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Abstract

Wind energy resource assessments for Pentecost Island and Epi Island in Vanuatu were carried

out using one year of wind data. The wind data were used to calculate the daily average wind

speed, diurnal variation of wind speed and monthly average wind speed. The diurnal variation of

wind shear coefficient of the site was also studied and it correlated well with the temperature

variation. Ten methods were used to determine the Weibull parameters and the wind power

density of the site. The best method was determined using the goodness of fit test/error where

the correlation coefficient, coefficient of efficiency, root mean square error, maximum absolute

error and maximum absolute percentage error for the 10 methods were compared. It was found

that the moments method was the best method for obtaining the shape parameter (k), the scale

parameter (A) and the correct wind power density for the Pentecost Island site, whereas for the

Epi site, the median and quartiles method performed the best. The mean wind speed for the

Pentecost site was 5.60m/s, while that for the Epi site was 5.86m/s. The Weibull parameters

were also estimated for the two seasons for both the islands. The wind resource maps showing the

wind power density were also obtained. The annual energy production from 10 Vergnet 275 kW

wind turbines, positioned at good locations on the digital wind map, was estimated. Finally, an

economic analysis of the turbines was carried out, which indicated a payback period of 4.85 years.
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Introduction

Vanuatu is a Pacific Island country consisting of about 80 islands in a Y-shaped chain. The

land area of Vanuatu is about 12,200 square kilometres with a population of around

234,000. The islands are of coral and volcanic origin with some islands still having active

volcanoes. Most of the islands have dense forests which are well watered with mountainous

peaks. The climate in Vanuatu is tropical with temperatures varying between 23–33�C.
There is substantial amount of rain with humidity averaging about 74%. Winds are variable

throughout the year with high possibilities of tropical cyclones (Gale, 2018). The wind

resource assessment presented in this paper is for Pentecost Island and Epi Island in

Vanuatu. The geography of Pentecost Island is mountainous stretching from north to

south over 60 km with the highest point reaching almost 947 km, which is Mount

Vulmat. The western side of the island is mostly temperate, whereas the eastern side of

the island is humid and rainy. The island is suited for agriculture since it is very green

(Brand, 1967). The Epi Island is of volcanic origin, which is approximately 833m above

ground level (AGL). The Island stretches 43 km long, 18 km wide and has black volcanic

sand beaches, three fresh water lakes and few volcanoes (Brand, 1967).
The increase in pollution, energy consumption and exploitation of limited fossil fuel

resources have driven scientists and engineers to search for better, cleaner and renewable

sources of energy that can be used as a substitute to fossil fuels, which have hazardous

effects on the atmosphere. The use of fossil fuels has contributed and played a major role in

the depletion of the ozone layer resulting in global warming. The global warming seems to

be the major cause of sea-level rise in pacific island countries due to the shrinkage of polar

ice caps.
Wind energy is a fast developing technology compared to other renewable energy tech-

nologies. The advantages of wind and solar energies over fossil fuels are that they are clean

energy sources. The countries in the South Pacific face a major threat due to climate change.

Over the years, the major contributor to climate change is global warming. Global warming

is caused by greenhouse gases such as carbon dioxide. This gas consumes sunlight which

bounces back from the earth’s surface and stays for longer periods of time in the atmosphere

contributing to greenhouse effect. Over the years, the use of fossil fuels has increased con-

tributing to a higher emission of greenhouse gases. The pacific island countries are the worst

affected because they are surrounded by the sea and many of them have low-lying atolls.

The increase in harsh environmental conditions and rising sea levels has motivated increased

investment in the feasibility studies of renewable energy technologies. These studies could

help to exploit the renewable sources of energy and decrease the import of fossil fuels to the

Pacific in the future. This can contribute to 100% clean energy sources with less hazardous

impacts on the atmosphere (Prasad et al., 2017). The renewable energy power generation

target for most of the pacific island countries is 100% by 2020–2030. As of now, Vanuatu

generates about 26% of its power from renewable sources. Vanuatu has already installed

wind farms and plans to further increase the power generation with wind turbines.
To decide the locations for installing the wind turbines, a detailed wind resource assess-

ment needs to be carried out. Accurate wind resource assessment requires the knowledge of

exact Weibull parameters at the measurement locations with the help of which the exact

wind power density (WPD) can be estimated. This will help in the estimation of accurate

annual energy production (AEP) from the proposed turbines. To find the accurate Weibull
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parameters, a number of methods have been proposed and tried at different locations all
over the world.

Researchers have been actively involved in wind resource assessment studies to find the
accurate AEP at the measurement locations that will enable implementation of advanced
designs and modifications to existing renewable technologies. These studies will help to
contribute in the reduction of fossil fuel usage significantly. The world will soon be in an
energy crisis if relevant research is not carried out in the field of renewables (Prasad et al.,
2017). In the area of wind energy, accurate estimation of WPD is crucial. The Weibull
parameters, which are the shape factor (k) and the scale factor (A), are calculated by several
methods and compared to find the WPD. Ozay and Celiktas (2016) used a two-parameter
Weibull statistical distribution to analyse the wind characteristics of Alacati region in Izmir.
They used five and a half years of data for three heights of 70, 50 and 30m AGL, respec-
tively. The data sets were recorded at an interval of 10 min. Using the two-scale parameter
method, they found the average wind speed to be 8.11m/s, the shape parameter (k) was 2.05
and the scale parameter (A) was 9.16. The wind rose diagrams suggested that higher wind
speeds occurred between sectors 340–360�, whereas lower wind speeds occurred between
sectors 10–29�. Saleh et al. (2012) studied the wind data for Zafarana Project in Suez Gulf to
estimate the Weibull parameters using five methods. They used monthly averaged data for
one year. They compared their accuracy based on the root mean square error (RMSE) and
found out that the maximum likelihood method (ML) is best suited for the estimation of
wind speed distribution in the particular region. Seguro and Lambert (2000) compared three
methods for estimating the Weibull parameters: the graphical method, the ML and the
modified maximum likelihood method (MML). They found out that the ML was best to
use if the data were in time-series format, and the MML was best to use if the data were in
frequency distribution format. Akgül et al. (2016) studied the wind speed data provided by
Turkish State Meteorological Service and found that the least squares estimators are less
efficient for estimating Weibull parameters. They also found out that the ML and MML are
best for estimating the Weibull parameters. The distributions in this case were compared by
using the correlation coefficient (R2) and the RMSE. Chang (2011) studied six different
types of numerical methods to estimate Weibull parameters for wind energy application.
The results in this paper showed that the worst method was Graphical method, especially if
the data set was smaller. In their results, Chang (2011) stated that ML would perform the
best followed by MML if the wind speed distribution does not match with the Weibull
function. Azad et al. (2014) from their work concluded that the moments method (MO) gave
the best Weibull parameters out of the four methods that they used for fitting the wind data
for Hatiya Island. Usta (2016) developed a probability weighted MO based on power den-
sity to determine the Weibull parameters. It was seen that this method was much better to
use for wind energy applications than the other methods such as ML, graphical, moments,
power density and probability weighted moments. Baseer et al. (2017) used five years of data
for six sites and one year of data for one site to determine the wind characteristics in Jubail,
Saudi Arabia. The goodness of fit was compared using the correlation coefficient (R2) and
the RMSE. It was found that the ML performed the best for estimation of Weibull param-
eters. In a recent work, Liu et al. (2018) carried out the wind resource assessment for Beijing
using long-term data and used the wind atlas analysis and application programme (WAsP)
model. They did not compare the Weibull parameters from different methods. Wind
resource potential for the northwestern Iran was carried out by Bina et al. (2018), which
included a techno-environmental and economic feasibility analysis. They discussed some
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methods of estimating the Weibull parameters, but used the Empirical method of Justus in
their work. This method was also used by Herrero-Novoa et al. (2017) for studying the wind
characteristics and power density in northern Spain. Nine different methods of estimating
Weibull parameters were employed by Chaurasiya et al. (2018) for the wind data at
Kayathar in India. They found that, at 80m, the best method to evaluate k and A is the
MML method, while at 100m height, the ML method gave more suitable results.

