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ABSTRACT

Wind energy is one of the most promising renewable energy
technologies worldwide; however, assessing potential sites for wind energy
exploitation is a challenging task. This study presents a site suitability analysis to
develop a small-scale wind farm in south—eastern Thailand and the technical
evaluation of wind energy potential using three available wind turbine models for
prospective onshore wind farm at Krabi and Songkhla sites. To this aim, the most
recent available data over a period of 3 to 4 years, recorded near the surface, at ten
weather stations of the Thai Meteorological Department (TMD) were acquired. The
analysis was conducted using standard wind—industry software WASP. It was found
that the mountain peaks and ridges are highly suitable for small-scale wind farm
development. The selected sites in south—eastern Thailand have mean wind speeds
ranging from 5.1 m/s to 9.4 m/s. Moreover, annual energy production (AEP) of 102
MWh to 311 MWh could be generated using an Enercon E-18 wind turbine with a
rated power of 80-kW at the hub height of 28.5 m. The Levelized Cost of Energy
(LCOE) reveals that the development cost of a small-scale wind farm is lowest in the
Songkhla and Yala provinces of Thailand, therefore these two locations from the
investigated study region are financially most suitable. Moreover, WASP analyses
after technical evaluation indicates that Enercon E-40/5.40 500 kW wind turbine
model produces the highest total gross AEP and total net AEP for Krabi and Songkhla
sites. Besides, the Vergnet GEV MP-C 275 kW turbine model shows slightly higher
capacity factor in case of both sites. The findings could encourage researchers to
further investigate low—speed wind energy mechanisms in tropical regions, and the
demonstrated approach could be reused for other regions.

Keywords: WASP, site assessment, wind energy potential, wind

turbine model, Thailand.
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CHAPTER 1
INTRODUCTION
1.1. Background

Energy has a leading impact in the advancement of any nation. The
prosperity of a nation largely depends on its stability of energy use [1]. Global
renewable energy exploitation has increased over times, due to the urgency to meet
global climate commitments that discourage the use of fossil fuels as energy sources
[2, 3]. Recently, wind power has evolved to a dominant sustainable energy option to
mitigate energy effects on anthropogenic pollutants in the atmosphere [4, 5]. Wind
energy is also replenishable on human timescale and is a cost-effective energy option
in the long run. Because of these advantages, wind energy is frequently discussed and
deployed by various nations [6]. A glimpse of the energy statistics reveals that the
global installed wind-generation capacity reached 651 GW in 2019 [4], and even
during the pandemic significant growth was noted in the wind energy production
capacity worldwide: it is expected to reach 817 GW before the year 2021 ends [7].

In recent decades, the demand of energy has increased globally as a
result of growing population and socio-economic progress. The overall energy
consumption will rise up to 6% globally during 2010-2040 as reported by the
International Energy Outlook (IEO). Negative impacts of greenhouse gas (GHG) on
environment and security of energy supplies have made the government organizations
to increase the exploitation of various sources of renewables. Wind energy is one of
the clean and inexhaustible sources of renewables and it can be utilized for the

generation of electricity by means of wind turbines [8, 9].

Thailand is situated near the equator. It has relatively low to moderate
wind speeds that average about 3 to 5 m/s. However, there are areas with appropriate
topography, such as canyons, slopes and mountain ranges, which have higher wind
speeds and a utilizable annual mean wind speed of no less than 6.4 m/s [10]. The time
patterns of surface wind direction are characterized by the monsoon system. Thailand

has two types of monsoons namely the southwest and the northeast monsoon that



affect Thailand annually. The southwest monsoon generally runs between May and
October bringing warm and moist air from the Indian Ocean, causing strong winds at
mountain ridges in the northern lowlands and southern uplands of Thailand. The
northeast monsoon runs from November to March bringing cold and dry air from the
South China Sea, which causes extreme winds in the Gulf of Thailand and coastal
parts of southern peninsular Thailand. On average the temperature in southern
Thailand is high. In 2018, the minimum monthly mean temperature recorded for
January was 26.4°C and the maximum mean temperature recorded for May was
28.5°C in southern Thailand [11]. Thus, this high temperature generally substantiates

the need for inspection of southern Thailand for energy purposes.

The current total installed electricity generation capacity of Thailand is
almost 46,682 MW, to which around 5,720 MW is imported [12]. Under the
Alternative Energy Development Plan (AEDP), the Ministry of Energy, Thailand, has
set a target of wind power generation to be 3002 MW by 2036 [13]. A feed-in-tariff
(FIT) financial support scheme is introduced in order to promote wind power in the
country to ensure wind power projects viability in areas with moderate wind
resources. Moreover, in special area like remote areas and islands, where diesel power
plants are operating, as well as in the southern Thailand, a premium FIT financial
incentive is used to attract investment in wind power projects. The current FIT and

FIT premiums are 6.06 and 0.5 Baht/kWh for wind power, respectively.

Currently the total wind power installed capacity in Thailand is around
754 MW which is mainly distributed in the northern, the northeastern, and the
southern parts of Thailand [13]. The range of wind power plants is from 6.9 MW to
103.5 MW whereas the current largest wind turbines in nominal capacity is 2.5 MW
in Thailand. Wind is caused by unequal heating of the earth’s surface which occurs
due to the pressure gradients that arise from the temperature differences. The general
macroscale circulation results in the doldrums, situated in regions close to the
Equator. Doldrums are characterized by calm prevailing winds and frequent showers,
thunderstorms, as well as heavy rainfalls. The southernmost parts of Thailand are

situated between 5.5 °N and 7.0 °N in the northern hemisphere which is characterized



by wind speed of 8 m/s in the monsoon periods to a comforting breeze of 3 m/s at

other periods of the year [14].

Wind resource assessment has a significant importance to the
exploitation and consumption of wind energy. A precise evaluation of wind resources
is crucial to the successful development of wind farms. Therefore, to improve the
wind potential use, it is significant for a given site to ensure the effectiveness of

assessment.

