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A B S T R A C T

Wind energy resource assessments at two locations in Kiribati are carried out. The wind resource on the main
atoll of Tarawa is analysed along with a nearby atoll Abaiang. Measurements of wind speed, direction, ambient
temperature and pressure were performed and analysed. The Tarawa site has an average wind speed of 5.355 m/
s at 34 m above ground level (AGL) and the Abaiang site has an average wind speed of 5.4575 m/s at 34 m AGL.
The wind direction for both the sites is predominantly East-North-East. Average diurnal wind shear coefficient
correlated well with the variation in temperature. The overall average turbulence intensity was about 10% at
34 m and about 13% at 20 m AGL for both the sites. The Weibull parameters were obtained for both the sites
using seven methods and the most accurate method, which was found to be the Moments method, was used to
find the Weibull parameters and the wind power density. The Weibull parameters were also obtained for the two
seasons of Kiribati – the dry and the wet seasons. A high resolution wind resource map of both the sites is
obtained using Wind Atlas Analysis and Application Program (WAsP). The WAsP analysis indicates reasonably
good wind power development potential for the Tarawa and Abaiang atolls. Annual energy production with five
Vergnet 275 kW turbines for both the locations is estimated and an economic analysis is performed, which
showed a payback period of 5.42 years to 8.74 years.

1. Introduction

Kiribati is an island republic, located almost at the equator in the
central Pacific Ocean. Encompassing three groups of islands, Kiribati is
a small nation of land area 811 km2; however, the country has a total of
33 atolls that cover 3.5 million km2 of the ocean. The total population
of Kiribati is about 110,000 and is facing a serious threat from rising sea
level, as most of the land in Kiribati is less than 2 m above sea level. The
isolated location of the Kiribati islands prevents tourism from flour-
ishing and the country becoming a major business hub, although the
weather is quite good.

The country generates most of its power from diesel generators. The
first national energy resource assessment for Kiribati was carried out in
2004 where the possible applications of renewable energy technologies,
based on the potential of different renewable energy resources avail-
able, were considered [1]. Solar and wind energies were found to have
potential in Kiribati. A research by Tarakia [2] in one of the islands
confirmed that there is indeed good potential for solar and wind en-
ergies with an annual wind energy output of 48018 kWh from a PGE
20/25 wind turbine (25 kW).

As climate change became a pressing issue around the globe, lots of
research work dealing with the assessment of renewable energy re-
sources is being done around the world. Confronting and responding to
climate change is one of the foremost issues of our time especially for
small islands nations like Kiribati. Utilization of renewable energy will
lead to its sustainable development, as it will reduce the heavy de-
pendence on imported fossil fuels which is the major import [1].

The wind energy resource is poorly understood in Kiribati and re-
source survey is needed to be carried out before any investment in wind
power generation can be made [1].

Despite the ever increasing interest in wind energy, its uncertain
nature makes the estimation of wind energy the most difficult and
crucial part of wind energy development. Concerning the importance of
identifying the potential for wind, it was recognized that the measured
data is considered ideal for assessment otherwise the satellite wind data
could be used as an option for regions where year-long time series data
is unavailable [3].

The fact that wind energy has been proven matured in terms of
current technology makes the methods and modeling tools for pre-
dicting the potential for wind well understood [4]. For simple terrain
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topography places like Kiribati, existing analysis tools could assess the
potential with minimal uncertainties.

2. Background

The assessments of wind potential in the literature were funda-
mentally done by analyzing the wind data. There have been numerous
studies to assess the potential for wind energy at specific locations.
Adaramola et al. [5] studied the annual and seasonal wind speed
characteristics and Weibull parameters at a height of 12 m along the
coast of Ghana. The annual wind speeds at the measurement sites were
in the range of 3.88 m/s to 5.30 m/s. They concluded that wind tur-
bines with cut-in wind speeds of less than 3 m/s and rated wind speed
of 9–11 m/s will be appropriate for wind energy development along the
coast of Ghana. Tizpar et al. [6] statistically analyzed the wind power
potential at Mil-E Nader, Iran, based on 10 min measurements at three
heights of 10 m, 30 m and 40 m; the eighteen months average wind
speed at 30 m height was 6.84 m/s. They estimated the wind shear
coefficient and also the turbulence intensities at the three heights. They
obtained different Weibull parameters at the three different heights
Boudia and Guerri [7] investigated the wind power potential at the
coast in the north-west of Algeria by measuring the wind at a height of
10 m above ground level at three sites and analyzing with the Wind
Atlas Analysis and Application Program (WAsP), which is now an in-
dustry standard tool for wind resource assessment [8]. They estimated
the seasonal as well as annual Weibull parameters. They generated the
resource grid for mean wind speed, estimated the annual energy pro-
duction and also carried out a cost analysis of installing different wind
turbines at those sites. Carrasco-Díaz et al. [9] performed an assessment
of wind power potential along the coast of Tamaulipas in Mexico. Mean
wind intensity field and the corresponding mean power density were
modeled using WAsP.

Shu et al. [10] analyzed the wind characteristics and wind energy
potential in Hong Kong statistically. Measurements were made at five
locations that ranged in height from 74 m to 966 m above mean sea
level. The mean wind speeds varied from 2.55 m/s to 9.04 m/s. They
studied the monthly variation of wind speed and compared the monthly
as well as seasonal Weibull probability density function distributions.
They used three methods for obtaining Weibull parameters: the mo-
ments method, the maximum likelihood method and the power density
method. Baseer et al. [11] studied the wind speed and power char-
acteristics for Jubail industrial study in Saudi Arabia with the help of
measured wind speed data at three heights above ground level. The
local wind shear coefficient at three heights was studied in detail in-
cluding its diurnal variation. For heights of 10 m and 50 m, the wind
shear coefficient varied from 0.12 to 0.38. They obtained the Weibull

parameters using maximum likelihood method. A preliminary assess-
ment of wind power potential for the coastal region of Bheemuni-
patnam based on the wind data at a height of 10 m collected from NASA
website was performed by Murthy and Rahi [12]. They extrapolated the
wind speeds to heights of up to 150 m from the power law. They also
obtained the Weibull probability functions at heights of 10 m to 150 m.
The mean wind speed was 4.74 m/s at 10 m above ground level and
was estimated to be 6.98 m/s at a height of 150 m. Solyali et al. [13]
did a technical assessment of wind power potential for a site in northern
Cyprus. The mean wind speed at a height of 30 m above ground level
was in the range of 2.6–4.6 m/s at the six sites. Weibull parameters
were obtained using the maximum likelihood method, least squares
method and WAsP. The WAsP method had the highest R2 (coefficient of
determination) value. Using power law, they estimated the wind speeds
at heights of 50 m, 80 m and 90 m. Goh et al. [14] assessed the wind
energy potential in Malaysia based on the prediction of wind using
Mycielski algorithm and K-mean clustering. They analyzed the pre-
dicted results using Weibull analysis to obtain the most probable wind
speed. Weibull parameters were obtained for different years and the
frequency distribution was compared using different methods. Asthine
et al. [15] carried out an assessment of wind energy potential over
Ontario and Great lakes in Canada for small wind turbine hub heights of
10 m and 30 m. The studied the stability of atmospheric boundary layer
in summer and winter seasons. Li and Li [16] examined in detail the
wind characteristics for the Waterloo region in Canada based on mea-
sured data at an elevation of 10 m above the ground level. They carried
out a statistical analysis of the monthly as well seasonal wind speed
distributions.