Thus, it is clear that many previous researchers employed only one method of finding the
Weibull parameters, some others used more than one method. The present work involves
estimation of accurate Weibull parameters using 10 different methods of finding Weibull
parameters and five different goodness of fit/error estimation methods. The previous works
presented above have not used 10 methods and found the best method that gives the most
accurate Weibull parameters and WPD. The present work also involves detailed analysis of
windcharacteristics including estimationofdiurnal variationofwind shear coefficient fromthe
entire data, diurnal variation of temperature, the correlation between them for two different
locations and estimation of turbulence intensities.Moreover, the data are divided according to
the seasons in Vanuatu, and seasonal variation of wind speed and direction as well estimation
of seasonal Weibull parameters are unique in this study. An economic analysis is also carried
out which gave the payback period based on the current electricity charges in Vanuatu.

Data and methodology

The detailed wind resource assessment is carried out for two locations in Vanuatu. The data
were acquired using Integrated Renewable Energy Resource Assessment Systems (IRERAS)
that consisted of 34-m tall towers and different instruments and sensors. The details of the
instruments and sensors, the locations of measurements, the data modelling using Weibull
distribution and the methods used for estimating Weibull parameters, the performance
analysis of different methods and the validation of data are presented in the following
subsections.

Method

Two IRERAS towers were installed at the two sites that are being studied to measure the
wind data. The tower is a 34-m tall NRG systems tower that is hinged to a base plate which
is supported by a gin pole and guy wires. There are several sensors in the IRERAS tower
that measure wind speed, solar insolation, wind direction, barometric pressure, temperature,
relative humidity and rainfall. The measured data are collected in a NRG SymphoniePlus
data logger through the use of an SD card. The data are then transferred to the ICT centre
at the University of the South Pacific through the use of a GSM iPack, which is combined
with a SIM card. These data are transferred through a mobile network to the main server.
There are several instruments and sensors integrated with the tower. Cup anemometers are
used for measuring wind speeds at 34m and 20m AGL, respectively. The accuracy of the
anemometers is 0.1m/s ranging from 5–25m/s. A wind vane was used at 30m AGL to
measure the wind direction and was aligned to the true north direction. For measuring
barometric pressure, a barometric pressure sensor was used. A temperature sensor enclosed
in a circular six-plate radiation shield was used to measure accurate temperature. The data
logger is interfaced with a Symphonie Pack system through internet enabled logging system.
Any GSM network of a local internet service provider could send data over as an email

Singh et al. 1807



attachment using a SIM card. There are a total of 15 channels in the data logger which

measure mean values, maximum values, minimum values and the standard deviation of the

data. The data are recorded at a 10-min interval and sent to the main server once a day.

Table 1 below shows the specification of the sensors.
Figure 1 shows the location of the measurement site on the island of Pentecost. The site is

near the village Lebukunvile and is located at 15�41’7.16”S, 168�11’34.83”E. Initial meas-

urements performed at this site indicated good winds, based on which it was decided to

install the Integrated Renewable Energy Resource Assessment System (IRERAS) there.
Figure 2 shows the location of the measurement site on the island of Epi. The site is located

at Paia Hill with the coordinates 16�35’12.17”S, 168�11’51.48”E. Some previous measure-

ments at this location had showed good potential of wind power generation, hence this site

Table 1. Measurement sensor specifications.

Parameter Sensor type Range Accuracy

Wind speed NRG #40 Anemometer 0.4–96.0 m/s 0.1 m/s in the

range 5-25 m/s

Wind direction NRG 200P direction vane 0–360o N/A

Pressure NRG BP-20 barometric

pressure sensor

15.0–115kPa �1.5kPa

Temperature NRG 110S –40�C to 65�C �1.1�C

Figure 1. Location of the measurement site on the map of Pentecost Island in Vanuatu.
Source: Google maps.
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was chosen for the installation of IRERAS and long-term measurements. Both the sites

required clearing the area of trees to reduce surface roughness and to avoid unnatural wind

shear. However, both the sites are not far from the sea (being small islands), hence the wind

speeds are expected to be higher andonly slightly less than the offshorewinds that are normally

high due to low roughness and small friction on the sea surface (Zheng et al., 2016).

Data modelling and estimation of Weibull parameters

The Weibull distribution in probability theory and statistics is the continuous probability

distribution. This distribution model is named after a Swedish mathematician named

Waloddi Weibull. This distribution is used in reliability engineering and also in other

fields due to its relative simplicity and versatility (Akda�g and Güler, 2018). The two-

parameter Weibull distribution expression is given by equation (1) (Patel, 2005)

fðUÞ ¼ k

A

U

A

� �k�1

e�
U
Að Þk (1)

where U is the wind speed, k is the shape factor and A is the scale factor.
There is another form of Weibull distribution which is called the one-parameter Weibull

distribution even though it has two parameters (shape and scale parameters), but in this

case, the shape parameter is assumed to be known beforehand. The Weibull distribution can

be used to model a variety of life behaviours depending on the values of the parameters

(Keyhani et al., 2010).

Figure 2. Location of the measurement site on the map of Epi Island in Vanuatu.
Source: Google maps.