To simplify mathematical models according to diverse assumptions,
commercial companies have developed various software packages. In particular,
Wind atlas analysis and application program (WASP) designed by the Danish Riso
National Laboratory (DRNL) has emerged as a convenient instrument for wind
resource assessment [15]. WASP is a computer-based industrial standard tool used all
over the world for wind energy evaluation, site selection and energy yield calculations
for wind energy facilities in various terrains. WASP program has typically shown
errors of less than 10% [16, 17] and provides satisfactory results even with wind data

from a single meteorological station [16].
1.2. Statement of problem

Being a fast-emerging economy, Thailand’s primarily consumes from
fossil fuels for its energy. Worldwide, Thailand ranks 20" in energy intensity and 34"
in emissions intensity (carbon intensity). Regarding electricity generation, natural gas-
fired power plants produced about 57% of electricity, while coal and lignite-based
power plants accounted for about 18% of the total supply in 2018 [18]. It is clear that
conventional energy sources such as natural gas, hard coal and lignite are still the
dominant sources of energy in electricity generation. In 2012, the total installed
electricity generating capacity in Thailand was recorded as 32,600 MW [19, 20] and it
had increased to 45,298 MW in 2019 [21], with 75% being generated from natural
gas, coal and lignite. Thailand’s Ministry of Energy has forecast in the power
development plan for 2018-2037 (PDP 2018: Revision 1) that the total installed
electricity generating capacity will reach 77,211 MW at the end of 2037. The



objective of Ministry of Energy Thailand is to replace non-renewable energy sources
by renewable energy by up to 37%, by the end of 2037 under PDP 2018-2037 [22].
Hence, this objective clearly describes the renewable energy roadmap in Thailand
under PDP 2018-2037, to which all energy-related departments are determined [22-
25].

Southern parts of Thailand have an increasing trend in power demand
by 5-6% yearly due to developments in service and tourism fields, as reported in the
year 2018 by the Electricity Generating Authority of Thailand [26]. Consequently,
government organizations and wind power developers are continuously seeking the
best locations for wind resource assessment. Though feasibility studies [19, 20, 27-30]
have been conducted on wind resources for few provinces in southern Thailand in the
past, still a detailed study scrutinizing wind resource assessments with a view to
investigate potential areas for siting small-scale wind turbines is lacking. It is
significant to evaluate the wind energy potential technically by knowing the
characteristics of wind in order to estimate the annual electricity production at
potential locations [31]. It provides a pathway for wind energy practitioners with the
necessary confidence to study their options to confront the increasing energy demands
and mitigating risks [32, 33].

1.3. Research objectives

The objective of our study has been described below;
1) To preprocess the raw wind data using WASP simulation.
2) To analyze the mean wind speed, power density, annual energy production
and capacity factor using the available wind turbine models.
3) To estimate the levelized cost of energy (LCOE).

1.4. Research gap

According to the authors’ knowledge, there is a gap in the literature, in
exploring wind resource assessments for siting small-scale wind turbines using the
WASP tool in the study region, i.e., in southern Thailand. Furthermore, most prior
studies are somewhat obsolete due to growing industrialization and demographic

changes that have affected land availability.



1.5. Research scope

The aim of this study is to find the appropriate locations for the
development of wind farms in future. Though feasibility studies [19, 20, 27-30] have
been conducted on wind resources for few provinces in southern Thailand in the past,
still a detailed study scrutinizing wind resource assessments with a view to investigate
potential areas for siting small-scale wind turbines is lacking. The differences between
our study and previous studies are the simulation model, turbine technology, height of
wind resource assessment at which it is analysed, its geographical position and
duration of wind data. Therefore, the purpose of the present study is to overcome the
limitations of previous studies. The findings of this study on practical grounds can
diminish the dependence on fossil fuels by using clean and eco-friendly renewable

energy source.
1.6. Research significance

This study will allow the regional energy practitioners to figure out
their choices to tackle the rising power demands, increasing by 5-6% annually,
through renewable wind power. Moreover, this study will also contribute to AEDP
Thailand whose objective is to substitute fossil fuels by up to 37% by year 2037 under
PDP (2018-2037) national plan.



CHAPTER 2
LITERATURE REVIEWS
2.1. Renewables global status

Energy plays an important role in daily life services such as warming,
cooking, manufacturing and transportation. Besides, energy sources have serious
impact on strategic policies of countries. Various energy sources (fuel oil, natural gas,
wind energy, and solar energy etc.) are being used at present time to provide these
services. However, it is significant to get energy from the sources that are safe,

reliable and environmentally friendly.

Over the last two decades, the importance of renewable energy sources
has grown up. Growing environmental concerns and sustainability issues has
compelled various countries around the world to replace conventional energy sources
such as fuel oil, coal and natural gas with renewable energy sources such as wind,
solar and geothermal [34]. Carbon dioxide (CO2) emissions are the main
environmental concerns related to conventional energy utilization. Fuel combustion
increased CO2 emissions from 20,518 megatonnes (Mt) in 1990 to 32,316 Mt in 2016;
this means that CO:2 emissions from fuel combustion grew 57.5% during 1990-2016
[35].

Furthermore, energy supply and demand substantially increased over
the world which has drawn more attention towards sustainability issues. Throughout
the world, the total primary energy supply has increased from 367,325 Petajoules (PJ)
to 576,104 PJ between 1990 and 2016; this means that 56.9% growth has been noticed
in the total primary energy supply over 1990-2016 [36]. Similarly, the total final
energy consumption increased from 262,554 PJ in 1990 to 400, 062 PJ in 2016; in
other words, total energy consumption increased 52.3% over 1990-2016 [37]. Thus, it
is essential to exploit energy sources which are reliable, environmentally friendly and
sustainable such as renewable energy sources. Exploiting renewable energy sources
provide opportunities to alleviate concerns likewise greenhouse gas emissions (GHG),

reduce environmental effects and secondary waste, diversify energy supply and



ensure sustainability [38]. As reported by the British Petroleum (BP) in its annual
report that the fastest growing and five times greater source of energy by 2040 will be
renewables which will hold a share of about 14% of the primary energy throughout
the world [39]. Also, it is expected that two-third of the global investments in power

plants to 2040 will be captured by the renewables [40], as shown in Fig. 2.1.
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Fig. 2. 1 Global average annual net capacity additions by fuel type from 2017 to 2040
[40].

Due to industrial and economic development, the electricity demand
has been significantly increased throughout the world. The world economic growth
was estimated at 3.7% in year 2018. In the same period, the global electricity demand
grew by 4%, or 900 Terawatt-hour (TWh). Since 2010, it has been noticed the fastest
growth when the global economy recovered from the financial crisis of 2007-2008.
Similarly, the global total electricity consumption in 2017 reached to 21,372 TWh,
2.6% higher than 2016. The total electricity consumption in Organization for
Economic Co-operation and Development (OECD) member countries was 9,518 TWh
in 2017, 0.2% higher than in 2016, whereas, the total electricity consumption in non-
OECD countries was 11,854 TWh, an increase of 4.6% from 2016. It is expected that
the global energy consumption in Non-OECD and OECD countries would be 68%



and 6% higher than today by 2030, respectively. Thus, an environmentally friendly,

sustainable and low-cost energy would be required to cope with this growing energy

demand challenges in future.