Fazelpour et al. [17] studied the wind energy potential at four lo-
cations in Iran. They carried out a detailed investigation of the Weibull
parameters in different months and compared the R2 value and a
comparison of errors. During the recent years, there has been a sig-
nificant increase in the assessment of wind energy resource with in-
creased focus on comparison of Weibull parameters obtained using
different methods. Wang et al. [18] carried out a detailed investigation
of wind speed probability distribution and assessed the wind energy
resource at four places in China. Mohammadi et al. [19] obtained the
Weibull parameters using different methods and computed the power
density at four stations in Alberta province of Canada.

Kumar and Prasad [20] carried out a wind resource analysis of the
two major islands in Fiji using WAsP and compared the NASA data with
measured data. Sharma and Ahmed [21] carried out wind resource
assessment on the main island Tongatapu of Tonga using WAsP. An
average wind speed of 4.5 m/s was measured at a height of 34 m above
ground level. They also estimated the annual energy production for the
site with the Bonus 300 kW Mk III wind turbine. Sharma and Ahmed

Nomenclature

A scale factor, m/s
AEP annual energy production
AGL above ground level
Comr operational maintenance/repair costs
COE coefficient of efficiency
EPF energy pattern factor method
i inflation rate
I investment
IRERAS integrated renewable energy assessment system
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 moments and quartiles method
N number of observations
PVC present value of costs
r interest rate,%
RMSE root mean square error, m/s
S scrap value
t lifetime of the turbine, years
TI turbulence intensity, %
U mean wind speed, m/s
Um median wind speed, m/s
WAsP wind atlas analysis and application program
WPD wind power density, W/m2

α wind shear coefficient
Γ gamma function
σ standard deviation of wind speed, m/s
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[22] measured the wind speed and direction at two locations on the
main island and a southern island of Fiji at two heights of 34 m and
20 m and carried out the wind energy resource assessment using WAsP.
For the Suva location, the mean wind speed at 34 m above ground level
was found to be 6.38 m/s and for the Kadavu island, it was 3.88 m/s.
They also estimated the annual energy production for a number of sites
in the wind resource grid that was created around the sites. An annual
production of 400–500 MWh was estimated for Suva, while an average
annual production of 650 MWh was estimated for Kadavu.

Detailed assessment of wind resource is important in the Pacific
Island Countries (PICs) before making a decision of investing in one or
more wind turbines. Lack of accurate data [4] was found to be one of
the constraints in the assessment and should be avoided in order to
prevent misleading potential estimates. WAsP software has the cap-
ability to predict wind climate and power production based on the
currently available wind turbines in the market which makes it ad-
vantageous for modeling wind energy. The Weibull distribution that is
widely used in wind analysis and assessment is also part of the analysis
incorporated in the WAsP program.

Kiribati spends a significant part of its Gross Domestic Product on
purchasing fossil fuels and most of its power is produced with diesel
generators, costing nearly US$0.5 per kWh [23]. The Kiribati govern-
ment plans to generate about 50% of its electricity from renewable
sources by 2025 [24] which will help the country to prosper [1]. Kal-
dellis and Zafirakis [25] mentioned that gradual adoption of wind en-
ergy by developing nations and their ability to replace fossil fuel with
renewable sources is important for their development. While solar en-
ergy is one of the main renewable energy sources in the PICs, it has
limitations of availability, where cloudy conditions are common. Partly
cloudy conditions dominate the weather patterns in the PICs [1]. Uti-
lization of wind energy is now in the short-term plans of PICs with two
of the countries Fiji and Vanuatu already installing wind turbines (wind
farms) of capacity 10 MW and 3 MW respectively [26,27]. Vergnet
275 kW turbines were installed in both the wind farms.

The atolls of Kiribati are normally considered as equatorial calms or
the doldrums, with frequent light breezes, showers and thunderstorms.
In this region, the NE and SE trade winds converge, as shown in Fig. 1,
and high temperatures and low pressures predominate. The equatorial
calms or doldrums are because of the low pressure that surrounds the
earth in the equatorial zone; this is due to the overheating of the earth
in this region. There is a strong convection flow present in this region
that causes the warm air to rise. The adiabatic cooling in the afternoon
results in afternoon showers particularly during the days of high tem-
perature. Small temperature and pressure differences exist close to the
equator and hence wind speeds are generally light and vary in a small
range [28]. In this background, it is very important to carry out a de-
tailed assessment of wind energy potential in this part of Kiribati. It was
thought that it will be a very interesting study, as winds are not ex-
pected to be strong in this region which is located almost at the equator.
Also, no such study has been reported in the past in the capital of
Kiribati, where most of the population is concentrated.

Fig. 2 displays a summary of the annual energy and power gen-
eration for some of the small PICs [23]. The installed capacity is way
too small for these countries compared to large developed countries.
The smallest installed capacity is for Niue with 2.1 MW of power. Kir-
ibati has an installed capacity of 7 MW of power out of which 6.5 MW is
from diesel generators. Kiribati has the highest population among these
countries with nearly 107,000 people; however, the installed capacity is
significantly less than Marshall Islands and Palau that have populations
much less than Kiribati. The energy generation per capita for Kiribati is
196 kWh per capita for the year 2016 according to the Public Utilities
Board of Kiribati.

In Kiribati, a wind resource assessment is needed because of the lack
of measured data [1]. The assessment that was done in [2], used the
NASA wind data, and found that there is a potential for wind in Arorae,
one of the islands in the far-east of Kiribati. The results were questioned

in [3], which emphasized that the measured data are better for the
assessment of wind energy potential. In the present work, a wind re-
source assessment is carried out at two selected sites on the atolls
Tarawa and Abaiang in Kiribati based on thirteen months and fifteen
months respectively of measured data of wind speeds at 20 m and 34 m
above ground level and wind direction. The ambient temperatures and
atmospheric pressures were also recorded.

3. Wind measurement sites

In consultation with the Energy Planning Unit of the Ministry of
Public Works and Utilities of Kiribati, two best possible locations for
wind monitoring were selected based on the populations, energy de-
mand and availability of land. These locations are on the atolls of
Tarawa and Abaiang. Tarawa which is the capital of Kiribati and home
to over 50,000 people is located just above the equator at latitude 1° 26′
North and longitude of 173° 00′ East. On the other hand, Abaiang has a
population of over 5000 and is located 1° 50′ North and longitude of
172° 57′ East. Fig. 3 shows the location of the Tarawa wind measure-
ment site on the map. The site is located about 30 m from the shoreline.
The topography of the atoll is mostly flat terrain with only few vege-
tation types mainly coconut trees. The area of Tarawa is 500 km2. The
measurement period was from September 2012 to September 2013 for
this site. The parameters that were measured are described in Section 4.

Fig. 4 shows the location of the wind measurement site on the
Abaiang atoll on the Google map. The measurement site is about 30 m
away from the shoreline. Like Tarawa, the topography of Abaiang is
also mostly flat terrain. The total land area of Abaiang is 17.48 km2.
The measurement period was from September 2012 to November 2013
for this site.