Singh et al. 1809



The study of wind energy is quite complex because random data are recorded at intervals,

therefore it is very important to carry out a detailed statistical analysis. There are several

methods to determine the Weibull parameters. The 10 different methods that were used to

carry out this research are as follows:

• Empirical method of Justus (EMJ)
• Empirical method of Lysen (EML)
• Energy pattern factor method (EPF)
• Maximum likelihood method
• Modified maximum likelihood method
• Median and quartiles method (MQ)
• Moments method
• Least squares fit method (LS)
• WAsP method
• New moments method (NMO)

The statistical data are analysed, and the above methods are used to estimate the shape

factor (k) and the scale factor (A). The goodness of fit test is carried out by comparing the

correlation coefficients (R2) and several error estimation parameters such as RMSE. The

best method of all gives the correct WPD at the site which can be used to calculate the AEP

of the respective site. In conjunction with these estimations, data validation is also a very

important exercise. The anemometers used at 34m height and 20m height have specific

range, and it must be ensured that no statistical data are below the threshold of these sensors

or above the anemometers’ accurate measurements limit. If there is, then the data must be

verified with other statistical data such as wind data from NASA or other sources (Seguro

and Lambert, 2000).

Empirical method of Justus

This is one of the methods that was invented by Justus whereby the shape factor (k) and the

scale factor (A) are computed, respectively, by the following equations (Seguro and

Lambert, 2000)

k ¼ r
�U

� ��1:086

(2)

A ¼ �U=C 1þ 1=kð Þ (3)

Empirical method of Lysen

In this method invented by Lysen, the only difference is that the scale factor (A) is computed

using a different equation as shown below. However, the shape factor (k) computation

remains the same as for the method of Justus (Seguro and Lambert, 2000)

A ¼ �U 0:568þ 0:433=kð Þ�1
k (4)
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Energy pattern factor method

The energy pattern factor method is mostly used for aerodynamic design of the turbine

blades. However, for this method, the calculation for the scale parameter (A) is similar to

that of the Empirical method of Justus. The energy pattern factor and the shape parameter

(k) are computed by the two equations (5) and (6), respectively (Seguro and Lambert, 2000)

Epf ¼
�U3

�Uð Þ3 ¼
C 1þ 3=kð Þ
C 1þ 1=kð Þ3 (5)

k ¼ 1þ 3:69

E2
pf

(6)

Maximum likelihood method

This method is a likelihood function of the statistical data of wind that is most commonly

provided in a time series format. This method requires extensive numerical repetitions to

determine the shape factor (k) and the scale factor (A) for the Weibull function. The shape

and scale factors can be computed by the equations (7) and (8), respectively (Seguro and

Lambert, 2000)

k ¼
Xn

i¼1
Uk

i lnUiXn

i¼1
Uk

i

�
Xn

i¼1
lnUi

n

2
4

3
5
�1

(7)

A ¼ 1

n

Xn
i¼1

ðUiÞk
" #1

k

(8)

Modified maximum likelihood method

The modified MLM is somewhat similar to the ML whereby an extensive number of iter-

ations determine the shape and scale parameters. However, this method can only be applied

if the statistical data available is in the format of a frequency distribution. For this method,

the shape parameter (k) and the scale parameter (A) can be determined by the following

equations (Seguro and Lambert, 2000)

k ¼
Xn

i¼1
Uk

i lnUi f Uið ÞXn

i¼1
Uk

i

�
Xn

i¼1
lnUi f Uið Þ

f U � 0ð Þ

2
4

3
5
�1

(9)

A ¼ 1

f U � 0ð Þ
Xn
i¼1

ðUiÞkf Uið Þ
" #1

k

(10)

Singh et al. 1811



Median and quartiles method

For this method, if the median of wind speed is U and the percentage quartiles at 25% and

75% are equating to the probability of U, which is less than or equal to the percentage

quartiles, then the shape parameter (k) and the scale parameter (A) can be computed by the

following equations (Seguro and Lambert, 2000)

k ¼ ln lnð0:25Þ=lnð0:75Þ½ �
lnðU0:75Þ=U0:25

� 1:573

lnðU0:75Þ=U0:25Þ (11)

A ¼ Um

lnð2Þ1=a
(12)

Moments method

In the MO, the first and the second moments are used by carrying out integration of the

gamma function by carrying out an unbiased estimate of the r’th moment. For this method,

the standard deviation and the mean wind speed must be calculated first. The equation for

calculating this is shown as follows (Aukitino et al., 2017)

r= �U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C 1þ 2

k

� �
C2 1þ 1

k

� �� 1

s
(13)

Then, after some iterations, the shape factor (k) and the scale factor (A) can be calculated

by the equations (14) and (15) (Aukitino et al., 2017)

k ¼ 0:9874

r= �U

� �1:0983

(14)

A ¼
�U

C 1þ 1
k

� � (15)

Least squares fit method

In this method, the cumulative distribution function of the Weibull distribution is trans-

formed into a linear regression, and the shape factor (k) and the scale factor (A) is computed

using the equations (16) and (17) (Chaurasiya et al. 2018)

k ¼
n
Xn

i¼1
UiYi �

Xn

i¼1
Ui

Xn

i¼1
Yi

n
Xn

i¼1
U2

i �
Xn

i¼1
Ui

	 
2
(16)

a ¼ �Y � k �U and A ¼ e
�a
k (17)
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New moments method

For the new MO, the mean and variance describes the dispersion while the skewness
describes the shape of a distribution. The first two moments are the mean and variance
while the third moment is the skewness of the probability distribution curve. The symmetry
of the shape of distribution is known as skewness. The first and second moments are same as
that in the MO while the third moment is a key function in estimating wind power accu-
rately to be suitable for the specified location. The equations for the new moments are
shown below respectively (Usta et al., 2018)

k1 AC 1þ 1
k

� �� �U
� �2 þ k2 A2C 1þ 2

k

� �
� �U2

� �
þ k3 A3C 1þ 3

k

� �
� �U3

� �
(18)

k1 þ k2 þ k3 ¼ 1 (19)

WAsP method

This method used to compute the Weibull parameters is a PC programme used for extensive
data analysis of wind energy resources. This programme is used to simplify rigorous data
sets of wind for a particular site by using meteorological conditions for other reference sites.
The predicted and the reference sites should have similar weather conditions, and the data
sets must be reliable (Bowen and Mortensen, 1996). The ruggedness index is very important
for WAsP analysis. It can be used to identify if the situation is within the recommended
operation of the software. Some of the major characteristics for prediction are the size of the
map, the contour line intervals and the accuracy of the digitized contour lines. The rugged-
ness of the terrain of the reference and the predicted sites must both be closer to 0% (Bowen
and Mortensen, 1996).