2.2. Wind energy global status

China is leading in case of wind power installed capacity and has
increased its wind power from 300 MW in 2000 to 278,324 MW in 2020 and holds
39% of the total wind power capacity globally [41]. Table 2.1 presents the top 10

countries cumulative installed capacity of wind energy. Fig. 2.2 shows the global

cumulative wind power capacity from 2017 to 2020.

Table 2. 1 Cumulative installed wind capacity of top 10 countries [41].

S.No. Country MW MW MW MW %
(2017)  (2018)  (2019)  (2020)  Share
1 PR China 188,232 205,804 229,564 278,324 39
2 USA 89,077 96,488 105,436 122,275 17
3 Germany 50,779 52,932 53,913 55,122 8
4 India 32,938 35,129 37,506 38,625 5
5 Spain 23,170 23,433 25,683 27,494 4
6 France 13,757 15,307 16,643 17,946 3
7 Brazil 12,769 14,707 15,452 17,750 3
8 UK 12,412 13,001 13,617 13,731 2
9 Canada 12,240 12,816 13,413 13,577 2
10 Italy 9780 10310 10760 10810 1

In wind energy installation about 84% share comes from the top ten

leading countries while rest of the countries contribute only 16%. In 2020, the Asian-

Pacific wind market continued to lead with 336,286 MW, followed by Europe with
194,075 MW, where the leading country is Germany with addition of 55,122 MW



while USA leads with 122,275 MW in North America. Brazil continues to the
promising market with 17,750 MW in South America. Similarly, South Africa is
leading in cumulative installed capacity with 2,465 MW in African region while
Egypt with 1,465 MW in Middle-East [41].
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Fig. 2. 2 Global cumulative installed wind capacity from 2017 to 2020 [41].
2.3. Thailand wind energy status

In 1983, Thailand started to exploit its wind energy by installing
several small wind turbines ranging from 1 kW to 150 kW at Phuket Island. Due to
relatively low wind speed, the growth rate was at modest level especially in the areas
close to transmission grids. Thailand has technical wind energy potential of about 17
GW if modern low-speed wind turbines are used but only one-third of this potential
can be utilized if conventional wind turbines are adopted instead [42]. Thailand
installed about 1500 MW of the total capacity of wind energy in 2020 which has been
found a significant increase as compare to 2010 where the total capacity of wind
energy was only 6 MW. The total wind energy capacity in Thailand during the past
decade is shown in Fig. 2.3.



10

1600

1400

=
N
o
o

1000

800

600

400

Capacity in megawatts (MW)

200

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Fig. 2. 3 Total wind energy capacity in Thailand from 2011 to 2020 [43].
2.4. Wind energy: The renewable with the smallest footprint?

It is significant to know that wind energy development has potential
impacts on biodiversity. For instance, establishing wind farms can affect the quality of
habitat, elevate the risk of fire and attract predators [44]. One of the greatest threats by
wind power is the collision of birds and bats with turbine. The highest collision rates
are found along forested ridgelines; hence, turbine siting is very important [45, 46]. In
year 2012, around 600000 to 888000 bats [47, 48] and 573000 birds that includes
83000 raptors [48] were killed by wind turbines in USA.

It has been observed that about half (46.4%) of all bird collisions in the
USA occurs in California, which the most wind turbines found. A review across
North America determined that the mortality rates of birds or bats is not affected by
the rotor diameter, but in fact the mortality among bats increased because of the

greater tower height — especially when it exceeded 65 m [49].

Wind farms can also impact migrating bird populations and resident
[50]. This happened to the displacement of some grassland bird species in North and

South Dakota due to three wind farms [51]. Wind farms has impacts on both local and
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distant populations. In eastern Germany wind turbines killed 28% noctule bats that

migrated from distant parts of Europe [52].

Wild life can also be affected from wind farm noise. Mammals,
reptiles, birds, and amphibians in Portugal has reduced species richness at wind farms

[53], possibly also because of cascading effects caused by wind turbines.

Local temperatures can also rise due to wind farms. In Scotland, active
wind farms increased 0.18 °C air temperature and 0.03 g/m3 absolute humidity during
the night [54]. It was noticed wind farms located Texas increased the local
temperature by 0.72 °C per decade relative to nearby control sites, based on satellite
data [55]. The reason behind this increase in temperature is unknown but might have
additional consequences for biodiversity.

2.5. Advantages of wind power

e In case of wind energy there is no dependence on any country as it is easily
available around the world for wind energy production.

e With the help of wind energy, the economies of rural populations can be
strengthened because wind turbines are normally installed in rural areas and
diversify rural economies by providing new types of income.

e In case of wind energy there is no need to use fossil fuel unlike other types of
electrical generation when producing energy from wind turbines.

e In case of fossil fuels, the electricity prices vary significantly due to cost of
transportation and mining whereas wind energy does not include these costs
because it is always available and free.

e Various new short- and long-term jobs are created from wind energy projects
for both industry and rural communities in the area of project construction,
manufacturing and transportation.

e Wind energy does not utilize fossil fuel as an energy source since it does not
pollute the air. Other sources of electricity generation emit poisonous gases

that contribute to global climate change while wind energy is free of pollution.
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e In case of wind energy land and environment can be preserved because
agriculture and animal husbandry can be transferred to nearby areas during

installation of the wind turbines.

2.6. Wind resource assessment

Wind resource assessment has a significant importance to the
exploitation and consumption of wind energy. A precise evaluation of wind resources
is crucial to the successful development of wind farms. Therefore, to improve the
wind potential use, it is significant for a given site to ensure the effectiveness of
assessment. In the recent past, globally a significant number of scientific studies have

been conducted extensively on wind energy.

An overview of some of the important investigations is discussed for a
better understanding of the so far accomplished work such as Computational Fluid
Dynamics (CFD) simulations has been used in complex mountainous areas of north-
eastern Iberian Peninsula, Spain, that showed reasonably high-speed and low-
turbulence winds for turbines at the most suitable locations [56]. An evaluation of
wind energy potential for small-scale wind turbines has been conducted at hub heights
of 10 m and 30 m in the regions of Ontario and Great lakes in Canada [57]. Statistical
models such as Weibull and Rayleigh distributions has been used to determine the
annual energy density, annual energy production (AEP) and capacity factor in Weno
Island, Chuuk State, Micronesia [58]. CFD, WASsP and wind-tunnel testing has been
applied in New Zealand's installed infrastructure to improve wind speed forecasting
methods for the wind pattern over complex terrain [59]. Potential of wind energy and
power law indexes assessment has been investigated for Kudat, Mersing, Kijal, and
Langkawi stations in Malaysia. They analyzed that Kudat and Mersing stations show
great potential for wind turbines at medium scale while the remaining sites may be

suitable for wind turbines at small scale [60].

