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Abstract: Wind resource assessment is carried out for a site in Kadavu, Fiji Islands. This included
estimating the Weibull parameters and wind power density using ten different methods and carrying
out an economic analysis. The wind speeds at 34 m and 20 m above ground level, wind direction,
atmospheric pressure and temperature were measured for 18 months and statistically analyzed. The
overall average wind speed at a height of 34 m above ground level was found to be 3.63 m/s. The
seasonal averages for the site were 3.81 m/s and 3.40 m/s for summer and winter respectively. The
diurnal variation of the wind shear for the site was correlated with the temperature variation. The
Moments Method was found to be the best method for the entire period of study. The Modified
Maximum Likelithood Method was found to be the best for the summer season whilst Median and
Quartile method was the best for the winter period. The mean wind power density at the
location was found to be 45.88 W/m®. The WASP software was used to create the wind resource
map. Five potential sites were selected installing the wind turbines and for carrying out the economic
analysis, which included an estimation of annual energy production. It was found that, for the five
turbines average capacity factor would be 20.05%. The payback period for installing the wind
turbines at 50 m above the ground level is estimated to be between 6.99 and 8.74 years.

Keywords: wind energy; Weibull parameters; wind shear coefficient; turbulence intensity; annual
energy production
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Nomenclature: A: Scale Factor, m/s; AGL: above ground level; COE: coefficient of efficiency; EPF:
energy pattern factor method; k: shape factor; LS: least squares method; MAE: mean absolute error;
MAPE: mean absolute percentage error, %; ML: Maximum Likelihood Method; MML: Modified
Maximum Likelihood Method; MO: Moments Method; MMOM: Method of Multi-Objective
Moments; MQ: Median and Quartiles Method; N: number of observations; R?: Coefficient of
determination; RMSE: root mean square error, m/s; TI: Turbulence Intensity, %; U: wind speed, m/s;
U - mean wind speed, m/s; Um: median wind speed, m/s; WAsP: wind atlas analysis and application
program; WPD: wind power density, W/m?; a: wind shear coefficient; I': gamma function; o:
standard deviation of wind speed, m/s

1. Introduction

Renewable energy is the cleanest energy resource available to us. This type of energy is
increasingly used globally. According to [1,2], the use of renewable energy sources not only helps
improve the economy of any country and social well-being but also is an important factor to have a
future without the dangerous effects of climate change and this is only through
decreasing/eradicating the use of conventional sources of energy: coal, gas and oil. Fossil fuels are
non-renewable, that is, they draw on finite resources that will eventually dwindle and will become
too expensive or too environmentally damaging to retrieve [3]. The harmful effect of burning the
fossil fuel is the production of harmful gases that cause global warming [4]. While these
conventional sources of energy helped many nations to get developed, they are also destroying the
natural environment. On the other hand, renewable sources of energy help diminish greenhouse gas
emission and reduce global warming [5]. According to Razykov et al. [6], the current usage of
energy throughout the world is 10 TW-year and it is estimated that by 2050 the usage will increase
to 30 TW-year. Most of the countries are moving towards greater utilization of renewable energy
resources; some of these resources are wind, solar, tidal and wave energy.

Some other benefits of renewable energy are that they will create jobs and will also help
countries save the money that is used to import the fossil fuels. There will also be no problem of
supply since renewable sources will be available locally [3]. Scientists and Engineers around the
globe are finding ways to utilize these sources of energy and decrease the use of fossil fuels.

Wind energy was first used in wind-propelled boats dating back to 6000 BC [7]. Over time it
went from wind-propelled boats to food production. The windmills were used by the American
colonists to grind food, to cut wood at sawmills and to pump water. Wind energy-based power
generation gained popularity in the 20" century. When the price of oil decreased in 1950s, the
popularity of wind energy decreased. But by 1970s, the demand for wind energy increased due to
increase in oil prices. In the last two decades, renewable energy utilization started to increase and
wind energy started to thrive in places where wind power density was good.

Due to the increasing demand for renewable energy, it is imperative for researchers to perform
detailed assessments of wind energy because it is one of the major renewable sources of energy
throughout the globe. Since the beginning of the 21* century, more research work started on the
assessment of wind resource. This assessment will be helpful to the energy companies to design and
install new wind turbines/farms.

There have been a lot of studies on wind resource assessment. Some of these include studies
done in Hong Kong [8] where they used four different methods to find the Weibull parameters and
estimate the errors in the parameters. It was found that the parameters differ in seasons. The wind
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power density was also calculated for the sites. One of the major results found was that Weibull
parameters estimated for urban sites recorded a low scale factor compared to the hilltops that were at
a much higher elevation. Another paper which reported the wind resource assessment for Iran where
Dabbaghiyan et al. [9] found that Iran has a good wind energy potential than can be used for
generating electricity for the country. In the research, one year of wind data were used to analyze the
wind resource for the four sites in Iran. The analysis was done at three different heights of 10 m, 20 m
and 40 m. An average wind speed of 5.93 m/s at 40 m above ground level (AGL) for Bordkhum was
recorded which was the highest compared to the other three sites. The wind power density for the site
was 175 W/m” at 40 m AGL. For the economic analysis, 12 different models of wind turbine were
used of which Proven 15 wind turbine showed the best capacity factor. One more work which
reported wind resource assessment in Iran was by Fazelpour et al. [10] who studied the wind power
potential for four locations and it was found that Zabol and Zahek have good potential as it had the
highest average wind speed. The highest wind power density recorded for Zabol was 284.97 W/m”.

A study conducted in Faya-Largeau, Chad by Soulouknga et al. [11] concluded that due to high
consumption of electricity it is vital to use renewable energy like the wind energy over fossil fuel.
They carried out wind resource assessment to find the wind power potential in the city of Faya-
Lageau in the Saharan zone of Chad. It was found that the energy pattern factor was the best
approximation method to find the k and the A values. By using the Weibull parameter estimation
from 18 years of data, they found that the maximum wind average of 4 m/s was recorded for the
month of January.