The two requirements of the WAsP method are (Solyali et al., 2016):

a. Mean power densities from the fitted Weibull distribution must be same as that of
the observed.

b. Proportion of values greater than the mean observed wind speed from the fitted Weibull
distribution should be same as that for the observed distribution.

Then, the equation would be

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
U3

i

NC 3
k þ 1
� �

vuut
(20)

Then, the cumulative distribution function, which is F(U), would indicate the proportion
of values that are less than U, thus 1-F(U) would give proportion of values that are greater
than U. A symbol Z is defined which represents the proportion of observed wind speeds that
are greater than the mean observed wind speed using the requirements above

1� F Uð Þ ¼ Z (21)
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�UffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
U3

i

NC 3
kþ1ð Þ

3

s
0
BB@

1
CCA

k

¼ �lnðZÞ (22)

Performance analysis of different methods

The goodness of fit of the 10 different methods was estimated to determine the best method

out of all. Some of the values that were compared were the correlation coefficient (R2, the

coefficient of efficiency (COE) (Rocha et al., 2012), the RMSE, the mean absolute error

(MAE) and the mean absolute percentage error (MAPE). The correlation coefficient

(Mohammadi et al., 2016) is widely used in statistics to determine the best fit of curves.

The main purpose of the correlation coefficient is to test for hypotheses by means of other

related information. It explains how well the outcomes of a model are with respect to the

proportion of total variation. Equation (23) shows how the correlation coefficient is computed

R2 ¼ 1�
Xn

t¼1
ðUt � ÛtÞ2Xn

t¼1
ðUt � �UÞ2

2
4

3
5 (23)

where
n¼ number of observations
Ut ¼ actual wind speed
�Ut ¼predicted wind speed at time t.
The COE (Rocha et al., 2012) is used to measure how accurate a predicted model is when

wind speeds are estimated against the actual values. The best result would indicate a higher

value with values ranging from minus infinity to 1. The following equation shows how the

COE is computed (Kaldellis and Zafirakis, 2011)

COE ¼
Xn

t¼1
Ût � �U
� �2

Xn

t¼1
U� �Uð Þ2 (24)

The RMSE is used to determine the accuracy between predicted wind values of the

Weibull function and the observed wind data by comparing the standard deviation of the

differences. As the standard deviation becomes smaller, the RMSE gets closer to zero

(Mohammadi et al., 2016). The equation for calculating the RMSE is shown below

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
t¼1

Ût �Ut

� �2s
(25)

The MAE is the difference between two continuous variables. Low values of MAE

indicate greater accuracy (Willmott and Matsuura, 2005). The equation for computing
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the MAE is

MAE ¼ 1

n

Xn
t¼1

Ût �Ut

�� �� (26)

The MAPE is a measure that expresses an error in percentage so that it is easier for

estimating the accuracy of the particular method. Lower values indicate higher accuracy for

this method (Tofallis, 2015). The equation (27) shows how MAPE is computed

MAPE ¼ 1

n

Xn
i¼1

Ût �Ut

Ut

����
����� 100 (27)

Data validation

In the present work, the Weibull parameters at the potential sites are determined by ana-

lysing the time series data. The statistical data from Pentecost and Epi Islands in Vanuatu

need to be validated and processed for the required output parameters. The steps for wind

data processing are to retrieve raw data file, developing a data validation routine, validating

the data, creating a valid data file and finally processing the data and generating reports. It is

critical to ensure that the data being received are correct by comparing it to the parameters

in the manufacturer’s catalogue. Also, the data being retrieved at the tower station must be

compared with data from neighbouring meteorological centres. There are a few tests that

were carried out for validation check. First, the range test which identifies vague results,

such as the wind speed, is below the offset value of the sensor’s threshold. Also, values that

are greater than the maximum need to be reviewed for correctness. Further, the relational

tests compares values that are acquired from different heights. Finally, the trend test com-

pares the changes in measured values. In the data processing, the range of the wind speed is

offset<Average< 25m/s, the range of the solar radiation is offset<Average< 1300W/m2.

For the barometric average pressure, the range must fall in between 94kPa<Average

< 106kPa, and the average difference in temperature must be greater than 1�C in between

1000 h and 1700 h. The wind speed average change for 1 h must be less than 5m/s, average

change in the temperature in one hour must be less than 5�C, and the barometric pressure

variation in three hours must be less than 1 kPa (Jain, 2016).
After the validation test, the next step is data processing and analysis where the monthly

mean wind speed, seasonal mean, annual mean, diurnal variation of wind speed and tem-

perature are calculated. The various methods of estimating Weibull parameters will be used

to find the shape factor (k) and scale factor (A). The wind resource assessment will be

carried out to find the daily mean, monthly mean, seasonal mean, and diurnal variation

to be used in the Weibull function to obtain the shape factor and scale factor. These

parameters can be obtained using software Excel, software R and WAsP.
The measured data were compared with 10 years of satellite data obtained using the

Merra-2 satellite by NASA. The data were adjusted to match the exact height of the

anemometers located 34m AGL at the two sites using the wind shear coefficient obtained

from our measurements at two heights.
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Results and discussion

Wind speed analysis

It is known that wind speeds are unpredictable and continuously vary with time. For the

sites undertaken in this study, the wind speeds were recorded at 10-min intervals for more

than a year. At least one year data are required to capture the variations in wind speed,
direction, turbulence and shear (Jain, 2016). Then, the daily average wind speeds and

monthly average wind speeds were calculated and plotted. The mean wind speed is calcu-
lated using the following equation

�U ¼ 1

n

Xn
i¼1

Ui (28)

where n is the number of recorded wind speeds and Ui is the wind speed recorded at constant
intervals. Figure 3 shows the average wind speeds recorded for the entire duration of

measurements (October 2012 to November 2013) at the heights of 34m AGL and 20m
AGL for the Pentecost site in Vanuatu. From the results, it is seen that the maximum wind

speed recorded was 11.17m/s on 30 May 2013, and the minimum wind speed recorded was

1.43m/s on 30 March 2013 at 34m AGL. Figure 4 shows the average wind speeds recorded
for the entire duration (June 2012 to November 2013) at 34m AGL and 20m AGL for the

Epi site in Vanuatu. It reveals that the maximum wind speed recorded was 13.87m/s on
16 July 2013, and the minimum wind speed recorded was 1.48m/s on 22 May 2013 for

34m AGL.
Similarly, the monthly averages were calculated for 20m AGL and 34m AGL and are

presented in Figures 5 and 6, respectively. The figures present the varying monthly average

wind speeds, respectively, for the sites Pentecost and Epi at the two heights. It can be seen
that the highest wind speeds for the two heights are recorded in September, whereas the
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Figure 3. Daily average wind speeds for an entire year recorded at 34 m and 20 m AGL for the
Pentecost site.
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lowest wind speeds for the two heights are recorded in April for the Pentecost site. For the

Epi site, the highest wind speeds are recorded in July, whereas the lowest wind speeds are

recorded in April. In Vanuatu, there are normally two seasons being the warmer wet season

and the cooler dry season. The warmer wet season is from November to March with the

average temperature 28�C, whereas the cooler dry season is from April to October with the

average temperature 23�C. From the Figures 5 and 6, it can be observed that the higher

wind speeds are recorded for the cooler months compared to the warmer months.