Similarly, the maximum potential installed wind capacity has been

determined in the Caribbean Island of Barbados [61]. Bruck et al., established an
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innovative cost model to estimate the LCOE obtained by a wind energy source under
a Power Purchase Agreement [62]. An artificial intelligence-based optimization
technique along with a statistical approach has been used to determine the Weibull
parameters and performed technical and economic analyses, such as LCOE, for wind
energy at eighteen locations in Pakistan [1]. The Weibull parameters have been
analyzed in terms of seasonal and yearly wind speed at 12 m height in the coastal
parts of Ghana. They observed that annual wind speed values ranging between 3.88-
5.30 m/s and determined that wind turbines which have cut-in speed below 3 m/s and
rated wind speed value ranging from 9 to 11 m/s are appropriate for wind farm [63].
Wind resource assessment has been inspected in Cyprus using the Weibull
distribution and WASP. They examined WASP model more efficient compared to
other methods [64]. An inclusive study has been performed regarding wind statistics
along with wind power potential at four localities in China [65]. Promsen et al., [66]
and Nouri et al., [67] identified optimal sites for wind turbine installation by using
short term wind statistics and WAsSP model. Boudi and Guerri [68] scrutinized the
potential of wind power by utilizing the Wind Atlas Analysis and Application
Program (WASP) at three sites in the north-west coast of Algeria. They evaluated
wind speed, AEP and estimated the cost for particular sites using different wind
turbine models. Mohammadi et al., [69] used different approaches to measure the
Weibull parameters and analyse daily power density in the south part of Alberta,

Canada.

Furthermore, wind resource assessment has been studied using WASsP
in the southern island of Fiji. They estimated an AEP from 400 MWh to 500 MWh for
Suva and 650 MWh for Kadavu [70]. WASP has been utilized for thirty localities and
identified Rakiraki, Nabouwalu and Udu best locations for development of utility
scale wind farms in Fiji. They used the turbine model Vergnet with a rated power of
275-kW for AEP calculations as these turbines have been proven secured in extreme
weather conditions such as tropical cyclones [71]. Reanalysis data and statistical
methods have been used for preliminary wind resource assessment in South Sudan.
They analyzed that average wind speed values vary between 5.08 m/s and 2.36 m/s
whereas wind power density varies between 128.36 W/m? and 14.39 W/m? and
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explored the possibility of development of small wind turbines for electricity
generation [72]. Potential of wind energy in eight localities has been studied in the
Republic of Djibouti. They investigated the interannual variability of wind by using
CFSR and ERA5 models and examined the feasibility of three wind farms of 275 MW
through WindPRO program. The results show that 1073 GWh/year of electricity will
be generated from the proposed wind farm and the estimated cost of electricity will be
in the range of 7.03 US. $ cent/kWh to 9.67 US. $ cent/kWh [73]. Wind energy
potential has been investigated using at Tarawa and Abaiang atolls of Kiribati. They
analyzed the average wind speed and dominant direction of both sites. The Weibull
parameters were estimated using seven different approaches and estimated annual
energy production and payback period that showed encouraging results [74].
Mesoscale (WRF) and microscale (WAsP) models have been used for a case study at
three sites in the state of Tabasco, Mexico. They calculated the LCOE, the capacity

factor, cost of wind turbines and discount rate [75].
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CHAPTER 3
MATERIAL AND METHODS
3.1. Study area

Southern Thailand is located on Malay Peninsula, covering an area of
about 70,714 km? and has a population of more than 9.4 million people. Southern
parts of Thailand have shown an increasing trend in power demand by 5-6% yearly
due to developments in service and tourism fields, as reported in 2018 by the
Electricity Generating Authority of Thailand [26]. It is one of the most electricity—
demanding regions in Thailand as a gateway to the Malaysian border in the south, and
hence it receives thousands of tourists each year. This emphasis the need of new
energy resources that has least environmental effects such as wind energy. Previous
studies have shown the highest wind energy potential in southern Thailand. However,
most prior studies are somewhat obsolete due to growing industrialization and

demographic changes that have affected land availability.

Royal Thai Navy introduced the science of Meteorology to Thailand in
1905. Later, Meteorological and Statistics Section was set up in 1923 under the
Ministry of Lands and Agriculture for collection of meteorological data at various
observation stations. In August 1936, the Meteorological and Statistics Section was
transferred to the Hydrographic Department where it was known as the
Meteorological Division. On 23rd June, 1942, the Meteorological was given the status
of department which is known as Thai Meteorological Department (TMD). The
headquarter of TMD is located in Bangkok which is responsible for weather
forecasting and monitoring. It has 4 meteorological centers namely Northern
Meteorological Center, Northeastern Meteorological Center, Southern Meteorological
Center (west coast) and Southern Meteorological Center (east coast). Fig. 3.1 displays
the geographical locations of meteorological stations in the southern region of
Thailand.
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Fig. 3. 1 Study area and distribution of meteorological stations in southern
Thailand.

3.2. Overview of methodology

The flow diagram in Fig. 3.2 shows the proposed scheme for siting
small-scale wind turbines. The first step as expected is the analysis of raw wind data
obtained from Thai Meteorological Department (TMD). In the second step, WASP
Climate Analyst tool is used to generate an estimate of wind climatology for all ten
stations. It uses 10-min average wind speed recorded at 10 m above the ground level
(AGL). WASP Climate Analyst estimates wind climatology in the form of a wind rose
and a Weibull distribution function. In third step the coordinates and topographic
information are entered to the WAsP Map Editor tool to create the surface roughness
and contour maps for the ten stations. The fourth step mainly involves the use of
WASP module in terms of mean wind speed, power density and AEP using the
different wind turbine models to conduct power analysis for the selected sites. The

fifth and final step is the estimation of levelized cost of energy.
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Fig. 3. 2 Flow diagram of the proposed scheme.
3.3. Meteorological mast and wind data preparation

The measurement towers in the Southern Meteorological Center carry
meteorological instruments such as anemometers, wind vanes, barometers,
thermometers, rain gauges and hygrometers. Along with these, the observation items
comprise 10-min average wind speed and wind direction, temperature, rainfall,
atmospheric pressure, and relative humidity, which are mainly considered over an
international standard period for wind measurement [76]. A description of the various

measuring tools is provided in Table 3.1.

Table 3. 1 Tool specifications [77].

