6 that amongst all the
other distribution curves, the Weibull distribution curve fits the actual data more accurately.
The cumulative probability curve also favors the Weibull distribution as seen in Figure 7 and

hence all the further analysis is based on the Weibull distribution.
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Table 3 Weibull parameters for monthly data

Scale (c) | Shape (k) Vin
January | 1.59612 | 1.03767 1.572
February | 2.82427 | 1.03251 2.788
March | 2.01206 | 1.04412 1.978
April 3.21968 | 1.04078 3.168
May 2.20805 | 1.08892 2.138
June 5.21463 | 1.48128 4.715
July 5.76834 | 2.32667 5.111
August | 4.76888 | 1.38956 4.352
September | 2.22993 | 1.12087 2.139
October | 2.64234 | 0.99710 2.646
November | 1.3329 1.05172 1.307
December | 1.26844 1.0135 1.261
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Figure 8 Monthly speed variation

The monthly wind data analysis helps us to estimate the power output for each month so
that optimal usage of the wind power plant can be done. This mostly helps where there is a
hybrid wind-solar power plant. Table 3 shows the values of monthly Weibull parameters and
the variations in the wind speed for each month is represented in Figure 8. The best wind speeds
are available from the month of April till August. The maximum average wind velocity of 5.11
m/s was observed in the month of July.
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Figure 9 Seasonal speed variation

According to the Indian Meteorological Department (IMD), India observes four seasons
which are winter, summer, monsoon and post-monsoon. As mentioned earlier for a hybrid
wind-solar power plant, this type of analysis helps to make the optimum use of the plant by
properly distributing the loading from each source. It can be said from Figure 9 that the
maximum wind speeds were observed during the monsoon season when the solar power plant
is not able to generate enough power due to the rains and cloudy weather. The minimum wind
speeds were observed during the winter and summer season. The Weibull parameters for the
different season were computed and the observed wind speed was maximum (5.48 m/s) for the

monsoon season while the summer, winter and post-monsoon seasons showed wind speeds less
than 2.5 m/s.

Wind is not a consistent energy source and hence a lot of variations are observed not only
monthly or seasonally but also hourly. Figure 10 shows the hourly wind speed variation of the
collected wind data. After studying the hourly wind variations it can be perceived that the wind
speeds are less and steady from midnight till the morning hours up to 8:00 and gradually
increases till the afternoon time around 15:00 and then decreases till 22:00 and is steady again
till midnight. Considering the wind velocity of 3 m/s and above to generate electricity [5,24],
good wind speeds are observed between the times 12:00 to 20:00 in a day. The maximum
energy potential at this site in day can be expected during the afternoon till evening period.
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Figure 10 Hourly wind speed variations
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Figure 11 Monthly Wind Power Density

The monthly WPD of Colaba is shown in Figure 11 and it can be observed that the
maximum values are obtained between the months of June & August. The maximum WPD of
177.824 W/m? was observed in the month of June. Comparison of Fig. 8 and Fig. 11 shows the
dependence of WPD on the wind speed. Another factor that affects the WPD of a site is the air
density which in this study was taken as 1.225 kg/m® which is stated by the International
Standard Atmosphere (ISA). The overall WPD for Colaba between the years 2013 to 2015 is
found to be 73.013 W/m®.

5. CONCLUSION

In the present world, energy sources that are renewable are more emphasized. One of the few
renewable energy sources available in abundance to mankind is wind. A proper understanding
of the wind characteristics is necessary to harness its energy. In this study, wind characteristic
of Colaba (Mumbai, India) was systematically investigated. Among the various distribution
functions, Weibull distribution function curve was found to be closely matching the wind data.
In the monthly analysis, good wind speeds were observed between June and August with the
maximum (5.11 m/s) during the month of July. The Weibull shape and scale parameter were
calculated for the three years hourly data with k = 1.005 & ¢ = 2.726 respectively. The average
wind velocity was observed to be 2.72 m/s and the WPD calculated was 73.013 W/m?. Analysis
of the wind data shows that this site is has enough potential for electricity generation by driving
a small (domestic) wind turbine for standalone purpose.
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