Wind shear analysis

The wind shear is a meteorological phenomenon that occurs between relatively short dis-

tances and is normally expressed as the difference of wind speeds over the distances. It has a
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Figure 4. Daily average wind speeds for one and a half years recorded at 34 m and 20 m AGL for the
Epi site.
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Figure 5. Monthly average wind speeds recorded at 34 m and 20 m for the Pentecost site.
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very significant effect on the operation of a wind turbine. The wind shear coefficient (/) was

calculated using the power law (McIlveen, 1992)

a ¼
ln U2

U1

	 

ln h2

h1

	 
 (29)

In this study, the two heights, which are 34m and 20m, were used to calculate the wind

shear coefficient for the two sites, and the results of diurnal variation are presented in Figure

7. It shows that the wind shear coefficient is greater at night compared to the day time. This

could possibly be the cause of temperature inversion effect, which measures the change of

atmospheric temperature with altitude. This usually occurs at night time where the air is

cooler near the surface and the warmer air mass is above the cooler air mass disabling any

convection. When the sun rises, the surface is heated up causing the cooler air mass to heat

up causing it to ascend upwards (McIlveen, 1992). It is interesting to note that at around

2 pm, the wind shear is lowest.
Figure 8 shows the diurnal variation of the average temperature recorded near the sur-

face. The lowest average temperature for diurnal variation is found at around 5 am. Then,

the temperature starts to rise at around 7 am and the cold air trapped near the surface starts

to get heated up. At around 1 pm, the highest temperature is recorded. The upward move-

ment of air causes bunching of horizontal wind streamlines upwards resulting in increased

wind speeds just above the previously trapped air. Wind shear is lower for increased wind

speeds, and this is the reason why Figure 7 shows the lowest wind shear between 1 and 2 pm.

Satellite data for the two sites

Figure 9 shows the satellite-based annual variation of the mean wind speed at the Pentecost

site obtained by estimating the wind speed at the same height above sea level as the 34m

AGL anemometer for the years from 2009 to 2018. The data were obtained from satellite

Terra-2 (Blumenfeld, 2019). It can be seen that for the years 2009 and 2015, the wind speeds
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Figure 6. Monthly average wind speeds recorded at 34 m and 20 m for the Epi site.
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Figure 7. Diurnal variation of the wind shear coefficient.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
292

293

294

295

296

297

298

pentecost
epi

Av
er

ag
e 

Te
m

pe
ra

tu
re

 (K
)

Hour of Day

Figure 8. Diurnal variation of the Average temperature in absolute scale.
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Figure 9. Average annual wind speed at 34 m AGL for Pentecost.
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were higher than the measured average wind speed. For the years 2012 and 2013, the annual

average wind speeds are slightly lower than the measured average speed; however, it should

be noted that the measurements were not performed for full year for both the years.
Satellite data were also obtained for Epi and using the wind shear coefficient for the site

estimated from the wind measurements at 34m and 20m, the wind speed data from satellite

Terra-2 (Blumenfeld, 2019) for 50m above sea level was extrapolated to 34m AGL.

Figure 10 shows the annual variation of the wind speed for the Epi site from 2009 to

2018. The average wind speed for the 10 years was 5.962m/s, which was slightly higher

compared to the measured averaged wind speed in of 5.86m/s in 2012 and 2013. Wind

speeds from satellite wind speeds are generally higher compared to the actual measurements.

Turbulence intensity

Turbulence is the measure of the fluctuation in wind speed measured over series of time. It is

usually dissipated by the transformation of kinetic energy into thermal energy by formation

and devastation of smaller eddies. The turbulence intensity is computed using equation (30)

(Aukitino et al., 2017)

TI ¼ ru
�U

(30)

where r is the standard deviation of the wind speed and �U is the average wind speed.
Figure 11 shows the diurnal variation of the turbulence intensity for the entire area in

Pentecost and Epi, which reveals that the turbulence intensity for the Pentecost site fluc-

tuates between the values of 18.72% and 22.47%, whereas the turbulence intensity for the

Epi site fluctuates between 27.63% and 30.93%. It was noted from the data that the greater

heights have lower turbulence since the air flow is smoother with increased heights. Also the

greater turbulence was recorded at the 20m height.
Moreover, the analysis of the diurnal variations of the turbulence intensity on a very

windy day of the year is carried out. Figure 12 shows the turbulence intensity on a very

windy day of the year with the wind speed averaging around 11m/s. For the Pentecost site,
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Figure 10. Average annual wind speed at 34 m AGL for Epi.
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the highest turbulence intensity was recorded at 26.8% while the lowest was 19.3%. For the

Epi site, the highest and the lowest turbulence intensity that were recorded were 34.9% and

27.8%, respectively. The average turbulence intensity calculated was 22.5% and 30.3% for

the sites, respectively.
Similarly, Figure 13 shows the diurnal variations of the turbulence intensity on a less

windy day of the year with the wind speed averaging around 1.5m/s. The highest and lowest

turbulence intensities recorded for the Pentecost site were 59.26% and 14.62%, respectively.

Whereas for the Epi site, the highest and lowest intensities recorded were 67.35% and

14.61%, respectively. The average turbulence intensity for the Pentecost site and the Epi

site was found to be 31.68% and 41.50%, respectively.

Wind direction analysis

The analysis of wind direction is very important to determine from which direction the

wind is predominant and from which direction the maximum energy could be harnessed.
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Figure 11. Diurnal variation of turbulence intensity for the whole year.
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Figure 12. Diurnal variation of turbulence intensity for a windy day.
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Figure 14 shows the WPD rose diagrams for the Pentecost site and the Epi site, respectively.