A study by Bassyouni et al. [12] in Jeddah found that the wind speed for Jeddah is higher for
months of March to August. In the analysis, 10 years of wind data were used to find the Weibull
parameters and also the average wind speeds. It was also recommended to install smaller turbines than
larger ones since the wind average calculated ranged between 2.866 m/s and 3.875 m/s. The smaller
turbines are generally used in areas with low wind speed and larger wind turbines in the regions
which have high winds. The wind turbine used in their analysis is small due to the average wind
speed in the low wind speed range. Another important reason for using smaller wind turbines is
because smaller wind turbines have higher rotational speeds and higher aerodynamic efficiency.
According to Mohammadi et al. [13], it was found that different sites used different methods of
Weibull parameter estimation since the wind characteristics of the site determine that best
approximation method. The best method for the stations located at Edmonton and Grande Prairie was
EPF method while for the stations at Lethbridge and Waterton Park Gate, the EMJ method was the
effective method of approximation.

Another study that confirms that different Weibull parameter estimation methods are applicable
to different sites was done by Werapun et al. [14] in Phangan Island, Thailand where it was
concluded that energy pattern factor method was very effective in the calculation of Weibull
parameters. According to Azad et al. [15], the most effective Weibull parameters estimation method
was the Moments Methods (MO) out of the four methods that were used in the study for Hatiya
Island. It was also found that the winds in Hatiya were predominantly higher ranging between 2.62 m/s
and 14.01 m/s. It was concluded that the site has potential to generate power using small wind
turbines for the generation of electricity.

Wind resource assessment for Jhampir in Pakistan was carried out using 10 years of averaged 10
minutes wind data [16]. Using three different methods of Weibull approximation, the best method
was found to be the Maximum Likelihood Method (MML). In the months of May to October, wind
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speeds were higher compared to other months. The highest WPD was recorded in May. The
predominant wind speed recorded was blowing from 250°. The total annual energy which can be
harvested was estimated to be 10054.27 kWh. The turbine and plant efficiency calculated were 40%
and 46% respectively.

Kombe et al. [17] reported that the MO is the best method for Weibull parameter approximation
after only analyzing two methods with the error analysis using only the root mean square error
method. In the analysis, 10 years of monthly mean data of Great Cumbrae Island were used from the
National Aeronautic Space Administration (NASA). The calculated mean wind speed was 7.598 m/s
and the wind power density calculated for the region was 483.50 W/m®. According to them, the best
wind turbine for the site was the GE 2.0 platform, which was estimated to produce 4.5 GWh of annual
energy. Their study could have been more accurate if more methods of Weibull approximation were
used with different methods of error analysis.

From the above studies, it is clear that different methods of finding Weibull parameters will be
applicable for different locations. Thus, it is important to find the best method for any site where
wind resource assessment is to be carried out. For the present work, the wind data from a site on the
Kadavu group of islands will be assessed for finding the best method from ten different methods of
finding Weibull parameters. The ten different methods which are used are: the median and quartiles
method (MQ), the moments method (MO), the empirical method of Justus (EMJ), the empirical
method of Lysen (EML), the least squares method (LS), the maximum likelihood method (ML), the
modified maximum likelihood method (MML), the energy pattern factor method (EPF), the WAsP
method and method of multi-objective moments (MM). To find the best method, error analysis is
performed. The wind power density from the best method is calculated using 18 months of data. The
wind shear and turbulence intensity (TI) analysis is also carried out. The wind rose plots will be used
to show the predominant wind speed and direction. To conclude the findings, the annual energy
production is estimated and the economic analysis is carried out.

2. Site location

The site under this study was one of the islands in the Kadavu group, in the southern Fiji. The
site is located at a latitude of 18°59'1.91"S and a longitude of 178°26'4.06"E. Figure 1 shows the
location of the measurement point in the map of Kadavu islands. Kadavu group of islands has an area
of 411 square kilometers. The main center for the people of Kadavu is Vunisea which has the
hospital, airstrip, schools and other necessary government service centres. According to the latest
population count, Kadavu has a total of 10,897 people [18]. In recent years, tourism sector started to
flourish but their main source of income is from exporting seafood and kava. Kadavu group has been
one of the least developed islands of Fiji. The islands are home to many diverse flora and fauna such
as lizards, birds, and some unique flowers [19].
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Figure 1. Map of Kadavu Islands showing the measurement location [20].
3. Measurement tower and instrumentation

A 34 m tall tower was installed at the site. The sensors installed on the tower measured wind
direction, wind speeds, pressure, temperature, and rainfall. Two anemometers were placed at 34 m
and one at 20 m AGL. The data-logger used was SymphoniePlus3 which has an external storage
where the 10 minutes averaged data were processed and logged. The data-logger has 15 channels that
can log data for the maximum, minimum, mean, and the standard deviation of the 10 minutes
recordings. The data may be extracted manually from the SD card or otherwise an extra module is
used to send the data via GSM network using the Symphonie® IPackGPS which contains a SIM card.
This Symphonie® IPackGPS was programmed to send the data each day via the GSM network as an
email attachment using the SIM card. For better durability and to get a better performance, the
anemometers had 3 rugged Lexan cups molded into one piece. The accuracy of the anemometers
is 0.1 m/s in the range of 5-25 m/s. The wind vane was aligned to the true north and placed at 30 m
AGL. A temperature sensor was mounted on the tower to get the measurements of temperature. For
obtaining accurate values of temperature, a circular six radiation shield was provided around the
sensor. A barometric pressure sensor was mounted for recording atmospheric pressure. The
specifications of the sensors are shown in Table 1.

Table 1. Specifications of the measurement sensors [21].