4. Measurement towers and instrumentation

Two Integrated Renewable Energy Resource Assessment Systems
(IRERAS) were used in the present measurements – one at Tarawa and
the other at Abaiang. Each IRERAS is a 34 m tall NRG Systems tower
that is hinged onto the base-plate and supported and balanced by guy-
wires and gin-pole. The tower is used all over the world specifically for
wind measurements. Further details of the tower, the instruments and
the support structure can be found on the website of NRG systems [29].
The IRERAS have a total of seven sensors for measuring wind speed,
wind direction, temperature, barometric pressure, solar insolation, re-
lative humidity and rainfall. The data from the sensors were logged into

Fig. 1. Ideal terrestrial pressure and wind systems [28].
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an NRG SymphoniePlus3 data-logger and stored in an SD card. A GSM
iPack combined with a SIM card allowed transfer of data on the mobile
network to a server (data-bank) located in the ICT centre of the Uni-
versity of the South Pacific. A solar PV panel provides additional power
to the sensors. The wind speeds were measured with cup anemometers
at heights of 34 m and 20 m above ground level (AGL). There were two
anemometers at 34 m height. The anemometers consist of 3 rugged
Lexan cups moulded in one piece for better performance and durability.
The anemometers have an accuracy of 0.1 m/s in the range 5–25 m/s.
For obtaining the wind direction, a wind vane was mounted on the
tower at a height of 30 m. The vane was aligned to the true north di-
rection in the present work. A barometric pressure sensor was used to
measure the atmospheric pressure. For the measurement of tempera-
ture, a temperature sensor, enclosed in a circular six-plate radiation
shield to ensure accurate measurements, was mounted on the tower.
The specifications of the sensors are provided in Table 1. The data-
logger was configured as an internet-enabled data logging system in
order to interface it with a Symphonie iPack system. The iPack system
was programmed to send data over any GSM network of the local

internet service provider to the server as an email attachment with the
help of a SIM card. The data-logger has 15 channels that can log mean,
maximum, minimum and standard deviation of the data. The data-
logger is programmed to calculate these data every 10 min and store
them in the SD card. The data were sent to the server once every day.

The uncertainty in the measurement of wind speed was estimated by
taking into consideration the sources of uncertainties and their
amounts. The sources of uncertainty considered were: the uncertainty
due to terrain, due to calibration error, dynamic over-speeding and
inflow angle and error due to wind shear. Following Jain [31], the total
uncertainty due to the above sources is estimated to be 2.6%. Since the
temperatures and pressures presented in this work are averages of a
very large number of samples, the errors in these parameters will be less
than 1%.

5. WAsP software

WAsP is a PC program developed by RisØ National Laboratory in
1987 for horizontal and vertical extrapolation of wind data. The

Fig. 2. Gross generation and installed capacity for some PICs.

Fig. 3. Map of Tarawa atoll showing the measurement location.
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program generalizes a data series of long-term wind data at a given site
and estimates wind climate for another site within the limitations of its
prediction accuracy. Its predicted wind climate is accurate if the re-
ference and predicted sites are subject to the same weather regime and
the prevailing weather conditions are quite stable. There are several
physical models in WAsP to describe the wind resources over different
terrains. Version 11 of WAsP was used in the present work. The pro-
gram contains a complete set of models to estimate the effects of
sheltering obstacles, surface roughness changes and terrain height
variations on the wind. It also has a wake model that enables good wind

Fig. 4. Map of Abaiang atoll showing the measurement location.

Table 1
Specifications of the measurement sensors [29].

Parameter Sensor type Range Accuracy

Wind speed NRG #40 anemometer 1.0–96.0 m/s 0.1 m/s in the
range 5–25 m/s

Wind direction NRG 200P direction
vane

0–360° N/A

Pressure NRG BP-20 barometric
pressure sensor

15.0–115 kPa ± 1.5 kPa

Temperature NRG 110S −40 °C to 65 °C ± 1.1 °C

Fig. 5. Digitized map of Tarawa with roughness lengths.
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farm analysis. WAsP enables quite accurate estimation of the annual
energy production (AEP) from wind turbines and wind farms [30]. In
the present work, estimation of the wind resource involved the pre-
diction of the average yearly energy production of the Vergnet wind
turbine at five specific locations. The information necessary for turbine
siting generally needs to be much more detailed than in the case of
regional assessment. However, both applications make use of the gen-
eral concepts of topography analysis and regional wind climatologies.
In order for WAsP to calculate the effects of topography on the wind at a
given place (“the site”) it is necessary to describe systematically the
characteristics of the surroundings [30,31].

Many of the wind resource assessments discussed in Section 1 were
carried out using the WAsP software. To obtain horizontally extra-
polated data with WAsP, a digital map of the area of interest needs to be
fed into it. In order to obtain the wind speed at different locations on

Tarawa and Abaiang, digitized maps of these two atolls were fed into
WAsP software. The orography and roughness maps for Tarawa and
Abaiang were prepared using the WAsP map editor tool. The digitized
map of Tarawa, shown in Fig. 5, has 29 elevation contour lines and 29
roughness change lines. The roughness changes consider a few vege-
tation, mainly bushes and coconut trees on the atoll. The resource map
area is 41.85 km2. The coordinates of the measurement location with
respect to the virtual map are (737,461, 154,185) m. The grid resolu-
tion is 20 m with approximately 103,793 nodes. The accuracy of the
digital map is 2 m. The north direction is shown in the map and the
orientation of the digitized map is same as in Fig. 3. The different types
of surfaces in the map are assigned appropriate roughness lengths, with
the suburbs assigned the highest roughness length of 0.5 m in WAsP.

The digitized map of Abaiang has 3 elevation contour lines and 3
roughness change lines. The roughness changes consider a few

Fig. 6. Digitized map of Abaiang with roughness lengths.
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vegetation e.g. bushes and coconut trees on the atoll. The resource map
area is 86.2 km2. The coordinates of the measurement location with
respect to the virtual map are (726,432, 200,000) m. The grid resolu-
tion is 20 m with approximately 214,304 nodes. The digitized map of
Abaiang is shown in Fig. 6.

6. Data validation

The entire data were checked thoroughly to identify any values that
are outside the range of the sensors. The maximum 10-min average
wind speed recorded was 23 m/s. The two atolls did not experience any
unusually high wind activity during the measurement period. The
minimum recorded 10-min average did not fall below the offset value of
the anemometer [31]. The temperatures during the measurement
period were never out of the range for accurate measurements for this
anemometer. The minimum and maximum 10-min average tempera-
tures for the measurement period were 21.6 °C and 35.6 °C respectively,
while the minimum and maximum pressures were 998.5 mBar and
1010.9 mBar respectively. Daily average wind speeds at 34 m AGL were
compared with the wind speeds at 20 m AGL and were found to be
higher by less than 2 m/s [31]. The trends for wind speeds at 34 m and
20 m AGL, wind direction, ambient temperature and barometric pres-
sure did not show any unexpected sudden variations. The 10-min
average wind speeds from the two anemometers mounted at 34 m were
compared and are plotted in Fig. 7. The average difference between the
speeds was 1.6%. The value of coefficient of determination (R2) is
0.9949 indicating the strong correlation between wind speeds from the
two anemometers.

7. Results and discussion

7.1. Wind speed analysis

Wind speed at any location varies continuously with time. For wind
energy resource assessment and energy generation estimations, the
instantaneous wind speeds are averaged over 10 min. From these
averages, average daily wind speed was calculated for both the sites.
The mean wind speed over the data collection period was calculated
from:

∑=
=

U
N

U1 ( )
i

N

i
1 (1)

where Ui is the wind speed which is averaged over a time interval Δt, N
is the number of recorded observations. Fig. 8 shows the bar-graph of

the daily average wind speed at the Tarawa site. For the entire mea-
surement period of September 2012 to September 2013. The variation
of the wind speed is not as large as it was found in Suva and Kadavu
[22] at the same heights. The daily average wind speed varied from
0.2 m/s to 15 m/s at those sites. This is expected, as the winds are likely
to be consistent at the equator due to small changes in atmospheric
pressure and temperature. The maximum average wind speed of
11.27 m/s was recorded on the 23rd of February 2013.