The WPD rose diagrams present the wind climatic factors at a site better than wind speed

rose diagrams (Zheng et al., 2016). It is clear for the Pentecost site wind rose that the

predominant wind direction is from the southeast at around 44% of the time in an entire

year. On the other hand, the predominant wind direction for the Epi site is also from the

southeast at around 47% of the time in an entire year. Each circle on the graph shows that

the frequency of wind flowing from the direction is 10%.
Figure 15 shows the seasonal direction of wind and the WPD in the form of a WPD rose

plots for the Pentecost site for the winter and summer seasons. During the winter season,

about 44% of the wind comes from the southeast direction and about 20% comes from the

east direction. For the summer season, nearly 57% of the wind comes from the southeast

direction, while about 13% of the wind comes from the eastern direction.
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Figure 13. Diurnal variation of turbulence intensity for a less windy day.

Figure 14. Wind power density rose plots showing frequency of wind received from all directions for
Pentecost (left) and Epi (right).
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The WPD rose plots for the two seasons for the Epi site are shown in Figure 16. It can be

seen that during the winter season, nearly 60% of the wind comes from the southeast

direction, while only about 7% comes from the eastern direction. On the other hand, for

the summer season, about 45% of the wind comes from the southeast direction and about

23% of the wind comes from the eastern direction. Thus, the major contribution to the

easterly winds for the entire duration for the Epi site is during the summer season.
An important factor in wind analysis is the WPD, which is a very important factor for a

good wind turbine design that provides a good capacity factor and is economical for the

nation (Akpinar and Akpinar, 2004). Sometimes, the geographical location and the height

of the turbines relative to ground level and other factors provide larger errors in statistical

analysis, thus some methods are not relevant or acceptable (Dabbaghiyan et al., 2016).
Further, according to previous researchers and also from the works discussed in the

Figure 15. Wind power density rose plots for Pentecost for winter (left) and summer (right).

Figure 16. Wind power density rose plots for Epi for winter (left) and summer (right).
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‘Introduction’, different methods fit better for different locations (Arslan et al., 2014;

Katinas et al., 2017). In this work, the Weibull parameters are estimated using the

10 methods mentioned in ‘Data modelling and estimation of Weibull parameters’

section, and the best method that had the least error compared to the measured data was

used for determining the WPD. The Wind frequency distribution and Weibull distribution

curves obtained from the 10 methods for the Pentecost site are shown in Figure 17.
Table 2 presents the Weibull parameters, k and A (shape and scale parameters), as well as

the measures of goodness of fit and error: the correlation coefficient (R2), COE (Rocha

et al., 2012), RMSE, MAE and MAPE for the Pentecost site. It can be seen from Table 2

that the MO has the second highest R2 value of 0.9964 and the lowest values of RMSE,

MAE and MAPE indicating that this method was the best for estimating the WPD. The

correct WPD was taken to be 145.0918 W/m2:
Figure 18 presents the wind frequency distributions and the Weibull distribution curve

for the Epi site. It can be seen that the frequency distribution is significantly different from

the Pentecost site, with higher frequencies seen on the higher wind speed side. It can be seen

that the scale factor A is higher for the Epi site, resulting in a ‘wider’ distribution curve

compared to the Pentecost site’s Weibull distribution curve.
The goodness of fit test error was also carried out for the Epi site, which is shown in

Table 3, for which the median and quartiles method (MQ) method performed best. The MQ

method had a R2 value of 0.9964, the highest COE and third lowest value of MAE; the

correct WPD was thus taken to be 164.5215 W/m2. Figures 17 and 18 show the relative

frequency distribution in the form of Weibull distribution for the two sites, respectively. It

can be seen for both the sites that winds exceeding 15m/s are not frequent indicating

reduced chances of any catastrophe.
Finally, as discussed earlier that Pentecost Island has only two seasons, which are the

warmer wet season and the cooler dry season. The warmer wet season is from November to

April and the cooler dry season is from May to October. The one-year wind data were

Figure 17. Wind frequency distribution and Weibull distribution curve for the Pentecost site.
MQ: median and quartiles method; MO: moments method; LS: least squares method; ML: maximum like-
lihood method; MML: modified maximum likelihood method; EPF: energy pattern factor method; WAsP:
wind atlas analysis and application programme; NMO: new moments method.
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divided into two seasons as mentioned above. The goodness of fit tests were carried out for

both the seasons to calculate the shape factor (k), the scale factor (A), the mean wind speed

and the correct WPD. The data were also fed into WAsP software to determine the shape

factor (k) and the scale factor (A). The correct shape and scale factor along with the correct

WPD are presented in Table 4.

Estimation of AEP

The estimation of AEP was carried out for both the sites using WAsP software, whereby

Vergnet 275 kW wind turbines were placed in five separate locations on the wind map for

each location. The portions of the wind map that had desired wind speeds from comparison

Figure 18. Wind frequency distributions and Weibull distribution curve for the Epi site.
MQ: median and quartiles method; MO: moments method; LS: least squares method; ML: maximum like-
lihood method; MML: modified maximum likelihood method; EPF: energy pattern factor method; WAsP:
wind atlas analysis and application programme; NMO: new moments method.

Table 2. Goodness of fit test error for Pentecost site, Vanuatu.

Method k A U WPD R2 COE RMSE MAE MAPE

MQ 2.97 6.28 5.61 144.0698 0.9963 1.0055 0.1255 0.0947 2.2139

MO 2.96 6.29 5.61 145.0918 0.9964 0.9944 0.1242 0.0942 2.2117

EMJ 2.96 6.29 5.61 144.9579 0.9964 0.9968 0.1245 0.0944 2.2139

EML 2.96 6.29 5.61 144.9135 0.9964 0.997 0.1244 0.0944 2.2134

LS 3.17 6.39 5.72 148.188 0.9942 1.0748 0.2076 0.1668 3.7363

ML 2.96 6.29 5.61 145.4784 0.9964 0.9934 0.1248 0.0944 2.2178

MML 2.77 6.15 5.47 139.6421 0.9967 0.9472 0.1719 0.1284 3.1223

EPF 2.83 6.3 5.61 148.8638 0.9965 0.9372 0.1381 0.1066 2.3921

WAsP 3.1 6.37 5.70 147.9347 0.9951 1.0453 0.1765 0.1382 3.1414

NMO 3.41 6.73 6.05 202.0995 0.9893 0.5483 0.5816 0.4572 8.7695

MQ: median and quartiles method; MO: moments method; LS: least squares method; ML: maximum likelihood method;

MML: modified maximum likelihood method; EPF: energy pattern factor method; WAsP: wind atlas analysis and application

programme; NMO: new moments method; WPD: wind power density; COE: coefficient of efficiency; RMSE: root mean

square error; MAE: mean absolute error; MAPE: mean absolute percentage error.
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of different methods were chosen. The required calculations were carried out, and the

output was recorded as shown in Tables 5 and 6 for the two sites, respectively.
The specifications of the Vergnet 275 kW wind turbine are very important for consider-

ation in the calculation. The hub height of the turbine used is 32m, the rotor diameter is