Parameter Sensor Type Range Accuracy

Wind speed NRG#40 maximum 1.0-96.0 m/s 0.1 m/s
anemometer

Wind direction NRG 200P direction vane 0-360° N/A

Pressure NRG BP-20 barometric 15-115 kPa 1.5 kPa
pressure sensor

Temperature NRG 110S —40 °C-65 °C 1.1°C
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There were some uncertainty values which had to be taken into account. Some of the
uncertainties were the calibration errors, the terrain of the site that was used, the dynamic over-
speeding, the error that gets introduced due to the wind shear and the inflow angle. This research is
based on averages of very large data set samples, thus it may be stated that each parameter tested has
an error which is less than 1%.

4. Data validation

The data that were obtained for the analysis had to be validated before processing. The very first test
done was the range test. The wind data for the 34 m and the 20 m were checked to be in the range
0.4-25 m/s. The maximum wind speeds that were recorded at 34 m and 20 m AGL were 21.9 m/s and
20.9 m/s respectively. There was some error in recording for two months of temperature data that
were corrected using the data from another source. For other months, the average temperatures were
between the stated range of 15—40 °C. The maximum 10-minute average temperature recorded was
37.2 °C and the minimum was 16.2 °C. The wind speeds measured at 34 m AGL for the entire period
from the two anemometers were compared and are shown in Figure 2. The average difference
between the mean wind speeds for the two anemometers at 34 m AGL was 3.25%.

25

20

15

10

Wind speed from annomometer 2 at 34 m
AGL, m/s

0 5 10 15 20 25

Wind speed from annomometer 1 at 34 m AGL, m/s

Figure 2. Comparison of wind speeds from the two anemometers installed at 34 m AGL.
S. Results and discussion
5.1. Wind speed analysis

The mean wind speed was calculated from a series of data. According to Zhang [22] the
equation used to find the average wind speed is shown in Eq (1):
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where U is the average wind speed and U; is the wind speed recorded at constant intervals i.e., 10
minutes average for the data under study, n represents the number of observations and i is the
interval at which the data are recorded. The overall average wind speed for 34 m AGL recorded over
the assessment period was 3.63 m/s.

The data were first analyzed for the average daily wind speed. Figure 3 shows the average daily
wind speed for the site in Kadavu at 34 m AGL. The assessment period for the data were from
March 2012 to August 2018. It was seen over the period the daily average wind speed was
between 1.59 m/s and 9.34 m/s. The maximum 10 minutes average wind speed was recorded on
the 17™ of December 2012 of 21.9 m/s and also the maximum wind speed recorded was 33.6 m/s
recorded on the same day.
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Figure 3. Daily average wind speed at 34 m AGL.

The results of the hourly mean wind speed, averaged over the entire duration of measurements,
are shown in Figure 4. From the figure, it can be seen that during the day wind speed normally starts
increasing at 8 am from 3.4 m/s and reaches the peak of 4.27 m/s at around 2 pm then it starts to
decrease and stabilizes, with minimum wind speed changes, to 3.36 m/s at around 8 pm. This
indicates that the site is windier more during the day compared to night.

AIMS Energy Volume 7, Issue 6, 760-791.



767

4.5

98]
W

Wind Speed, m/s
W

N
n

0 2 4 6 8 10 12 14 16 18 20 22 24
Hours of the Day

Figure 4. Diurnal variation of wind speed at 34 m AGL for the entire measurement period.
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Figure 5. Monthly averaged wind speed for 34 m AGL for the summarized entire period.

The monthly averaged wind speeds are shown in Figure 5. It was found that average wind speed
was highest in the month of December. It is noted that the average wind speed for the months of
October, November, December, January and April are higher. From the results, it is observed that
summer months are mostly windier. The results were further analyzed for wind averages for every
month of measurements, as shown in Figure 6 and it was found that the wind speeds for March 2012
and December 2012 were higher compared to other months. In March 2012 there was a tropical
disturbance that caused high winds for the whole of Fiji group and flash flooding. High wind
speeds were again recorded in the month of December 2012 as Fiji was hit by cyclone Evan. As
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Fiji has a cyclone period from November to April, the winds recorded in these months are always
expected to be higher.
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Figure 6. Monthly average wind speed at 34 m AGL for each month of measurement period.

Figure 7 shows the seasonal mean wind speed at the site in Kadavu. Fiji has only two seasons—
winter (dry season) and summer (wet season). The average of the summer wind speed is greater
compared to the winter months. This is because the Fiji group has a warm tropical climate and during
the summer period it is known to be a cyclone season with high wind speeds and this is evident in
Figure 7.
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Figure 7. Seasonal average wind speeds at 34 m and 20 m AGL.
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5.2. Wind shear analysis

One of the best ways to express the wind profile is by doing the wind shear analysis. According
to Zhang [22] ‘Wind profile enables us to deduce the mean wind speed from one height to another
and tells us the wind speed difference between two heights’. The easiest way to find the wind shear
coefficient is by using the logarithmic formula [21] as shown in Eq (2),

e :

where a is the wind shear and U and h are the wind speed and the height respectively. Wind shear
coefficients is found by taking wind speeds at two different heights but most of the meteorological
sites only have anemometers placed on one specific height which makes it difficult for researchers to
find wind shear coefficient. In the present work, wind speeds were measured at two different heights
to find the wind shear coefficient. Wind shear values are never constant; this is similar to the case of
a wind profile but it varies with the mean wind speed, the direction of the wind flow, atmospheric
condition, the time of the day, the nature of the terrain, humidity, pressure, temperature and also the
wind direction [23].