Equipment Sensor type Instrument Accuracy  Height
range (AGL)

Anemometer Ultrasonic sensor 0-75 m/s +2% 10m

Wind vane Ultrasonic sensor 0-360° +2%

Thermometer Platinum resistance element -40°Cto 50 °C +0.3°C

Barometer Digital 800-1100 hPa  #0.2

Relative humidity Thin film 0-100% RH +2% RH

Rain gauge Tumbling cup 0-100 mm/h 2%
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At a minimum, one year of observation data is essential to review the
development possibility and to measure the potential wind energy reserve amount
[58]. To avoid seasonal bias, this study observed the wind data of ten weather stations
located in southern Thailand, at a standard height of 10 m AGL, over a period of 3 to
4 years. The geographical coordinates and measurement periods can be seen in Table
3.2.

Table 3. 2 Description of measurement sites in southern Thailand [78].

Station name Latitude (°)  Longitude (°) Altitude (m a.s.l.) Measurement period Recovery
Chumphon 10.49 99.18 22 2017-2019 99.24%
Kanchanadit 9.18 99.73 27 2017-2019 98.05%
Koh Samui 9.45 100.03 6 2017-2019 99.06%
Nakhon Si Thammarat 8.54 99.93 5 2017-2019 99.28%
Narathiwat 6.41 101.81 5.13 2017-2019 98.97%
Pattani 6.78 101.15 6 2017-2019 82.55%
Phatthalung 7.58 100.16 4.15 2017-2019 97.05%
Songkhla 7.18 100.60 6 2017-2019 98.94%
Yala 6.51 101.28 36.04 2017-2019 97.13%
Krabi 8.103 98.975 30 2017-2020 93.87%

Note: a.s.l.; above sea level.

This study utilized the raw wind data of ten meteorological stations

that we obtained from the online portal (https://www.tmd.go.th/en/) of TMD in

separate excel sheets for a period of 3 to 4 years. We used a Python programming
language tool. To arrange the multiple data files of each station into a single data file,
we imported the files from PC into a single data frame pandas which is a Python
library. Then, we selected the wind speed and wind direction data columns and rows
while discarded the other data values. Subsequently, we arranged the data of each

station into a single text file format.
3.4. The Weibull distribution

Wind speed is the basic factor that must be measured while selecting
and designing the wind farm. Its Weibull probability distribution function (PDF)

significantly influences the wind turbine performance [79].

The two-parameter Weibull probability distribution is frequently used

in calculations to describe the wind speed histogram. It is also utilized in WASP to
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study the wind characteristics in every direction as characterized by sectors [80].
Whereas the probability distribution function PDF of a Weibull distribution is defined
by Equation (1) [76, 81] :

k

k-1
f(U)=%(%) e @ k>0U>04>1 )

Here, f(U) represents the Weibull probability density function of
observing wind speed U (m/s), A defines the Weibull scale parameter in m/s while k
indicates the dimensionless Weibull shape parameter. The Weibull shape parameter k
takes values between 1 and 3 and describes the behavior of wind in accordance with
its speed and shows variations of wind variables as k is small, while large values of k

indicate a rather constant wind speed [76, 80].

Then, the corresponding cumulative probability function for the
Weibull distribution is expressed in Equation (2) [82]:
U k
FU) =1-e (@ )
where F(U) defines the cumulative distribution function of observing
wind speed U. The cumulative distribution is the integral of the density or PDF with

respect to speed [76].
3.5. Wind Atlas Analysis and Application Program

WASP is a well-established industrial standard as a computer-based
program and has been created by the Department of Wind Energy at the Danish
Technical University in 1987 [83]. It is a widely used tool for projects related to wind
energy and wind engineering [59] in wind resource evaluation, energy Yyield
calculations, and site selection of wind energy facility.

WASP uses a linear model composed of a comprehensive collection of
individual modules according to the physical characteristics of flows in the planetary
boundary layer to predict vertical and horizontal extrapolation of wind [84]. The
WASP flow model requires as inputs: (1) terrain height, (2) surface roughness, and (3)

obstacle effects as can be seen in Fig. 3.3, which is also known as the wind atlas
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methodology. WASP model can calculate the energy production of a single turbine
site or of a wind farm, and considers wake losses, layout, and various other factors.
The wind atlas provides a hypothetical wind climate for a featureless and preferably
planar topography with an even land cover in case the entire computational domain is
under one and the same weather regime [80]. Using wind measurements in actual
terrain to study the wind atlas of the region, the WASsP flow model is applied in order

to eliminate the regional terrain effects as expressed in Equation (3):
WR :WA_OROA_ROUA_OBSA (3)

Here, Wy represents the general regional wind climate, W, defines the
recorded wind at the measuring mast, while ORO,, ROU, and OBS, indicate the
properties of orography, roughness and obstacles at position A, respectively. The
orographic effects on the flow are calculated using spectral BZ (Bessel Expansion on
a Zooming Grid) model in WASsP, which is basically based on the Jackson-Hunt
theory. Thus, the WAsSP model is primarily in the family of the Jackson-Hunt theory
[85]. The internal boundary layer height (h) created under influence of variations in
surface roughness from zj, to z}, in the windward direction is calculated through the
roughness model in WASP by Equation (4):
ain(r-1)=0-92 @)

Zp

where x shows distance to the surface roughness change line and z is
equal to max (z),2y,). This study used the newest version of WASP software,
namely WASP 12 (Version 12.06.0024), WAsP Climate Analyst (Version 3.01.0049),
and WASsP Map Editor (Version 12.3.1.54).
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Fig. 3. 3 The wind atlas methodology with inputs and outputs. Regional wind

climatology is studied to predict the wind climate and resources at specific location by

using the wind data from a meteorological model [86].

3.6. Surface elevation and roug

hness maps

The elevation and roughness maps of southern Thailand are important
inputs to the WASP tool. Therefore, the WASP Map Editor tool in WASP program was
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used to prepare elevation and roughness maps. The Universal Transverse Mercator
coordinate system, Zone 47 along with the datum WGS-1984, was used for the
mapping. The maps are Digital Elevation Model (DEM) developed under the Global
Wind Atlas (GWA) Warehouse map server which uses the Shuttle Radar Topography
Mission (SRTM) data and the Viewfinder for regions outside SRTM coverage. The
elevation maps of the study area are presented in Fig. 3.4, which has a horizontal

resolution of 3 arc-seconds (approximately 90 m).
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Fig. 3. 4 Elevation maps of the study area: (a) Chumphon (b) Kanchanadit
(c) Koh Samui (d) Nakhon Si Thammarat (e¢) Narathiwat (f) Pattani (g) Phatthalung
(h) Songkhla (i) Yala (j) Krabi.