32m, the cut-in wind speed is 3.56m/s, the rated wind speed of the turbine is 12.2m/s at a

density of 1.16 kg=m3 and the cut-off wind speed is 25m/s (Vergnet, 2016). The power curve

Table 3. Goodness of fit test error for Epi, Vanuatu.

k A U WPD R2 COE RMSE MAE MAPE

MQ 2.97 6.56 5.86 164.5215 0.9964 1.1401 0.2118 0.1011 3.8851

MO 2.76 6.55 5.83 169.8421 0.9951 1.0101 0.1607 0.1053 3.3372

EMJ 2.77 6.55 5.83 169.5856 0.9952 1.0185 0.1602 0.1002 3.3161

EML 2.77 6.55 5.83 169.5896 0.9952 1.0179 0.1604 0.1009 3.3241

LS 2.37 6.42 5.69 175.9112 0.9889 0.8167 0.3549 0.2999 6.6244

ML 2.74 6.54 5.82 169.1397 0.9949 1.0048 0.1655 0.1114 3.4259

MML 2.52 5.97 5.30 135.0938 0.9931 1.0683 0.562 0.5378 10.8271

EPF 2.72 6.56 5.84 171.5102 0.9944 0.9835 0.1708 0.1249 3.5387

WAsP 2.9 6.6 5.89 169.2609 0.9962 1.0893 0.1818 0.0749 3.4039

NMO 2.51 6.5 5.30 135.0938 0.9931 1.0683 0.562 0.5378 10.8231

MQ: median and quartiles method; MO: moments method; LS: least squares method; ML: maximum likelihood method;

MML: modified maximum likelihood method; EPF: energy pattern factor method; WAsP: wind atlas analysis and application

programme; NMO: new moments method; WPD: wind power density; COE: coefficient of efficiency; RMSE: root mean

square error; MAE: mean absolute error; MAPE: mean absolute percentage error.

Table 4. Weibull parameters, mean wind speed and wind power density for the dry and wet season for
Pentecost and Epi site.

Location/season k A U WPD

Pentecost dry season 3.35 7.14 6.41 202.88

Pentecost wet season 2.58 5.71 5.07 116.76

Epi dry season 3.50 8.16 7.34 298.30

Epi wet season 2.77 6.15 5.47 139.64

WPD: wind power density.

Table 5. AEP for all the five turbines at the Pentecost site.

Turbine location

on Pentecost Location (m)

Power density

(W/m2)

Net AEP

(MWh)

Capacity

factor (%)

Turbine site 001 (199441.9,–1738172.0) 145 367 15

Turbine site 002 (199051.4,–1736726.0) 143 362 15

Turbine site 003 (198848.9,–1735171.0) 140 354 15

Turbine site 004 (198964.6,–1734361.0) 139 352 15

Turbine site 005 (198870.6,–1733927.0) 141 357 15

AEP: annual energy production.
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for this turbine is shown in Figure 19. As mentioned by Capps and Zender (2010), the wind

power is harvested between the cut-in and cut-off wind speeds, which are essentially the

effective winds between which power is generated. The effective wind speeds were recorded

69.4% of the time for Pentecost, while the effective wind speeds were 75.5% of the time for

Epi, indicating clearly that more power can be generated from Epi.
Other wind turbines could have also been used, but there are many reasons why the

above-mentioned wind turbine was chosen. First, it can be lowered down in case of cyclones

or for maintenance works. It has a winch at the base, which makes it easier for lowering. It

usually takes 30 min for each wind turbine. Other turbines were also considered, but it had

taller towers which would give increased AEP, but this does not justify the initial costs and

operation and maintenance costs. Turbines of larger capacities, such as 1 MW, would not be

suitable for smaller countries due to the louder noise and higher vibrations. The hub height

was kept at 32m, and this was almost similar for all other locations as there was not much

significant difference in the results obtained.
Five turbines were placed at separate locations on the map for each site (island) and

analyzed using WAsP software. The results that were obtained were the WPD, the net AEP

and the capacity factor of each of the five wind turbines, presented in Tables 5 and 6. There

was not much difference for the different locations on an island since the turbine heights

AGL were almost the same. Figure 20 shows the wind resource map and the locations of five

turbines on the Pentecost site. The five turbines will generate a total of 1792 MWh of energy

per year. The wind resource map and the locations of five turbines on the Epi island are

shown in Figure 21. The five turbines will produce 2169 MWh of energy per year on this

island. The capacity factor of the wind turbines was also calculated. The capacity factor is a

ratio of the power the wind turbine would produce for an entire year to its rated capacity. In

this case, the capacity factor was 15% for the five turbines at the Pentecost site and varied

from 17% to 19% for the Epi site. The capacity factor would have been improved by

increasing the hub heights for the turbine or if the wind speeds were higher for the site.

The wake loss for all the turbines were 0%.

Figure 19. Power curve for the Vergnet 275kW wind turbine.
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Figure 20. Wind resource map for the Pentecost Island showing the wind power density and the locations
of the five wind turbines.

Table 6. AEP for all the five turbines at the Epi site.

Turbine location

on Epi Location (m)

Power density

(W/m2)

Net AEP

(MWh)

Capacity

factor (%)

Turbine site 001 (201992.5,–1838764.0) 165 418 17

Turbine site 002 (202778.6,–1839746.0) 176 444 18

Turbine site 003 (202704.9,–1841037.0) 182 451 19

Turbine site 004 (203515.6,–1841957.0) 168 420 17

Turbine site 005 (203466.5,–1843407.0) 169 436 18

AEP: annual energy production.
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Economic analysis

The economic analysis of installing the Vergnet 275 kW wind turbine was carried out with
all the amounts in US$ based on the following assumptions (Aries et al., 2018):

• Lifetime (T) of turbine¼ 20 years,
• Interest rate (r)¼ 12%,
• Inflation rate (i)¼ 3%,
• Operation, maintenance and repair works¼ 25% per annual cost of turbine,
• Scrap value¼ 10% of the cost of turbine and civil work,
• Investment (i)¼ cost of the turbineþ cartage costþ grid integration costþ civil work cost.