The diurnal variation of the WSC is shown in Figure 8. The WSC is directly related to the
diurnal heating/cooling cycle of air above the ground. It is evident from several past works [21,23-25]
that WSC is higher during the night and lower during the daytime. This is because during the day the
heating effect of the ground surface and the air takes place thus decreasing the WSC. On the other
hand, at dawn and night the cooling effect is evident. From the figures it observed that during the 24
hours of the day, the heating and the cooling cycle of the air adjacent to the earth influences the wind
shear coefficient. From midnight till the daybreak, the WSC is nearly constant with a slight increase
in morning but after 6 am it is observed that the values start to decrease, this shows the heating of the
ground and the air above it, and values kept decreasing until 9 am then remaining nearly constant
until 3 pm. The cooling effect of the surface of the ground and the air above the ground is shown
after 3 pm when the WSC starts to increase till about 6 pm and then remains essentially constant
throughout the night. Thus this pattern of the WSC with respect to the heating and cooling effects are
observed with the results obtained. The overall WSC is dependent on the orography of the area. The
more complex the land terrain, the effects will be seen in the wind speed. Some complex land forms
include tall trees, large buildings and high mountains. However, Kadavu does not have high rise
buildings but has some mountains and trees. The site is situated in a flat land area and is close to the
shoreline. The effect of the terrain is negligible on the WSC in the present case.

Overall the WSC can be compared to the graph of average daily temperature shown in Figure 9.
It is seen that the trends correlate well to the heating and cooling cycle. When the temperature starts
to increase, the WSC starts to decrease and when the temperature decreases the WSC increases. The
temperatures in the South Pacific region normally increase with sunrise and are found to be the
maximum around 2-3 pm during the day; similar observations were reported by Aukitino et al. [21]
and Singh et al. [26].
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From the monthly analysis of the WSC depicted in Figure 10, it is observed that the monthly
average WSC is higher during the months of January and April; during these months, the turbulence
levels were lower; however, the WSC also varies with the ambient temperature as the rising air at the
time of high temperature reduces the wind shear. From the figure, it can be seen that the summer
months have higher WSC compared to the winter months. The highest WSC was recorded in April
with a value of 0.17 while October recorded the lowest WSC of 0.042.
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5.3. Turbulence intensity

According to Zhang [22], turbulence has very harmful effects on the wind turbine components.
This is because turbulence causes fatigue loads on the major components of the wind turbine. In
wind resource assessment, the TI is used to quantify how much the wind may vary. Turbulence is also
known as the fluctuations in wind speed with respect to time [21]. The TI can be calculated with Eq (3),
i.e., the standard deviation divided by the mean wind speed.

TIH==L (3)

TI values for a typical day for measurement site are shown in Figure 11. The average TI for a
typical day was 26.26% and 28.87% at 34 m AGL and the 20 m AGL respectively. The minimum TI
recorded for some typical days is about 18%. The 20 m AGL has a higher TI compared to the TI
at 34 m AGL. From this observation, the results indicate that the lower the height of the anemometer
(wind turbines) the higher the TI. To get a lower TI the height AGL must be increased.

The turbulence is higher at the lower height of 20 m; this causes random mixing between air
particles at different heights and reduces the WSC. However, the temperature also plays a role here,
as the hot air rises up reducing the wind shear coefficient.
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Figure 11. Turbulence Intensity for a typical day.
5.4. Wind direction analysis

The analysis of the wind direction is a vital part in the assessment of wind energy potential. This
is because from this analysis the prevalent wind direction from which the maximum energy can be
harnessed will be known. Figure 12 shows the wind rose plot for the entire period of study for the
site. The wind rose plot was divided into 12 sectors of 30° angle. The 10 minutes wind data was
obtained at 34 m AGL placed anemometer considering the wind direction being invariant with height.
The wind directions for summer and winter seasons are shown in Figures 13 and 14 respectively. It is
shown in Figure 12 that the predominant wind direction is mostly between 60° and 150°. The winter
wind rose as shown in Figure 14 indicates that the dominant wind direction is between 60° and 150°
which is similar to the overall wind rose. However there is a slight difference in the summer wind
rose. The summer wind rose indicates that the dominant wind direction is between 60° and 120°.
This result also indicates that summer, winter and overall wind directions have no major differences.
The dominant wind force for the Pacific Ocean is the south east trade winds. Due to the site location
and the terrain, the prevalent wind is from the east.
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5.5. Weibull parameter estimation using different methods

The Weibull parameters were found with a detailed statistical analysis of the measured data.
Weibull parameters have importance in determining the wind speed parameters for the specific hour,
day, week month and year. The wind speed are never negative and also the wind speed are bounded
only to one side [22] thus normal distribution cannot be used. The Weibull probability density
function (4) using the two parameters k and A is given by:

k-1 (u)*
f(U):%(EAj o) @)

where U is the wind speed, K is the shape factor and A is the scale factor.

The Weibull distribution with accurate Weibull parameters will be used to determine the energy
production for five selected turbine locations. The different methods for estimating the Weibull
parameters used in the present work are listed:

1. Median and quartiles method

According to Justus [27], the k an A values can be calculated using the median velocity (Uy,) and
the quartile velocities which are at 25% (U »s) and at 75% (Uy.75), thus k and A are obtained using:

(_ [n[In(0.25)/In(0.75)]  1.573

Q)

In(U55)/U s In(U,5)/Uq25)
_ Um 6
In(2)"® (©)
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1. Moments method

This method was suggested by Justus and Mikhail in 1977 [27]. In this method, the mean wind
speed and the standard deviation of the wind speed are used to determine the k and A values. This

method is an alternative to maximum likelihood method. The Eq (7) and (8) to find k and A are given
below [28-30]:

U¥:AF(L+£j (7)

1/2

o=A[T(1+2/k)-T*(1+1/k)] (8)

iii.  Empirical method of justus

This method was first used by Justus [27]. According to Justus [28,29], the k ad A values can be
calculated as shown in the Eqgs (9) and (10)
~1.086
[ 7] )
¥ ©)

A=U/T(1+1/k) (10)

iv. Empirical Method of Lysen

This method was introduced by Lysen[31] and is modified from the empirical method of Justus.
The method for obtaining K value is the same as Eq (9) but the equation of A differs. The Eq (11) of
A is obtained by [28,29]:

— 1
A=U(0.568+0.433/k) & (11)

v. Least Squares Method

Least Square fit is one of the most useful methods that are used in engineering. This method is
more formalized of the plotting technique of manual probability, in which this methods provides the
technique to mathematical method. It is the linear correlation of the two variables are assumed. The
Weibull parameters are found after some lengthy calculations. The final k equation and ¢ Eqs (12)
and (13) are written below [28,29].