Fig. 9 presents the daily mean wind speed at the Abaiang site at a
height of 34 m AGL. The daily average wind speeds are not varying
much, as for the case of Tarawa. The maximum average wind speed of
11.33 m/s was recorded on 22nd February 2013. Highest wind speeds
were recorded in the month of February at both the sites. The lowest
wind speeds were recorded in the month of October and will be dis-
cussed later.

The wind data for both the sites were analysed to estimate the
monthly average wind speeds at 34 m and 20 m AGL. Interestingly,
there are no seasons in Kiribati as they have summer round the year.
However, they still classify two seasons: dry summer and wet summer.
The dry summer is from May to October and the wet summer is from
November to April [2]. It can be seen from Fig. 10 that, for the Tarawa
site, the wind speed increases from the month of November and starts to
decrease from the month of April. Fig. 11 shows the monthly average
wind speed for the Abaiang site. It is interesting to note that for both the
sites, the maximum average wind speeds are recorded for the months of
February and March. For the Tarawa site, the average wind speeds for
the months of February and March were 6.95 m/s and 6.81 m/s re-
spectively, while for the Abaiang site, the average wind speeds for both
these two months were same at 7.2 m/s. The maximum 10-min average
wind speed in the month of February was recorded at 14.5 m/s. The
highest 10-min average wind speed for the entire measurement period
was recorded in January at 18.8 m/s. For the months of December to
February, the atmospheric pressure was low (Fig. 12), giving rise to the
equatorial calms or the doldrums. At the same time, the two belts of
higher pressure on both the sides of the equator drive the flow of air
towards the equator, as can be seen from Fig. 1. Another interesting
observation from Figs. 10 and 11 is that the monthly average wind
speeds are higher for Abaiang from November to July; the average wind
speeds from November to July is 5.65 m/s for Tarawa and is 5.8 m/s for
Abaiang, are same for both the sites in August (4.72 m/s) and higher at
Tarawa for the month of October at 4.11 m/s compared to 4.09 m/s at
Abaiang.

Fig. 12 shows the annual variation of wind speed for five years from
2012 to 2016. The data was obtained from the Kiribati Meteorological

Fig. 7. Comparison of wind speeds from the two anemometers installed at
34 m AGL.
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Office. The days for which the data was missing for 2012 and 2013 was
also taken from them. It can be seen that the mean annual wind speed is
about 6 m/s for most of the years except for 2014 during which El Niño
effect was observed. According to Michael McPhaden of NOAA’s Pacific
Marine Environmental Laboratory “During an El Niño year, weakening
winds along the equator lead to warming water surface temperatures
that lead to further weakening of the winds” [32].

Fig. 13 shows the variation of the monthly average temperature and
barometric pressure for the Tarawa site. Expectedly, the variations in
both the pressure and temperature are small for both the sites because
of their location almost at the equator. Also, the average atmospheric
pressure is lower at both the sites compared to the global average at-
mospheric pressure of 1013.25 mBar. Also, the variation in the monthly
average temperature is significantly less – in fact, almost negligible
compared to the countries away from the equator. The monthly average
temperatures were slightly lower from December to April at both the
locations. This is in agreement with the past observations [33]. How-
ever, the diurnal variations in temperature at both the locations were
larger and will be discussed in the next section. It is interesting to note
that the pressure reduced a little for both the locations during the

months of June and July. It is observed that the trends in the variations
are similar for both the locations. Mean air density was calculated from
the recorded pressure and temperature and this density of 1.16 kg/m3

was used to estimate the power density and the annual energy pro-
duction.

7.2. Wind shear analysis

The mean wind speeds at 34 m (U2 at h2) and 20 m (U1 at h1) AGL
were used to estimate the wind shear coefficient, α. The wind shear
coefficient was estimated using the power law [31]

=α U U
h h

ln /
ln /

2 1

2 1 (2)

It is found that the difference in wind speeds between the two heights is
larger at night time, as can be seen from Fig. 14 for the Tarawa and
Abaiang sites for the entire measurement period. This is due to the
temperature inversion (also called nocturnal inversion effect) which
results in an increase of temperature with height, as the cooler and
denser air is trapped close to the ground by the movement of warm air

Fig. 8. Daily average wind speed at the Tarawa site at 34 m AGL for
the entire measurement period.

Fig. 9. Daily average wind speed at the Abaiang site at 34 m AGL for
the entire measurement period.
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above it. After sunrise, the cooler air close to the air starts getting he-
ated up due to heating of the ground resulting in the break-up of the
inversion [34,35]. The hot air then starts to rise when the ground heats
us. This significant upward movement of air results in the bunching of
the horizontal wind streamlines upwards, resulting in an increase in the
wind speed immediately above the previously trapped air mass. The
velocity increase will be higher just above this air mass, although its
effect is felt for some distance above the ground depending upon the
variations in temperature. Hence, the wind speed at 20 m is found to
increase in daytime more than that at 34 m. At 2.00 pm, the mean wind
speeds at 34 m and 20 m are 5.55 m/s and 5.22 m/s respectively re-
sulting in the lowest wind shear coefficient at this time. Similar ob-
servations were made by Baseer et al. [11] who reported a variation in
the wind shear coefficient of 0.38 to 0.12 during the diurnal cycle based
on measurements 10 m and 50 m AGL. It can be seen that the lower
values of the shear coefficient are slightly higher for the Abaiang site.
This may be because the maximum average temperature was lower here
compared to Tarawa.

The temperature inversion effect was studied further as it has a
strong influence on the wind shear. Fig. 15 shows the diurnal variation
of the ambient temperature at the two sites. It can be seen that the
temperatures drop significantly at night time. The temperature starts

dropping after 2 pm. After sunset, the temperature has dropped sig-
nificantly compared to the daytime peak as the energy losses from the
surface exceed the energy gains accumulated for several hours. It is
interesting to note that the temperature continues to drop as the energy
deficit continues to grow. The rate of temperature drop for Tarawa from
2 pm to 6 am is 0.28 degrees/hour, while that for Abaiang is 0.19 de-
grees/hr. As a result, the temperature near the surface drops to its
minimum at 6 am. It can be seen from Fig. 14 that the wind shear
coefficient is the highest at this time as there is no upward flow of air. It
is also interesting to observe that the average temperature at 8 am and
8 pm is about the same (the difference being less than 0.1 K); however,
the wind shear coefficient is 0.205 at 8 am and 0.175 at 8 pm. This is
because the temperature inversion effect is stronger at 8 am compared
to 8 pm as the earth is still heating up in the morning. However, after
8 am, the earth gets heated up causing an upward flow of air which
reduces the wind shear. After mid-day, the temperature reaches its
maximum value, resulting in the highest upward flow of air by con-
vection which causes the wind shear coefficient to reduce to its
minimum.

It should be noted that the average length of daylight is about 12 h
for both the islands round the year. It is slightly higher for April to
September with the daylight time higher by only about 10 min. This

Fig. 10. Monthly average wind speeds at 34 m and 20 m
AGL at the Tarawa site.

Fig. 11. Monthly average wind speeds at 34 m and 20 m
AGL at the Abaiang site.
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makes these sites ideal for studies relating the temperature variation
and wind shear coefficient. Both the sites have their average minimum
temperature at 6 am and maximum at 2.00 pm. It is also interesting to
note the temperatures after sunset (8 pm–6 am) vary very little at both
the sites whereas the variations in the daytime temperatures are larger,
as can be seen from Fig. 15.