Roughness maps in Fig. 3.5 are formed by using the available data
from the GWA Roughness GlobCover database provided by the GWA Warehouse
map server. The dataset has 22-class land use classification system and has a 10 arc-
seconds (approximately 300 m) resolution. Due to insufficient information related to
surface roughness with high resolution, the surface roughness in southern Thailand
can be characterized into seven types: water bodies, bare areas, grassland, croplands,
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flooded forest, urban areas and forests; while the surface roughness lengths in WAsP
by default are 0, 0.005, 0.03, 0.1, 0.5, 1.0 and 1.5 m, respectively.

Norting (]
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Fig. 3. 5 Surface roughness maps of the study area: (a) Chumphon
(b) Kanchanadit (c) Koh Samui (d) Nakhon Si Thammarat () Narathiwat (f) Pattani
(9) Phatthalung (h) Songkhla (i) Yala (j) Krabi.

3.7. Economic analysis

The LCOE is elaborated as a measure of the average net present value
of the generating electricity for a particular system over its lifespan [18, 62]. The
LCOE is computed in $/kWh or $/MWh. The details of the input parameters to
calculate LCOE are shown in Table 3.3. LCOE is a suitable method for assessing the

viability of energy production for commercial service and specifies its effectiveness
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compared to other technologies [87]. The summarized form of LCOE is given in Eq.
(5):

LCOE = Average total cost to build and operate a power plant over its lifetime .
B Total power generated by the power plant over that lifetime ®)

or

LCOE = CAPEX + OPEX 6
~ Power production (6)

Where CAPEX represents the construction or capital cost while OPEX
shows the operation and maintenance cost of the facility. The detailed mathematical
form of Egs. (5) and (6) is:

Ce+{XF10f /(A +d) + X, 0fv, /(1 +d,)} + (FC + HR)

LCOE =
t=1Pe / (1 +dp)t

(7)

Where C, is the construction or capital expenditure in terms of t year
in USD, Of; represents the fixed operation while Ofv; is the variable operation and
maintenance expenditures in terms of t" year USD, d,- denotes the discount rate, FC
shows fixed cost, HR indicates human resource cost, P, symbolizes the energy

produced in the t™ year in MWh, and n is the plant operation period.

Table 3. 3 Variables for the estimation of the LCOE.

Parameters CAPEX Fixed Variable Capacity Lifetime
OPEX OPEX factor
Million $/kW-yr  $/MWh % (t) yr
$/IMW
Wind 2.52 10.28- 4.82-23.0 26.0-52.0 25
60.0
Exchange rate  31.24 - - - -
(THB/$)
Discountrate 7.5 (%) - - - -
FiTrix 181 - - - -
FiTvar 1.85 -

Source: [18]. Note: LCOE: Levelized Cost of Energy, CAPEX: Capital Expenditures,
Fixed OPEX: Fixed Operating Expenses, Variable OPEX: Variable Operating
Expenses, Year: yr, THB/$: Thai Baht/Dollar, FiTex: Fixed Feed-in Tariff, FiTvar
Variable Feed-in Tariff, MW: Megawatt, kW: Kilowatt, MWh: Megawatt-hour.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1. Analysis of wind speed, wind direction and wind power density

Wind speed is the basic parameter in wind resource assessment for
energy production utilizing wind turbines. During proper planning, it is extremely
significant to consider different periods of variations such as daily, monthly, annual
and seasonal, and the total annual mean wind speed. At extremely high (above 25
m/s) or low (below 3 m/s) wind speeds, possible shutdown periods of the turbine
should be identified (when it will be out of service). The capacity factor and predicted
power production predominantly depend on the selected wind turbine type, size and
manufacturer [79]. Fig. 4.1 illustrates the monthly average wind speed at 10 m (AGL)
for the 3-year period. The average wind speed is lower in the months from May to
October, while it is higher from November to April due to the northeast monsoon that
brings cold and dry air from the South China Sea, causing strong winds in the Gulf of
Thailand and coastal regions of south-eastern Thailand.
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Fig. 4. 1 Monthly average wind speed at 10 m AGL.

The dominant wind direction has a great importance in the evaluation
of a wind energy resource [70]. In order to harness the maximal wind energy, the
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orientation of the wind generator should be perpendicular to the wind direction [79].
Fig. 4.2 clearly depicts the sector-wise distribution as wind roses for south-eastern

Thailand in 12 parts, with discrete 30° intervals.
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Fig. 4. 2 Wind rose diagrams of south-eastern Thailand: (a) Chumphon,
(b) Kanchanadit, (c) Koh Samui, (d) Nakhon Si Thammarat, (e) Narathiwat,
(F) Pattani, (g) Phatthalung, (h) Songkhla, and (i) Yala.

The wind rose diagrams in Fig. 4.2 show that the dominant wind

direction observed over the three years is northwest in Chumphon and Nakhon Si
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Thammarat, whereas it is southwest in Narathiwat and Yala. Similarly, the southeast
direction is dominant in Kanchanadit, Pattani and Songkhla. The bi-directional
northwest-southeast wind rose is more pronounced in Phatthalung, while west is the
dominant direction in Koh Samui. Moreover, the occurrence rate of northwest wind
direction for Chumphon and Nakhon Si Thammarat is almost 23%, whereas the
occurrence rate of southwest wind for Narathiwat and Yala is about 28% and 22%,
respectively. Similarly, the occurrence rate of southeast direction in Kanchanadit,
Pattani and Songkhla is prevailing with 21%, 18% and 32%, respectively. The
occurrence rate of bi-directional northwest-southeast wind in Phatthalung is almost
24% from northwest and 23% from southeast, while the occurrence rate of west
direction in Koh Samui is almost 23%.

Wind power density is the maximum available wind power per unit

area and can be expressed as [58, 88]:
P =0.5pv3 (8)

Similarly, the mean wind power density can be measured by using the

observed wind data, and is given by [89]:

Nobs
_ 1 _ 3
P=cosp z nv; )
=1
where p indicates the mean air density (kg/m®) of a specific time

interval, v; is the ith wind speed (m/s) and n; is the number of occurrences of ith

speed (frequency).

The wind power density can be divided into seven categories on the

basis of wind speed and annual wind power density, as shown in Table 4.1 [58, 90].

Table 4. 1 Wind power density classification scheme [58, 91].