. Ny " InUxin[=In{1= f (U)} |37 InUx>"" In[~In{1-F(U)} ]
N>’ Uz 3" Uy

(12)
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k" InU=3"" In[~In{1-F (U)} ]

nk

A=exp (13)

vi. Maximum Likelihood Method
To find the k and A parameters, this method requires high level numerical iterations. This
method uses a likelihood function of the wind speed data in time series format. For instance the
values for a random wind data set (U1, U2, U3. . .Un) are given and the Weibull probability density
function is given. The likelihood function from the given sample L (k, A, U1, U2, U3. . .Un) can be
stated as in equation (14) [13,30,32,33]:

L(k; AU, 5U U5 Un)=Hf (k,AU;) (14)
where the function is further simplified to:

lnL=Zn:1n[f(Ui)] (15)

This equations gives rise to the equations for k and A values:

olnL
=0 16
K (16)
OlnL
=0 17
OA 17

From the Eqs (18) and (19), k and A are formulated as below:

-1

. > Uiy, >y,
Z!ﬁl—luik n (18)

&
A{H;(ui) } "

vil. Modified Maximum Likelihood Method

This method is similar to that of maximum likelihood method. But when the wind data in given
in the frequency distribution form, then this method is used to get the parameters k and A. This
method involves high level numerical analysis. The Eqgs (20) and (21) are obtained by modifying the
equation of maximum likelihood method [13,30,32,33].
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(20)

1 n ) k
A% Tsg 2 L) @

where the variables are: U; is the wind speed central to time interval i, the numerical number of bins

is represented by n, f(U;) represents the frequency the wind ranges in n. f(U 20) represents the

wind speed probability that is equal to or greater than zero.
viii.  Energy Pattern Factor Method

This method is also known as the power density method. In this method, the ratio of the mean of
the cubic wind speed and the cubic of the mean wind speed is the energy pattern factor. To find the
parameters K and A, the first thing to find is the energy pattern factor from Eq (22) [22,28-30]:

U’ T(1+3/K)
" (O) r(+1/k)

(22)

_ —\3
where U® represents the mean of the cube of wind speed and (U ) represents the cube of the mean

wind speed. Thus the k and A parameters are represented by Eqs (23) and (24):

3.69
k=1+ 23)

£’

U
Am—— 24
T(+17K) (24

iX. WASP Method

This method requires computer-aided calculations. The software for this method was developed
by the Ris@ National Laboratory in 1987 for analysing wind data. This software enables to calculate
the energy yield, wind farm efficiency, wind resource and turbulence mapping, calculation of wind
conditions like mean wind speed, wind shear, ambient turbulence, extreme wind and wind flow
inclination and also the Weibull parameters k and A values. There are various versions available but
version 11 is used in the present work for calculating the k and A values. The WAsP method has the
following requirements [21]:

a) The WAsP method does not directly fit the measured frequency histogram.

b) The mean power densities from the fitted Weibull distribution should be equal to that of the
observed one.

c) The proportion of values above the mean observed wind speed from the fitted Weibull
distribution should be equal to those from the observed distribution.
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From these requirements the equation of U is derived as shown in Eq (25):

(25)

From the cumulative distribution function F(U), the values less than U are obtained. Thus the
values that exceed U are represented by 1- F(U). Fom the last requirement, the proportion of the

observed wind speeds that exceed the mean observed wind speed must be obtained and we represent
it as Z, thus Z will be:

Z=1-F(U) (26)

=-In(2) (27)

First Z is calculated from Eq (26) then K is obtained from Eq (27).
X. Method of Multi-Objective Moments

This method is recently introduced by Usta et al. [34]. This method proposes the squared
deviance minimization between the sampling moments and the first three moments. To find the
Weibull parameters, the following equation is used:

2
A (AF(H&]—UJ +/12(A2F(1+%)—U2J+/?3 (AT(HE)—WJ (28)
For the 4,, 4,, 4, it is taken into consideration that:

A+, +4 =1 (29)

The rth sampled moments are represented by

U=y (30)
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All of the above methods are used in the present work to find the Weibull parameters k and A.
Since different location have different wind characteristics as discussed earlier, the best method out
of the above need to be used at a site. All of the above must be tested before concluding which
method is the best one for the given site.

From the conclusions of the journals and books [13,22,30,33,35] it is clear that different
methods are suitable for different sites. It would be inappropriate to say that only a single method is
the best method to find the Weibull parameters. In Tables 2—7, the results from all the methods of
determining Weibull parameters are presented with an elaborate error analysis.

5.6. Performance analysis

To determine which method is the best method for any location, a quantitative assessment of the
performance of the method must be done. There are various methods to assessments, some of which
are:

1. Root Mean Square error (RMSE)

The RMSE is calculated using Eq (31) [21,28,29]. The RMSE checks for accuracy of the model
by checking the value obtained by the Weibull function and the raw data that were measured. The
lower the RMSE, the better the Weibull parameter estimation method. The RMSE calculated value
never has a negative value.

RMSE =\/li(ul—ut)2 €3]

1. Coefficient of determination (R?)

It checks the method’s ability to estimate the variables accurately. It is considered that the
higher the R? the better the method is. The range of R* is between 0 and 1. Equation (32) shows how
the R? is calculated [28,29].

RP=EL (32)

The variables U ¢ and Ut are the actual wind speed and the predicted wind speed respectively.