Average diurnal wind speed analysis for the two sites for the entire
measurement period (not shown) showed that the wind speed is always
greater than 5 m/s at any hour of the day with the minimum wind
speed occurring at 4 am and maximum wind speed at 12 noon for the
Tarawa site and at 1 pm for the Abaiang site.

Fig. 16 shows the monthly average wind shear coefficient for the
two sites. The maximum coefficient of 0.246 was calculated for the
month of September for Tarawa and of 0.272 for the month of August
for Abaiang, whereas the minimum coefficients of 0.112 and 0.06 were
calculated for Tarawa and Abaiang respectively for the month of March.
The diurnal variation in temperature was not as large during this month
as for the relatively hotter months of August to October.

7.3. Turbulence intensity

Turbulence is a measure of the fluctuations in wind speed with re-
spect to time. It leads to the dissipation of the kinetic energy into
thermal energy by the creation and destruction of progressively smaller
eddies [36]. The basic measure of turbulence is the turbulence intensity
which is defined by:

=TI σ/U (3)

where σ is the standard deviation of wind speed and U is the average
wind speed. The turbulence intensity at a site is an important parameter
which affects the performance as well as life of the turbine [31].

Fig. 17 shows the diurnal variation in turbulence intensity at the
Tarawa site at the two heights of 34 m and 20 m AGL averaged over the
entire measurement period. At the height of 34 m, the variation in the
turbulence level was found to be less compared to 20 m as the airflow
tends to become smoother at greater heights. The overall average tur-
bulence intensity is 10.9% at 34 m AGL and 13.5% at 20 m AGL. Thus,
it can be seen that the overall average turbulence intensity is well
within the allowable turbulence level of 16% for 15 m/s wind speed set
by IEC61400-1 design standards for turbines [37].

The variation in turbulence intensity at the Tarawa site at the two
heights of 34 m and 20 m above ground level on a typical day during
the month of February when the average wind speed was 11.26 m/s
showed an average turbulence intensity for the entire day to be 7.87%
at 34 m AGL and 11.2% at 20 m AGL, as depicted in Fig. 18. This tur-
bulence level is also significantly lower than the design standard from
IEC61400-1 standards for wind turbines.

The average wind shear coefficient for the same measurement
period was 0.135. The average turbulence intensity for the entire day
for a typical day in October when the average wind speed was 3.05 m/s
was 12.9% at 34 m AGL and 14.44% at 20 m AGL, as shown in Fig. 19.
The maximum turbulence intensity during the day, reached 20.6% at
34 m AGL and 19.1% at 20 m AGL, which is again well below the
IEC61400-1 design standard for this wind speed. The average wind
shear coefficient for the same measurement period was 0.249.

Higher turbulence levels have a number of effects on the turbine

Fig. 12. Variation of annual mean wind speed from 2012 to 2016 for
Tarawa.

Fig. 13. Monthly average temperature and barometric pressure at the
Tarawa site.
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loads, blade performance and power output. Simulations performed by
Meister et al. [38] with the 5 MW NREL turbine showed that the load
fluctuates by 2% when the inflow is uniform; the fluctuations in the
turbine load increased up to 13% in turbulent atmospheric flow that
was obtained from the simulation of a maritime atmospheric boundary
layer. The lift coefficient is generally found to be lower at higher tur-
bulence intensity, but will be higher at higher turbulence intensity due
to the flow remaining attached to the suction surface for a longer dis-
tance. The location of transition on the blade section moves upstream at
higher turbulence level which results in a high frictional drag on the
suction surface. The pressure drop does not change much at lower an-
gles of attack as the flow remains attached to the surface till very close
to the trailing edge. However, for higher angles of incidence, the
downstream shift of the location of separation results in a lesser drag at
higher turbulence intensities [39]. Milan et al. [40] studied the fluc-
tuations in the power output of a turbine as a result of fluctuations in
wind speed. For a turbulent wind with speed fluctuating between 4 m/s
and 12 m/s over a period of 60 min, the non-dimensional power varied
between 0.1 and 1.0 which is enormous. Even for a wind farm, the
authors observed that the power output can change by 50% in about
30 s and by 90% within 5 min. Thus, it is obvious that winds with less
fluctuations are desirable from power generation point of view.

The variations in turbulence intensity at the Abaiang site at the two
heights of 34 m and 20 m AGL for the entire measurement period were
also estimated. The overall average turbulence intensities are 10.03% at
34 m AGL and 13.11% at 20 m AGL. Thus, the overall average turbu-
lence intensity is slightly lower at the Abaiang site compared to the
Tarawa site. The turbulence intensities during the days of high wind

speed were lower at this site with the average turbulence intensity at
7.62% at 34 m AGL and 8.06% at 20 m AGL respectively on a day that
saw an average wind speed of 11.02 m/s at 34 m and 10.53 m/s at 20 m
AGL. Similarly, on a typical day of low average wind speed of 3.26 m/s
at 34 m AGL, the average turbulence intensities were found to be
14.09% at 34 m AGL and 19.9% at 20 m AGL.

7.4. Wind direction analysis

Analysis of wind direction is an important part of wind energy re-
source assessment as it gives an indication of the prevailing wind di-
rection from which the energy can be harnessed. A dominant sector is
preferred over a dispersed energy distribution. Fig. 20 displays the
sector distribution in 12 parts with discrete 30° intervals for the two
sites. It can be seen from the figure that the predominant wind direction
is from the east and north-east. Each tick mark on the legend shows 5%
of the time the wind is flowing from that direction. As discussed earlier
[1], the equatorial calms or the doldrums come from the eastern di-
rection while the trade winds come from both north-east and south-east
[33]. Apparently, the south-easterly trade winds do not contribute to
the wind in Tarawa, as the atoll is located slightly north of the equator.
However, it can clearly be seen from Fig. 17(b) that north-east is clearly
the dominant wind direction; apparently due to the fact that the
Abaiang atoll is located on the north of Tarawa atoll and is likely to
receive more of the north-east trade winds. For both the locations,
nearly 70% of the time, the wind direction is between 45° and 105°.

Fig. 14. Average diurnal wind shear coefficient, α, at the two sites.

Fig. 15. Average diurnal temperature variation at the two sites.
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7.5. Wind speed frequency distributions

The 10-min average wind datasets were used to plot frequency
distribution graphs for the Tarawa and Abaiang sites. The Weibull
distribution curves and the Weibull parameters were obtained using
Median and quartiles (MQ) method, Moments (MO) method, Least
square fit (LS) method, Maximum likelihood (ML) method, Modified
maximum likelihood (MML) method, Energy pattern factor method and

the equivalent energy method that WAsP uses.
The data were first analysed to find which type of distribution it

follows – it was found that the data follows Weibull distribution that
was also confirmed by the histogram. The probability density function
for Weibull distribution is given by

= ⎛
⎝

⎞
⎠

−
−( )f U k

A
U
A

e( )
k U

A
1 k

(4)

Fig. 16. Monthly average wind shear coefficient, α, for the two sites.

Fig. 17. Average diurnal turbulence intensity variation at the Tarawa site
at 34 m and 20 m AGL.

Fig. 18. Diurnal turbulence intensity variation at the Tarawa site at 34 m
and 20 m AGL on a windy day.
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where U is the wind speed, k is the shape factor (dimensionless) and A is
the scale factor with units of m/s [31]. The different methods of esti-
mating Weibull parameters are described below.