Wind power class  Mean wind speed Wind power density Resource
at 50 m (m/s) at 50 m (W/m?) potential

1 3.5-5.6 50-200 Poor

2 5.6-6.4 200-300 Marginal

3 6.4-7.0 300-400 Fair

4 7.0-75 400-500 Good
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Wind power class ~ Mean wind speed Wind power density Resource
at 50 m (m/s) at 50 m (W/m?) potential
5 7.5-8.0 500-600 Excellent
6 8.0-8.8 600-800 Outstanding
7 Above 8.8 Above 800 Superb

Fig. 4.3 presents the annual mean wind power density in south-eastern
Thailand at 28.5 m hub height. The wind energy resource in south-eastern Thailand
varies from station to station as shown in Table 3. For south-eastern Thailand, annual
mean wind power density with highest value of 802 W/m? was found in Phatthalung,
which belongs to wind class 7, followed by Yala with 474 W/m? and Kanchanadit
with 429 W/m?, and both these stations fall in wind class 4. The minimum annual
mean wind power density of 174 W/m? was recorded in Chumphon, followed in
increasing order by Pattani with 196 W/m?, and both stations belong to wind class 1;
while Nakhon Si Thammarat with 271 W/m? falls in wind class 2. Similarly,
Narathiwat, Songkhla and Koh Samui were at 390 W/m?, 378 W/m? and 350 W/m?,

respectively, belonging to wind class 3.

Yu and Qu [92] reported that good or excellent potential sites are
suitable candidates for establishing a wind energy facility, with wind power density
exceeding 400 W/m? or even reaching 800 W/m?, and wind speed on average is above
7.0 m/s. Thus, the various sites in south-eastern Thailand inspected using WASP
possess a very good potential for wind farm.

Yala

Songkhla

Phatthalung

Pattani

Narathiwat

Nakhon Si Thammarat
Koh Samui
Kanchanadit
Chumphon

0 100 200 300 400 500 600 700 800 900
Annual mean wind power density (W/m?)

Fig. 4. 3 Annual mean wind power density of south-eastern Thailand at 28.5 m hub
height.
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4.2. Diurnal wind speed

Fig. 4.4 displays the average wind speed of each hour recorded at 10 m
height to show the wind speed diurnal pattern of Krabi and Songkhla sites. It has been
observed that both sites examine maximum average wind speed from 2 a.m. to 8 a.m.

with minimum average wind speed between 12 p.m. and 10 p.m.
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Fig. 4. 4 Diurnal average wind speed for Krabi and Songkhla.

4.3. Frequency distribution of wind speed and wind direction
It is important to consider the frequency distribution of wind speed and

wind direction during resource assessment as it gives site specific information.

Fig. 4.5 shows the prevailing wind direction for Krabi which is north-
east with a wind speed (3.73 m/s) frequency distribution 22.1%. The values of scale

parameter A and shape parameter k are 3.1 m/s and 1.39, respectively.
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Fig. 4. 5 Wind rose diagram and histogram of frequency distribution of wind speed
for Krabi.
Fig. 4.6 presents the prevailing wind direction for Songkhla which is

south-east with a wind speed (3.41 m/s) frequency distribution 31.3%. The values of

scale parameter A and shape parameter k are 3.5 m/s and 1.60, respectively.
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Fig. 4. 6 Wind rose diagram and histogram of frequency distribution of wind speed

for Songkhla.
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4.4. Wind resource mapping and energy estimation

This section describes the mean wind speed, net AEP and capacity
factor using Enercon E-18 wind turbine model for a portion of south-eastern Thailand.
Furthermore, wind energy potential using three different available wind turbine

models for Krabi and Songkhla sites has been discussed.

The wind resource maps show the mean wind speed extrapolated for a
portion of south-eastern Thailand in Fig. 4.7. This study identifies ideal sites in the
eight provinces of south-eastern Thailand. WASP analysis was carried out for the
thickly populated, increasing infrastructure and remote areas. Ten stations were
inspected by analyzing 3 to 4 years of wind data for prospective wind farm facility. In
the next stage, a power analysis was conducted for the selected locations in
accordance with the mean wind speed, wind power density, accessibility by using

roads, and electrical transmission lines[93].

Wind speed highly varies in direction with respect to different
locations; thus, those areas encompassed by the resource grid fall within the WAsP’s
limits of predictability. Various types of wind turbines can be proposed for the
selected sites. However, the wind turbine model for this work is selected on the basis
of availability and reliability of information about the specifications of the power
curve. Other types of wind turbine models available in the market may be more
appropriate than the one used in this assessment. For instance, there is a wind turbine
model that is specifically designed for low-speed wind regime, but it lacks
specifications in the literature. Eight to ten sites in each station of south-eastern
Thailand are selected within the resource map plot for power analysis using the wind
generator Enercon E-18 with a rated power of 80 kW. These sites were selected based
on the mean wind speed, wind power density, accessibility by using roads and

electrical transmission lines.

The 10 m measurement towers installed by the TMD are mounted in
relatively exposed areas in the south-eastern Thailand. Sites along the ridges,
mountain peaks and coastal ridges show good wind speeds within the resource grid at
28.5 m hub height.
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In south-eastern Thailand, the northern stations such as sites along the
northwestern ridges (S1 and S2) in Chumphon and mountain peaks (S2, S3, and S8)
in Kanchanadit, (S2, S3, S6, S7, S8 and S9) Koh Samui and (S2, S4, S5 and S6)
Nakhon Si Thammarat show good potential for wind farm development having mean
wind speed of 6.0-6.9 m/s, 5.8-6.7 m/s, 6.0-6.7 m/s and 6.3-6.7, respectively.
However, the sites inspected near the coastal side in south (S10) and east (S7, S8 and
S9) of Chumphon, northwest (S10) of Kanchanadit and eastern part (S9 and S10) of

Nakhon Si Thammarat possess less potential for wind farm facility implementation.

In central stations, all sites along the peaks of mountains (S1 to S10) of
Songkhla and northwestern ridges (S1, S6 and S8) of Phatthalung in resource map
plot have very good mean wind speed from 5.9 m/s to 7.1 m/s and from 5.9 m/s to 8.8
m/s, respectively. These sites have very good potential for wind farms in the future.
However, in Phatthalung, sites on the leeward side (S5) and plain areas (S4, S9 and
S10) towards Songkhla lake show less potential for wind park, because of mean wind
speed of about 3.4 m/s to 4.3 m/s.