The subscript t stands for the time (1, 2, 3...... n) and n stands for the number of observations that are
made.

iii. ~ Mean absolute error (MAE)
It is a measure of the difference between two continuous variables. The MAE is the average of
the absolute errors. The lower the MAE the better the accuracy. Eq (33) shows the calculation of

MAE [21].
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MAE =
n t=1

1v. Mean absolute percentage error (MAPE)

$10

t

t

(33)

The MAPE calculates the difference between the winds speeds computed using a Weibull

function to that of the measured values. The value of MAPE is calculated using Eq (34) [21,28,29]:
U, -U,

MAPE =E§

V. Coefficient of efficiency [30]

l n

t

X100

(34)

Another way to check the efficiency of a method is by using the COE. The greater the COE, the
better the accuracy of the method [21].

(35)

Table 2 shows the Weibull parameters, k and A, mean wind speed and WPD and goodness of fit
test/errors (COE, RMSE, R%, MAE and MAPE) obtained using different methods of parameter
estimation discussed below. Further in Table 3 the table has been modified to show the ranking of
the different methods. It is observed that the MO method has the best accuracy through having the
best overall ranking (the sum of all the error/goodness of fit estimates). The MAE was the lowest and
MAPE was the second lowest. This shows that the best method used for the calculating the wind
power density for this site will be Moments method. The WPD found for this site using the MO
method is 45.89 W/m”’.

Table 2. The Weibull parameters, k and A, mean wind speed and WPD and goodness of

fit test/errors obtained using different methods.

Method Kk A U WPD R’ COE RMSE MAE MAPE
MQ 242 396 3.51 40.50 09084 1.6793 0.7661 0.1629 3.7692
MO 235 410 3.63 4589 09183 1.3743 0.5888 0.1448 3.8005
EMJ 236 4.10 3.63 4573 0918 1394 0.5981 0.1456 3.745
EML 236 4.10 3.63 4577 09182 1.3946 0.5978 0.1479 3.8242
LS 1.97 485 430 8937 09809 0.616 0.6793 0.5255 12.8375
ML 232 410 3.63 46.52 09197 1.3131 0.5593 0.1533 4.0439
MML 223 4.04 358 4581 09271 1.2368 0.5115 0.1468 4.6466
EPF 224 410 3.63 47.78 09301 1.1941 0.4843 0.1549 4.5914
WAsP 213 4.10 3.63 4993 09418 1.0362 0.4049 0.1811 5.7155
MMOM 2.16 4.53 4.01 66.45 09514 0.8395 0.4984 0.3781 9.4886

AIMS Energy
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Table 3. Performance evaluation by Ranking.

Method k A u WPD R’ COE RMSE MAE MAPE Overall
Ranking

MO 235 4.1 3.63 4589 7 4 6 1 3 1

EMJ 236 4.1 3.63 4573 9 3 8 2 1 2

EML 236 4.1 3.63 4577 8 2 7 4 4 3

EPF 224 41 3.63 4778 4 7 2 6 6 4
MML 223 4.04 3.58 4581 5 6 4 3 7 5

ML 232 4.1 3.63 4652 6 5 5 5 5 6
WAsP  2.13 4.1 3.63 4993 3 8 1 8 8 7

MQ 242 396 3.51 40.50 10 1 10 7 2 8
MMOM 2.16 4.53 4.01 6645 2 9 3 9 9 9

LS 1.97 485 430 8937 1 10 9 10 10 10

5.7. Seasonal Weibull Parameters

The data were further analyzed for the two different seasons (summer and winter) that Fiji
experiences. From the results, it can be seen that the Weibull parameters are not the same for
summer and winter. The results for each season are shown in Table 4 to Table 7. After ranking the
methods using the different types of performance analysis, it is seen that the best Weibull parameter
estimation method is the MML for the summer period while for the winter period it is seen that the
MQ is the best estimation method. From the seasonal analysis, it is noted that even the seasons
matter for the Weibull parameters estimation. From the measured data, the summer and winter mean
wind speeds were calculated to be 3.86 m/s and 3.45 m/s respectively. From the Weibull parameter
estimation the mean wind speed was found to be 3.8 m/s and 3.40 m/s for the summer and winter
periods respectively. The mean wind speeds for winter and summer from the measured data were
similar to the mean wind speeds calculated from the best Weibull parameter estimation method for
the two seasons. Using the best approximation for each of the different seasons, the WPD noted
are 36.90 W/m” and 57.22 W/m® for the winter and the summer seasons respectively.

Table 4. The Weibull parameters, k and A, mean wind speed and WPD and goodness of
fit test/errors obtained using different methods for the summer season.

Method Kk A U WPD R’ COE RMSE MAE MAPE
MQ 241 419 371 4822  0.9073 2.0328 1.0602 0.2591 4.6856
MO 222 436 3.86 57.99 09235 1.383 0.6473 0.2291 5.4699

EMJ 223 436 3.86 57.75  0.9227 1.4052 0.6611 0.2286 5.3722
EML 223 436 3.86 57.82 09225 1.4028 0.6603 0.232 5.4636
LS 1.85 4.9 4.35 98.83  0.9732 0.6225 0.6268 0.4699 11.4017
ML 221 437 3.87 58.68  0.9259 1.3486 0.623  0.2282 5.4958
MML 2.14 43 3.80 57.21  0.9315 1.3148 0.5928 0.2132 5.8339
EPF 2.09 436 3.86 61.20 0937 1.156 0.504 0.2354 6.5823
WAsP 194 43 3.81 63.36  0.9525 0.965 0.4051 0.2638 8.5247
MMOM 2.17 492 435 84.97 09414 0.9283 0.6057 0.4786 11.252
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Table 5. Performance evaluation by ranking for summer.