7.5.1. Median and quartiles method
If the median of wind speed is Um and quartiles U0.25 and U0.75 are

such that [p(U ≤ U0.25) = 0.25, p (U ≤ U0.75) = 0.75 then the shape
parameter k and the scale factor A can be estimated using the relations
[41];

= ≈k U U U Uln[ln(0.25)/ln(0.75)]/ln( / ) 1.573/ln( / )0.75 0.25 0.75 0.25 (5)

The scale factor is then obtained using the relation

=A U /ln(2)m
k1/ (6)

7.5.2. Moments method
The second procedure we consider here is the MOM which is also

commonly used in parameter estimation. If U1,…,Un represent the wind
speed values with the Weibull density function given in Eq. (4), then an
unbiased estimate of r th moment is given by = +−μ A r k(1/ ) Γ(1 / )r

r r k/ ,
where sΓ( ) is a Gamma function defined by ∫= ∞ − −s U e dUΓ( ) s U

0
1 .

Then, finding the first moment μ( )1 and the second moment μ( )2 , the
value of k and A can easily be determined by the following equations
[42]:
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where, U and σ are the mean and standard deviation of wind speed.
Finally, after some iterations, we can find the Weibull parameters

as:
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7.5.3. Least square fit method
In the least squares method, the cumulative distribution function of

the Weibull distribution, given by
= − −F U k A e( ; , ) 1 U A( / )k is transformed into a linear regression as

Y = a + kU, where

= −Y F Ulnln[1/(1 ( ))]

and U = lnU and a =−k lnA. Then using the least squares method, the
values of k and A can be determined by the following equations [43,44]

Fig. 19. Diurnal turbulence intensity variation at the Tarawa site at 34 m
and 20 m AGL on a low-wind day.

Fig. 20. Wind rose plot for (a) the Tarawa site and (b) the
Abaiang site.

T. Aukitino et al. Energy Conversion and Management 151 (2017) 641–660

653



∑ ∑ ∑

∑ ∑
=

−

−

= = =

= =

k
n U Y U Y

n U U( )

i

n

i i
i

n

i
i

n

i

i

n

i
i

n

i

1 1 1

1

2

1

2

(11)

= −a Y kU (12)

and

= −A e a k/ (13)

7.5.4. Maximum likelihood method
This method determines the shape factor and scale factor after ex-

tensive iterations. The method of maximum likelihood is the most
popular technique for deriving estimators [44–47]. If U1,…,Un are the
wind speed values with the Weibull density function given in Eq. (4),
the shape parameter (k) and scale parameter (A) are the values that
maximize the likelihood function … = =L k A U U f U k A( , | , , ) Π ( | , )n i

n
i1 1 .

Then, solving ∂ ∂ =L kln / 0 and ∂ ∂ =L Aln / 0, the equation of maximum
likelihood estimate of the scale factor A is obtained as
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Finally, using (14), the equation for estimating the shape factor (k) is
obtained as
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which may be solved to obtain the estimate of k using Newton-Raphson
method or any other numerical procedure because Eq. (15) does not
have a closed form solution. When k is obtained, the value of A is found
from Eq. (14).

7.5.5. Modified maximum likelihood method
The method of modified maximum likelihood is applied when the

wind speed data is in the frequency distribution format. The Weibull
parameters are estimated using the following two equations [48]:
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whereUi is the wind speed central to bin i; n is the number of bins, f U( )i
is the frequency with which the wind speed falls in bin i, ⩾P x( 0) is the

probability that the wind speed equals or exceeds zero.
Eq. (16) must be solved iteratively, after which Eq. (17) can be

solved explicitly.

7.5.6. Energy pattern factor method
A factor, called energy pattern factor, needs to be defined before the

Weibull parameters can be estimated using this method [49]

=E U
Upf

3

3 (18)

where U 3 is the mean of cube if wind speed and U 3 is the cube of mean
speed. The shape factor k can then be calculated using Eq. (49)

The scale factor A can be estimated using the equation

=
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7.5.7. WAsP method
The WAsP method, also called the ‘equivalent energy method’ has a

requirement that the Weibull distribution should fit the measured wind
speed data. The WAsP method does not attempt to directly fit the
measured frequency histogram, but has the two following requirements
[13]:

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

(b) The proportion of values above the mean observed wind speed from
the fitted Weibull distribution should be equal to those from the
observed distribution.

These lead us to the equation:
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(21)

The cumulative distribution function F(U) gives the proportion of va-
lues that are less than U; hence 1 – F(U) is the proportion of values that
exceed U. From the requirement (b) above, we define a symbol Z that
represents the proportion of the observed wind speeds that exceed the
mean observed wind speed, as

− =F U Z1 ( ) (22)

Fig. 21. Wind frequency distribution and Weibull distribution curve for the
Tarawa site. The mean wind speed is 5.355 m/s.
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Using Eq. (22), Z is calculated first and the parameter k is then obtained
using Eq. (23), iteratively.

Fig. 21 shows the wind speed frequency distribution for the Tarawa
site. The wind speeds of 3–8 m/s were available 73.2% of the time, and
the mean wind speed is 5.355 m/s. The Weibull distribution curves,
obtained using the above methods, are superimposed on the frequency
distribution.

Fig. 22 shows the frequency distribution and the Weibull distribu-
tion curves for the Abaiang site. For this site also, data were first ana-
lysed to find which type of distribution it follows and it was found that
the data follows Weibull distribution. This was also confirmed by the
histogram shown in the figure. The wind speeds of 3–8 m/s were
available 70.2% of the time for this site and the mean wind speed is
5.4575 m/s. It can be seen from the distribution that relative fre-
quencies of wind speeds of 3–8 m/s were higher for this site compared
to the Tarawa site. Hence, the average wind speed for this site is higher.

A comparison of Figs. 21 and 22 shows that the height of the curve
is more (and a sharper peak) for the Tarawa site and hence it has
slightly higher values of k compared to the Abaiang site. On the other
hand, higher values of A for the Abaiang site indicate a flatter curve and
a slightly higher wind speed. The k and A values for both the sites are
shown in Tables 2 and 3 in the following section.

7.5.8. Performance analysis of different methods
The performance of the seven different methods of estimating the

Weibull parameters was assessed by estimating the goodness of fit in
terms of the coefficient of determination (R2), coefficient of efficiency
(COE), root mean square method (RMSE), mean absolute error (MSE),
mean absolute percentage error (MAPE) for all the methods used.

The coefficient of determination (R2) [50] describes the relationship
between the estimate values from the measured wind speed and the
calculated values from the Weibull distribution. Mathematically, R2 is
obtained using the following equation:
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where Ut is the actual wind speed and ̂Ut is the predicted wind speed at
time t = …t n( 1,2, , ) where n is the number of observations.