Figure 21. Wind resource map for the Epi Island showing the wind power density and the locations of the
five wind turbines.
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The equation (31) is used to estimate the present value of costs

PVC ¼ Iþ Comr
1þ i

r� i

� �
1� 1þ i

1þ r

� �T
" #

� S
1þ i

1þ r

� �T

(31)

There are a few factors that need to be considered before the calculation for the PVC is

made based on the assumptions mentioned above. First, the cost of the turbine would be

$660,000.00, which includes the cost of the turbine, the cost of civil work, the cartage cost

and the cost for grid integration. Second, the transportation per cartage cost of the turbine is

$80,000. Then, if the inflation rate is 3%, the interest rate is 12% and the scrap value is at

10% of the total cost of the turbine, and the operation maintenance and repair cost of the

turbine came to $7,250.00. Finally, using the equation (31), the PVC of the turbine would be

$726,338.00. The average AEP of each wind turbine is 396.1 MWh. The current electricity

rate for Vanuatu stands at $0.47/kWh. Then, it would give an average saving of $149,850.00

per turbine per year with a payback period of 4.85 years. Thus, this is a great investment for

a small island nation that relies heavily on fossil fuels for energy production.

Conclusion

Wind energy resource assessments for Pentecost and Epi Islands in Vanuatu were carried

out. Both the sites have good wind speeds at 34m AGL. The diurnal variation of wind shear

coefficient showed a good correlation with the diurnal average temperature variation. On a

typical windy day, the average turbulence intensity was 22.5% at 34m AGL, while on a less

windy day, the average turbulence intensity was found to be 31.68%. The wind energy rose

diagrams showed that the predominant wind direction was from the southeast for both the

Pentecost and the Epi sites. The goodness of fit tests were carried out for the 10 methods

used to estimate the Weibull parameters k and A. The best method for calculating the

Weibull parameters for the Pentecost site was the MO, which gave a WPD of 145.0918

W/m2, whereas the median and quartiles method (MQ) was found to be the best method for

the Epi site, which gave a WPD of 164.52 W/m2. The Weibull parameters were also deter-

mined for the warmer wet season and the cooler dry season. The resource assessment of

wind carried out in this research is very important since it can be used to find the potential

locations where wind turbines can be installed. Potential locations can have wind turbines

with a good capacity factor that can produce optimum energy. This could reduce the import

of fossil fuels for energy production and is also economical. The AEP calculation showed

that the average AEP from a turbine is 396.1 MWh with the total AEP of all 10 turbines

(five for each site) being 3961 MWh for the entire year. With current electricity rate of

Vanuatu being US$0.47, the average saving came to around US$149,850.00 with a payback

period of 4.85 years, which is a very good investment for a smaller island nation, as it will

considerably reduce their fossil fuel imports and improve the economy.
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Akgül FG, Şeno�glu B and Arslan T (2016) An alternative distribution to Weibull for modeling the

wind speed data: Inverse Weibull distribution. Energy Conversion and Management 114: 234–240.
Akpinar EK and Akpinar S (2004) An analysis of the wind energy potential of Elazig, Turkey.

International Journal of Green Energy 1: 193–207.
Aries N, Boudia SM and Ounis H (2018) Deep assessment of wind speed distribution models: A case

study of four sites in Algeria. Energy Conversion and Management 155: 78–90.
Arslan T, Bulut YM and Yavuz AA (2014) Comparative study of numerical methods for determining

Weibull parameters for wind energy potential. Renewable and Sustainable Energy Reviews 40: 820–825.
Aukitino T, Khan M and Ahmed MR (2017) Wind energy resource assessment for Kiribati with a

comparison of different methods of determining Weibull parameters. Energy Conversion and

Management 151: 641–660.
Azad AK, Rasul M, Alam M, et al. (2014) Analysis of wind energy conversion system using Weibull

distribution. Procedia Engineering 90: 725–732.
Baseer MA, Meyer JP, Rehman S, et al. (2017) Wind power characteristics of seven data collection

sites in Jubail, Saudi Arabia using Weibull parameters. Renewable Energy 102: 35–49.
Bina SM, Jalilinasrabady S, Fujii H, et al. (2018) A comprehensive approach for wind power plant

potential assessment, application to northwestern Iran. Energy 164: 344–358.
Blumenfeld J (2019) Terra: The hardest working satellite in Earth orbit. Available at: https://earth

data.nasa.gov/terra-completes-100-000-orbits. (accessed 28 June 2019).
Bowen AJ and Mortensen NG (1996) Exploring the limits of WAsP the wind atlas analysis and

application program. In: 1996 European Wind Energy Conference and Exhibition, pp. 584–587.

Richardson, TX: HS Stephens & Associates.
Brand DD (1967) The Pacific Basin: A History of Its Geographical Explorations. New York, NY: The

American Geographical Society.
Capps SB and Zender CS (2010) Estimated global ocean wind power potential from QuikSCAT

observations, accounting for turbine characteristics and siting. Journal of Geophysical Research

115: 1–13.
Chang TP (2011) Performance comparison of six numerical methods in estimating Weibull parameters

for wind energy application. Applied Energy 88: 272–282.
Chaurasiya PK, Ahmed S and Warudkar V (2018) Comparative analysis of Weibull parameters for

wind data measured from met-mast and remote sensing techniques. Renewable Energy

115: 1153–1165.
Dabbaghiyan A, Fazelpour F, Abnavi MD, et al. (2016) Evaluation of wind energy potential in

province of Bushehr. Iran. Renewable and Sustainable Energy Reviews 55: 455–466.
Gale T (2018) Vanuatu facts, information, pictures. Available at: www.encyclopedia.com/places/aus

tralia-and-oceania/pacific-islands-political-geography/vanuatu#LOCATION_SIZE_AND_

EXTENT. (accessed 16 January 2018).

Singh et al. 1831

https://orcid.org/0000-0002-3514-1327
https://orcid.org/0000-0002-3514-1327
https://earthdata.nasa.gov/terra-completes-100-000-orbits
https://earthdata.nasa.gov/terra-completes-100-000-orbits
http://www.encyclopedia.com/places/australia-and-oceania/pacific-islands-political-geography/vanuatu#LOCATION_SIZE_AND_EXTENT
http://www.encyclopedia.com/places/australia-and-oceania/pacific-islands-political-geography/vanuatu#LOCATION_SIZE_AND_EXTENT
http://www.encyclopedia.com/places/australia-and-oceania/pacific-islands-political-geography/vanuatu#LOCATION_SIZE_AND_EXTENT
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Appendix

Notation

A= scale factor, m/s
AGL= above ground level, m
COE= coefficient of efficiency
EMJ= empirical method of Justus
EML= empirical method of Lysen
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
MQ= median and quartiles method
NMO= new moments method
n= number of observations
RMSE=root mean square error, m/s
a= wind shear coefficient
TI= turbulence intensity, %
U= wind speed, m/s
�U= average wind speed, m/s
Um= median wind speed, m/s
WAsP= wind atlas analysis and application program
WPD= wind power density, W/m2

A= wind shear coefficient
C= gamma function
r= standard deviation of wind speed, m/s
Ut= actual wind speed
�Ut= predicted wind speed at time t
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