Method  k A U WPD R* COE RMSE MAE MAPE Overall Ranking
MML 2.14 43 380 5722 5 6 3 1 6 1
ML 221 437 387 5868 6 5 5 2 5 2
EMJ 223 436 386 5775 8 2 9 3 2 3
MO 222 436 386 58.00 7 4 7 4 4 4
EPF 209 436 386 6121 4 7 2 6 7 5
WAsP 194 43 381 6337 2 8 1 8 8 6
EML 223 436 386 5782 9 3 8 5 3 7
MQ 241 419 3.71 4823 10 1 1 7 1 8
MMOM 2.17 492 436 8497 3 9 4 1 9 9
LS 1.85 49 435 9883 1 10 6 9 10 10

Table 6. The Weibull parameters, k and A, mean wind speed and WPD and goodness of

fit test/errors obtained using different methods for the winter season.

Method  k A U WwWPD R COE RMSE MAE MAPE
MQ 242 384 340 3691 0998 0.9717 0.0745 0.0292 1.9171
MO 2,55 389 345 37.12  0.9959 1.0432 0.0995 0.0637 2.6745
EMJ 256 389 345 37.04 09962 1.051 0.0986 0.0631 2.54
EML 256 389 345 37.05 0.9962 1.051 0.0986 0.0631 2.5399
LS 278 417 371 43.46  0.9906 1.0406 0.2851 0.2647 8.7411
ML 255 39 346 3737 09962 1.042 0.0968 0.065 2.6234
MML 243 383 340 36.72 09979 0.9751 0.0758 0.0304 1.9348
EPF 249 389 345 37.79  0.9969 0.9981 0.0805 0.0407 2.1108
WAsP 274 39 347 3592 0.9923 1.1791 0.1832 0.1293 4.3039
MMOM 216 418 3.70 52.08 0.9989 0.6837 0.3449 0.2665 7.4227
Table 7. Performance evaluation by ranking for winter.
Method kK A U WPD R* COE RMSE MAE MAPE Overall
Ranking
MQ 242 384 340 3691 2 2 1 1 1 1
MML 243 383 340 36.72 3 3 2 2 2 2
EPF 249 389 345 3779 4 4 3 3 3 3
EMJ 256 3.89 345 37.04 5 8 5 4 5 4
EML 256 3.89 345 37.05 6 9 6 5 4 5
ML 255 39 346 3737 7 6 4 7 6 6
MMOM 216 4.18 3.70 52.08 1 1 10 10 9 7
MO 2.55 389 345 37.12 8 7 7 6 7 8
WASsP 274 39 347 3592 9 10 8 8 8 9
LS 278 4.17 3.71 43.46 10 5 9 9 10 10
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5.8. Wind speed frequency distribution

The data obtained were divided into cumulative frequency. Figure 15 shows the different
parameter estimation Weibull curves for the overall period. The Weibull parameters and the Weibull
curves were obtained using the ten different methods. The cumulative frequency showed that the
data for 2 to 4 m/s showed the maximum percentage of wind speed for the overall as well as for
different seasons. It was seen that the winter season had the highest wind speed of 10.5 m/s whilst
the summer season reached a maximum of 21.9 m/s. It is rare for the wind speed reaching to that
maximum speed. This maximum wind speed is due to high wind speeds during tropical disturbances
or cyclones. The Weibull curves after analyzing were also studied for the summer and winter period
which are represented by Figures 16 and 17.

o
[ -
o
F — MQ
o — MO
3 o — EMJ
c gﬁ EML
=k — (L3
g 2 ML
q>) o — MML
£ o EPF
T S WASP
X o
N — MM
C)__
o
o
O__
= T T T T |
0 5 10 15 20

Wind speed, m/s

Figure 15. Wind frequency distribution and Weibull distribution curves from ten
different methods for the overall measurement period.
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Figure 16. Wind frequency distribution and Weibull distribution curves from ten
different methods for summer season.
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Figure 17. Wind frequency distribution and Weibull distribution curves from ten
different methods for winter season.

5.9. Resource grid
The WASsP software was used to plot the wind power density map for Kadavu site. The
accuracy of the wind resource map is based on the resolution of the digitized map. The resolution of

the map is based on the rectangular sets of points which are evenly spaced in rows and columns.
Before the wind resource grid is plotted, the generalized wind climate needs to be studied. To obtain
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a resource grid, the vector map must be digitized in which the roughness levels as well as the terrains
of the location are determined. The final step is the calculations. Some of these calculations include
wind power density, wind speed and Weibull parameters.

5.10.  Annual energy production

For the AEP estimation, Vergnet 275 kW wind turbines were used in WAsP. WASP is one of
the important tools in the wind industry for AEP estimations. For estimation, the hub height of the
turbine was taken as 50 m AGL, a rotor diameter of 32 m, a cut-in speed of 3 m/s, rated wind
speed of 12.2 m/s with a density of 1.16 kg/m’ and a cut-out wind speed of 25 m/s. The power curve
of the turbine is shown in Figure 18.
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Figure 18. Power curve for the Vergnet 275 kW wind turbine.

The Vergnet 275 kW wind turbines are used for further economic analysis. Some of the
important reasons of choosing the Vergnet 275 kW wind turbines are used are:
¢ During cyclones the turbines can be easily lowered
e The maintenance is easy and not very costly
e They have been installed and are performing very well in Vanuatu as well as in Fiji.
The other turbines are also possible to be used to increase the AEP for the site selected. The
other turbines are not used because:
e The initial cost of these turbines are too high.
e Larger turbine will increase the noise pollution as the islands are small.
The average power generated by a turbine is obtained by taking the average wind speed for the

time interval from time t to t, +At for the period of N observations and is expressed as:

Pw= ﬁi PW(U,) (36)
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where Pw(U,) is the power output defined by the turbine power curve. Energy yield from the turbine

can be expressed as:
N
E=> Pw(U,)(At) (37)
t=1

Four of the sites selected for potential turbine installation are mostly close to the shorelines and
are flat surfaces. The error in the estimation of wind speed will be negligible, since the measurements
are performed at a height of 34 m AGL.