An R2 value of 1.0 shows the best fit with no scatter.
The Coefficient of efficiency (COE) is another measure of the ac-

curacy of the prediction model in the estimation of the wind speeds
with respect to the actual values [51]. Its values usually range from

minus infinity to 1. A higher value of COE indicates better agreement.
The coefficient of efficiency is given by Eq. (25)
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The root mean square error (RMSE) estimates the accuracy of the
method by comparing the deviation between the values achieved by
Weibull function and those from the measured data. The RMSE ap-
proaches zero as this deviation becomes smaller [19].
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The mean absolute error (MAE) is an absolute measure of the difference
between two variables. As the name suggests, it is the average of the
absolute errors. Lower values of MAE indicate higher accuracy. The
MAE is mathematically expressed [52] in Eq. (27)
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The mean absolute percentage error (MAPE) is a relative measure
which indicates the error as the percentage of the actual data enabling
easy judgement of the accuracy of the method. Like MAE, the value of
MAPE should be the lowest for better accuracy. MAPE can go to a very
high value if the actual value is too small. Mathematically, MAPE is
given as [52]:
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Tables 2 and 3 present the values of the Weibull parameters k and A
obtained using different methods described in sub-sections 7.5.1 to
7.5.7 and the goodness of fit as well as the error estimates COE, RMSE,
MAE and MAPE for the Tarawa and Abaiang sites. It can be seen from
Table 2 that the moments method gives the highest value of R2, the
second highest value of COE and the lowest values of RMSE, MAE and
MAPE clearly indicating that this method is the best for estimating the
wind power density for this site. This value of WPD was used for esti-
mating the annual energy production based on the Weibull parameters
k and A obtained from the overall data.

From Table 3, it can be seen that the moments method has the
second highest values of R2 and COE, the second lowest value of RMSE
and the lowest values of MAE and MAPE. Hence, overall the moments
method was found the most appropriate to estimate the WPD at the
Abaiang site.

Kiribati is known to have only summer round the year; however, the
seasons are still classified as dry summer and wet summer. The mea-
sured wind data were separated into dry season data (May to October)

Fig. 22. Wind frequency distribution and Weibull distribution curve for the
Abaiang site. The mean wind speed is 5.4575 m/s.
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and wet season data (November to April). The Weibull parameters were
obtained from these data for the two seasons and a goodness of fit test/
error analysis was carried out. Table 4 shows the Weibull parameters,
mean wind speed and WPD for the dry and wet seasons of Tarawa and
Abaiang. obtained from different methods. It was seen that the mo-
ments method gives the overall best performance in terms of R2, COE,
RMSE, MAE and MAPE. Thus, overall, the moments method is chosen as
the most appropriate for estimating the WPD and calculating the AEP.

The values of k and A obtained above were fed into the WAsP
software to estimate the AEP; the AEP was estimated based on the
overall annual values as well as seasonal values for both the sites.

7.6. Resource maps of wind power density from WAsP

The resource maps of wind power density for both the locations
were obtained from the WAsP software. Resource maps were drawn
only for the overall annual power density. Resource maps allow us to
manage a rectangular set of points for which a summary of wind pre-
dicted wind climate data are calculated. The points are regularly spaced
and are arranged into rows and columns. Each point in the grid is the
simpler version of a normal turbine site. To develop a resource map, the
resource grid must be associated with a generalized wind climate and
needs to be entirely located in the associated map. For realistic mod-
elling of every point in the grid, there should be at least 5–10 km of
terrain from any point in the grid to any border of the map. For each
point in the resource map, WASP calculates the elevation, mean wind
speed and mean power density along with other parameters. Based on
the digitized maps of the two sites with roughness lengths, wind re-
source maps for the locations were created. The orientation and size of
the maps is same as the digitized maps presented in Figs. 5 and 6. As the
atolls are mostly flat terrains except for a few vegetation, the variation
in power density at different locations is not large within the resource
grid. Fig. 23 shows the resource map of wind power density for Tarawa
atoll. It can be seen that the wind power density at 34 m AGL for most
of the area is above 120 W/m2 with a maximum of 139 W/m2. Five
locations on the map (marked with wind turbine symbols), scattered on
the island, are found appropriate for wind turbine installation. Annual
energy production (AEP) at these locations is estimated and is presented
in the following section.

Fig. 24 shows the wind resource map for the Abaiang site. The wind
power density at 34 m AGL for most of the area is above 140 W/m2 due
to the flat nature of the terrain. Similar to the Tarawa atoll, five

locations on the map (marked with wind turbine symbols), found ap-
propriate for wind turbine installation, were chosen for estimating the
AEP.

7.7. Estimation of annual energy production (AEP)

An estimation of the AEP was carried out with the Vergnet 275 kW
wind turbines using WAsP. WAsP is now an industry standard tool for
the estimation of energy production from a single wind turbine as well
as from a wind farm. The turbine has a hub height of 32 m, a rotor
diameter of 32 m, a cut-in speed of 3.56 m/s, rated wind speed of
12.2 m/s (at the density of 1.16 kg/m3) and a cut-out wind speed of
25 m/s [53]. The power curve for the turbine (modified for the site
density) is shown in Fig. 25 [53].

This turbine was chosen for a number of reasons: it is easier to lower
the turbine for maintenance; it is difficult to handle large wind turbines
in PICs due to lack of facilities; these turbines are already installed in
Fiji and Vanuatu [24,25] and are performing satisfactorily (they are
taken down in the event of a strong cyclone). A number of other tur-
bines were also considered for the estimation of AEP (e.g. Bonus Mk3
300 kW, KWT300, E33 300 kW etc.); however, it was decided to ex-
clude taller tower turbines as the increase in AEP does not justify the
additional initial cost as well as installation and O &M difficulties and
associated costs [1]. Turbines of larger capacities (of the order of 1 MW
and above) are not suitable for PICs, especially for a country of small
atolls as vibrations and noise become major concerns apart from the
issues relating to maintenance. The AEP was estimated from WAsP for
all the ten turbines (5 on Tarawa atoll and 5 on Abaiang atoll). There is
no significant difference in the hub heights of the locations of the five
turbines above ground level and hence the wind characteristics, ana-
lyazed at 34 m AGL, are not significantly different.

If Ui is the average wind speed over the time interval from time ti to

Table 2
Methods of estimating Weibull parameters, the k and A values, mean wind speed and WPD and goodness of fit test/errors for Tarawa.

Method k A U WPD R2 COE RMSE MAE MAPE

Median and quartiles (MQ) 2.52 6.13 5.44 146.44 0.9822 0.7976 0.2965 0.0828 1.6423
Moments (MO) 2.60 6.03 5.356 136.72 0.9984 1.0128 0.0896 0.0209 0.9583
Least square fit (LS) 2.28 5.99 5.306 146.83 0.9855 0.8143 0.2674 0.2205 5.3922
Maximum likelihood (ML) 2.56 6.02 5.345 137.33 0.9982 0.9914 0.0947 0.0448 1.3520
Modified maximum likelihood (MML) 2.52 5.97 5.298 135.27 0.9974 0.9776 0.1141 0.0926 2.5186
Energy pattern factor (EPF) 2.56 6.03 5.354 138.02 0.9982 0.9882 0.0954 0.0444 1.3329
WAsP 2.65 6.1 5.421 139.97 0.9973 1.0296 0.1157 0.0601 2.1210

Table 3
Methods of estimating Weibull parameters, the k and A values, mean wind speed and WPD and goodness of fit test/errors for Abaiang.

Method k A U WPD R2 COE RMSE MAE MAPE

Median and quartiles (MQ) 2.32 6.21 5.502 161.39 0.9943 0.9008 0.1794 0.0896 1.9887
Moments (MO) 2.47 6.15 5.455 149.84 0.9976 1.0197 0.1158 0.0702 1.7365
Least square fit (LS) 2.26 6.15 5.447 160.05 0.9927 0.8812 0.2027 0.1474 3.3047
Maximum likelihood (ML) 2.45 6.15 5.454 150.67 0.9977 1.0003 0.1150 0.0708 1.7856
Modified maximum likelihood (MML) 2.40 6.09 5.4 148.43 0.9967 0.9915 0.1373 0.0991 2.2708
Energy pattern factor (EPF) 2.46 6.15 5.454 150.25 0.9976 1.0106 0.0954 0.0727 1.8250
Software (WAsP) 2.53 6.2 5.503 151.14 0.9972 1.0365 0.1247 0.0756 2.1949

Table 4
Methods of estimating Weibull parameters and the k and A values, mean wind speed and
WPD for the dry and wet seasons of Tarawa and Abaiang.