To further analyze the wind characteristics, a wind resource grid was drawn using WAsP
software. To find the wind resource grid, the map of Kadavu was first digitized. The digitized wind
resource map showing the wind power density is shown in Figure 19. As an effect of some hilly and
mountainous regions in Kadavu, the map shows them as the contours of very high wind power
density. Also most of the area in Kadavu in covered with thick vegetation. The range of most of the
WPDs for the map ranged between 6 W/m* and 200 W/m® but the peak was 462 W/m®. Five potential
sites were chosen for wind turbine installation for further analysis. The annual energy production (AEP)
was calculated for each selected site and the results are shown in Table 8.

The range of the AEP for the 5 sites was estimated to be between 402.45 MW to 635.54 MW.
The total AEP of the Kadavu site for one year was calculated to be 2415.155 MW. The capacity
factor for the 5 turbines was averaged and the value of 20.05% was obtained. The capacity factor is
the generated AEP over the expected AEP for the wind farm. The wake loss for all the turbines is 0%,
as they are not located close to each other or in the wake of other turbine(s). The range of the power
densities obtained were ranging between 160 W/m?” and 278 W/m®.
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Figure 19. High resolution wind power density map of Kadavu. The numbers 1-5
indicate the location of preferred installation sites for the turbines.

652000

Table 8. AEP from five Vergnet 275 kW turbines at the Kadavu at 50 m AGL.

Turbine Location [m]

Site

1 (652200, -2097200)
2 (649996.6, —2101386)
3 (648450, —2098900)
4 (647877, -2095900)

5 (646138, —2095900)

Power Density Net AEP

(W/m?)
278
173
160
186
204

[MWh]
635.54
422.631
402.454
451.532
502.998

Capacity Factor
(%)

26.38

17.54

16.71

18.74

20.88

5.11.  Economic analysis

Using the following assumptions and Eq (38), the economic analysis for the site was carried out:

All amounts are in USS.

The interest rate (r) is 12%.
The inflation rate (i) is 3%.

AIMS Energy

It is assumed that the turbine lifetime (T) is 20 years.
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e Operational, maintenance and repair costs (Con) are considered to be 25% of the annual cost of
the turbine (machine price/lifetime).
e Scrap value (S) is taken as 10% of the cost of turbine and civil work.
e Investment (I) includes the cost of turbine plus its transportation cost to Fiji and cost of the civil
work with costs associated with grid integration.

The present value of cost (PVC) is expressed by the following equation:

PVC=1+C, [%}{1 - G%)T } _s G%j (38)

The PVC using Eq (38) is US$675,647. In obtaining the PVC, the Investment cost calculated
was US$615,000 for installing the Vergnet 275 kW wind turbine in Fiji (including US$35,000
transport cost to Fiji), Comr was US$7,687.50 and Scrap Value calculated was US$58,000.

The average energy production is 489.31 MWh for a single turbine from the 5 turbines. The
period for the maintenance has been neglected. The price of electricity in Fiji is FJ$0.331/kWh
(charge/unit) for the domestic use and FJ$0.418/kWh (charge/unit) for the industrial use which are
US$0.16/kWh and US$0.20/kWh respectively. The production of each unit of electricity using the
wind turbine will cost US$0.07/kWh. To calculate the production cost the average energy produced
multiplied by the assumed lifetime of the wind turbine divided from the PVC:

Production Cost = US$675,647/(20years x 489.31 MWh)
=US$0.07/kWh

The total cost recovered in one year will be between US$77,284.96 and US$96,606.20 which is
by using the stated cost of electricity by EFL. In 20 years, between US$870,052.30 and
US$1,256,477 profit will be made after recovering the PVC of US$675,647. It will take between 6.99
and 8.74 years to recover the full PVC. To reduce the cost of electricity and making the environment
pollution-free, the use of wind energy in combination with other environmental friendly sources of
energy like solar and hydro should be incorporated.

5.12.  Wind Energy Grid Connection

The wind turbines are usually connected to the grid using the transformer and the substation.
For safety measures, circuit breakers are utilized. To avoid huge losses by low voltage lines, the
transformers are usually placed near the turbines. There are different types of losses occurring in the
wind energy generation which are no load loss, substation loss which are from lighting and heating,
for the transformer loss which includes copper losses and also the transmission cable loss. The total
loss for a grid-connected wind turbine, as stated by Szafron [36], is 1-2%. The computed price,
accounting for the losses, ranges between US$0.0706/kWh and US$0.071/kWh. In the generation the
standards which are normally utilized by Energy Fiji limited is the frequency of 50 Hz and the
substations are 11 kV while the transformers for step down for industrial use is 11 kV/415 V three
phase while for domestic use is 240 V.
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6. Conclusions

A detailed wind resource assessment is carried out from 18 months of measurements for a site
in the islands of Kadavu, Fiji Islands. The daily, monthly and seasonal average wind speeds were
obtained. The average turbulence intensity for a typical day was 28.87% at a height of 34 m AGL.
The Weibull parameters were calculated using ten different methods and a comparison of the
performance of these methods was done to find the best method. It was found that the MO was the
best method for finding the Weibull parameters for the entire duration of measurements. For the
seasonal data analysis the best Weibull method for the summer season was MML, while it was the
MQ method for the winter season. From the analysis, it can said that different methods are suitable
for different sites as well as seasons. The overall average wind speed from the measurements was
3.63 m/s. However, the seasonal wind speed showed a larger difference. The effects of temperature
variation was also shown on the diurnal of wind shear coefficients. The overall WPD using the
Moments Method was found to be 45.88 W/m®. An economic analysis was also carried out with five
Vergnet 275 kW wind turbines and the AEP and payback periods were estimated. The five sites for
the turbines were based on high wind speed and wind power density. The average AEP for the five
turbines was 483.31 MWh. Finally the payback period for installing the wind turbines were
estimated to be between 6.99 and 8.74 years.
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