Method k A U WPD

Tarawa dry season 2.65 5.53 4.915 104.29
Tarawa wet season 2.67 6.52 5.885 170.20
Abaiang dry season 2.38 5.64 4.999 118.61
Abaiang wet season 2.69 6.71 5.966 184.75
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ti + Δt, then over a period of N observations, the average power that
can be generated by that turbine is expressed as:

∑=
=

P w
N

Pw U1 ( )
i

N

i
1 (29)

where Pw(Ui) is the power output defined by the turbine power curve.
Hence, the energy yield, from a wind turbine can be expressed as:

∑=
=

E Pw U t( )(Δ )
i

N

i
1 (30)

The Vergnet 275 kW 2-bladed wind turbine is chosen for power analysis
for all the sites, as mentioned above. As the terrains for the sites are flat
and the hub height is 32 m, the error in the estimation of wind speed
will be negligible, since the measurements are performed at a height of
34 m [54]. Kiribati currently produces 22,000 MWh of electricity an-
nually (Fig. 2); most of it using diesel generators. Thus, installation of
these 10 turbines will make a significant difference to the energy
portfolio of Kiribati. Table 5 shows the AEP from the five sites shown in
Fig. 23 and the location of each turbine with respect to the scale in
Fig. 23. As can be seen from the table, the AEP for the five Tarawa
locations varies in a small range of 307 MWh to 330 MWh. The five
turbines will generate a total of 1616 MWh in one year. The capacity
factor is 14% for all the turbines; the capacity factor is the energy de-
livered during a period of time expressed as a fraction of the energy that
would have been delivered if the plant had operated at its rated capa-
city [55]. The capacity factor would have been higher if the hub height
of the turbines were greater or if the mean wind speeds at the locations
were higher. The wake loss is zero for the turbines.

Table 6 shows the AEP from the five sites on the Abaiang atoll,
shown in Fig. 22 and the location of each turbine with respect to the
scale in Fig. 22. As can be seen from the table, the AEP for the five
turbines on Abaiang also varies in a small range of 349 MWh to

369 MWh. The five turbines will generate a total of 1796 MWh. The
capacity factor of the turbines is slightly higher for Abaiang atoll be-
cause of the higher mean wind speed.

The annual energy production was also estimated from the Weibull
parameters given in Table 4 for the dry and wet seasons. The total AEP
from the five turbines is found to be 1614 MWh for Tarawa and
1814 MWh for Abaiang. Thus, the values of AEP obtained from overall
annual Weibull parameters and from seasonal ones are not much dif-
ferent for Kiribati.

7.8. Economic analysis

The economic analysis of installing the Vergnet 275 kW turbines
was carried out (all amounts in US$) with the following assumptions
[7]:

• The lifetime (T) of the turbine is assumed to be 20 years.

• The interest rate (r) and inflation rate (i) are considered to be 12%
and 3%, respectively.

• Operational maintenance/repair costs (Comr) are considered to be
25% of the annual cost of the turbine (machine price/ lifetime).

• Scrap value (S) is taken as 10% of the cost of the turbine and civil
work.

• Investment (I) includes the cost of the turbine plus its transportation
cost to Kiribati and the cost of the civil work and the costs associated
with grid integration.

The present value of costs (PVC) is given by the following equation:
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The cost of one Vergnet 275 kW turbine is approximately $650,000

Fig. 23. High resolution wind power density map of Tarawa atoll. The arrows indicate the turbines.
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including transportation to Kiribati and the cost of civil work and grid
integration (cost provided by the supplier). Thus, the total investment I
is equal to $650,000 (out of which $70,000 is the transportation cost).
The operational maintenance and repair cost (Comr) comes to $7,250
(=$580,000/20 × 0.25), the scrap value, S, at 10% of the initial cost
comes to $58,000, r = 0.12 and i = 0.03. Using the equation above, the
PVC = $726,338.

The average AEP of all the ten turbines comes to 341.11 MWh. The
periods for maintenance have not been taken into consideration. The
current electricity charge/unit in Kiribati US$ 0.5/kWh (average for
different types of comsumers). This gives an average saving of US
$134,238 per turbine per year. A payback period of 5.42 years can be
forecast, which will certainly be a worthy investment. The specific cost
per kWh comes to US$ 0.106 (=US$726,338/ (20 × 341,110 kWh))
which, in the long run will be significantly lower than the current cost.
We would also like to emphasize that foreign government grants play a
major part in reducing the payback period for such wind turbines.

Instead of electricity charge/unit, if the cost of generating electricity
to the Government is considered, the lowest cost of diesel paid (bulk
purchase) for generating one 1 kWh is US$ 0.35. This gives an average
saving of US$83,072 per turbine per year. This gives a payback period
of 8.74 years.

The population of PICs is smaller compared to larger developed
nations; hence wind turbines of capacities of around 300 kW are most
suitable. For this reason, the only two wind farms in this region have
wind turbines of this capacity [26,27]. They can easily cater for the
energy needs and also easier to maintain. Hence, well-installed and
monitored wind turbines in combination with other renewables like
solar PV systems can be used to meet all the electricity requirements of
the countries in the PICs. Such solutions will lead to sustainable de-
velopment of these small countries.

8. Conclusions

Wind resource assessment of two sites in Kiribati is carried out. The
data analysis shows that the overall average wind speed at both the
sites in Tarawa and Abaiang is 5.355 m/s and 5.4575 m/s respectively
at a height of 34 m AGL. These wind speeds are reasonably good,
considering that Kiribati is located at the equator. The predominant
wind direction is east and north-east. The variation of the overall hourly
wind shear coefficients showed the effect of temperature variation
during the 24 h. The overall average turbulence intensities are of the
order of 10% and 13% at 34 m and 20 m AGL respectively. The
dominant wind direction in the region is East-North-East, corre-
sponding to the doldrums and the trade winds. From the moments
method, the average wind power densities for the Tarawa and Abaiang
sites are found to be 136.72 W/m2 and 149.84 W/m2 respectively. The
digitized maps of both the atolls were used to obtain the resource maps
of power density Tarawa and Abaiang with five sites earmarked on each
atoll for future wind farm implementation.

The present work promotes the idea that the Pacific region can

Fig. 24. High resolution wind power density map of Abaiang atoll.

Fig. 25. Power curve for the Vergnet 275 kW wind turbine.

T. Aukitino et al. Energy Conversion and Management 151 (2017) 641–660

658



utilize the wind resource to ease its dependence on diesel-based power
generation. An economic analysis with Vergnet 275 kW wind turbines
shows a very encouraging payback period of 5.37 years considering the
current charged rate of US$ 0.50 and a payback period of 8.74 years, if
the cost to the Government is considered. The cost per kWh of elec-
tricity is estimated to be US$ 0.11 which is far less than the current cost.
Considering the nature of PICs and their electricity demands, turbines
of the order of 300 kW are appropriate to meet the requirements and
will also ensure that maintenance and repairs are not expensive and
time-consuming. Well-installed and well-monitored wind turbines in
combination with solar PV systems can be used to cater for the energy
needs of the country.
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