The resource maps show great potential on the mountain peaks and
ridges in the southernmost stations, in Narathiwat and Yala provinces in the south-
eastern Thailand. All the sites scrutinized in Narathiwat and Yala have mean wind
speed around 5.1-8.6 m/s and 5.1-9.4 m/s, except site (S10) close to a meteorological
station in Yala that has very little potential (4.2 m/s). Sites inspected along the ridges
(S8 and S5) and towards the northern (S9) and eastern (S10) coast in Narathiwat
possess good mean wind speeds of about 5.3 m/s to 8.6 m/s, because of proximity to
the shore. Further investigation regarding offshore wind speed is required around the
coastal regions of Narathiwat that can be expected to have great potential for offshore
wind farm facility in the future. On the other hand, the regions (S1, S4, S5, S6, S7,
S8, S9 and S10) examined on ridges in Pattani province had less potential for wind
farm facility. However, from the resource, it is apparent that the sites on mountain
peaks in southwest (S2) and south (S3) show some potential for wind farm

development as these sites have mean wind speed of about 5.1 to 6.9 m/s.
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The area of south-eastern Thailand is fairly smooth. Regions on the
leeward side and plain areas in south-eastern Thailand have much less potential for
wind farm facility, as they are surrounded by a lot of artificial obstacles, for instance
by high-rise buildings and urban infrastructure, which make airflow highly turbulent
and may affect the wind flow. However, mountain peaks and ridges show great
potential for prospective wind farm facility which are generally away from the power
grid. Hence, small-scale wind turbines can act as a useful power source in such
locations [94].
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Fig. 4. 7 High resolution wind speed maps of the study area at 28.5 m hub height:
(@ Chumphon, (b) Kanchanadit, (¢) Koh Samui, (d) Nakhon Si Thammarat,
(e) Narathiwat, (f) Pattani, (g) Phatthalung, (h) Songkhla, and (i) Yala.

The average power generated by a wind turbine can be computed by

applying the following equation:
1 N
Pw = NZ Pw(U;) (10)
=

where Pw(U;) shows the output power which is defined by the turbine

power curve.

Also, the energy yield from a wind turbine can be calculated as:

N
E= Y Pw(U)(4t) (11)
2

where U; is the wind speed which is averaged over a time interval At,

N is the number of recorded observations.
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Enercon E-18 wind turbine with a rated of 80 kW was used in the
power analyses of the identified potential sites. Technical specifications of the turbine
are shown in Table 4.2. The cut-in and cut-out speed of the Enercon E-18 wind

turbine rotor are 2.5 m/s and 25.0 m/s, respectively.

Table 4. 2 Enercon E-18 wind turbine specifications.

Rotor Hub Cut-in  Cut-out Survival wind Rated power Rated wind speed
diameter height  speed speed speed
18 m 2856m 25m/s 25.0m/s 67.0m/s 80 kw 12.0 m/s

Wind turbine power curve and a site’s wind characteristics can be used

to estimate the future energy generation over a specific period [70].

Fig. 4.8 shows the net AEP at the selected sites in each station of
south-eastern Thailand. Based on average net AEP generated by WASP, Songkhla has
the highest potential for prospective wind energy development, followed by Yala and
Narathiwat in south-eastern Thailand.

In northern stations, the average net AEP for Chumphon, Kanchanadit,
Koh Samui and Nakhon Si Thammarat is about 102 MWh, 146 MWh, 173 MWh and
127 MWh, respectively. In Koh Samui, sites (S2, S3, S6, S7 and S8) inspected by
WASP have great potential for wind farm facility with a net AEP of about 180 MWh
to 226 MWh. As mentioned previously, Koh Samui is an island and a famous tourist
point. Hence, it is linked by an underwater cable to the mainland power plant in Surat
Thani. An array of 10 or more 80 kW small-scale wind turbines integrated with other
renewables, such as solar, can be used for generating electricity for Koh Samui Island.
Also, some sites in Kanchanadit (S2, S3 and S8), Nakhon Si Thammarat (S4 and S5)
and Chumphon (S1 and S2) show a net AEP of about 175 to 204 MWh, 197 to 205
MWh and 188 to 232 MWh, respectively. These sites have a great potential for
prospective wind farm facility development.

In central stations, Songkhla and Phatthalung show an average net
AEP of about 216 MWh and 146 MWh, respectively. All the sites (S1 to S10)
inspected by WASP in Songkhla show great potential for prospective wind farm
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facility with a net AEP of around 177 to 250 MWh, whereas, some sites (S1, S2, S6
and S8) in Phatthalung along the ridges in northwest display a net AEP around 173 to
211 MWh, and also have very good potential for prospective wind farms.

In the southernmost stations, Yala, Narathiwat and Pattani depict an
average net AEP of about 198 MWh, 190 MWh and 109 MWh, respectively. Sites
along the ridges and mountainous areas in Yala (S1, S2, S3, S4, S5 and S6) and
Narathiwat (S2, S4, S8 and S9) possess a net AEP around 186 to 311 MWh and 197
to 282 MWh, respectively. These sites show the highest potential for prospective wind
farm development. Besides, Pattani has only one site (S2) on a mountain peak with
net AEP around 218 MWh, and this one is expected to have good potential for wind

farm development in the future.

South-eastern Thailand has a population of more than 7.1 million. It is
one of the most power consuming regions in Thailand and receives many tourists
throughout the year due to popular destinations such as Koh Samui, Koh Pha Ngan
and Koh Tao. As reported by the Electricity Generating Authority Thailand, power
demand has been increasing by 5 to 6 % in southern Thailand annually, due to
development of services and tourism. Hence, the prospective sites scrutinized by
WASP could reduce the burden on the local power distribution stations and would be
sufficient to meet the rising power demand in south-eastern Thailand.
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Fig. 4. 8 Net AEP of the selected sites in south-eastern Thailand at a hub height of
28.5m.
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Meanwhile, the capacity factor (Cr) of the wind turbine is defined as
the dimensionless ratio of the average power output (P,,.) and the rated power output
(P.) over a certain period of time (usually over one year) and can be expressed as [95,
96]:

Cf - k v k (12)
C

() -
where I, V; and ;. are the cut-in wind speed, cut-out wind speed and
rated wind speed, respectively. Similarly, A signifies the Weibull scale parameter and
k is the dimensionless Weibull shape parameter. Then the average power output

(P,y¢) can be expressed as:

k k
e_(%) — e_(%) _(ﬁ)k
Pout = B+ X —e \4

-G

Once the value of the average power output (P,,;) iS known, average

(13)

gross energy production (E,,;) of a wind turbine can be estimated for a specific

duration as:
Eout = Poye - T (14)

Also, T = d - 24, where T and d represent the time span in hours and

in days, respectively.

The capacity factor mainly depends on wind resource and wind turbine
technology. An annual capacity factor of 17% or greater is considered desirable for
wind power [58]. This study computed the annual capacity factors of the 9 stations in
south-eastern Thailand at the 28.5 m hub height using WASP program. The results
show that Songkhla, Yala and Narathiwat have annual capacity factors of 27% or
over. Koh Samui, Phatthalung and Kanchanadit have annual capacity factors ranging
between 20% and 25%, whereas Nakhon Si Thammarat, Pattani and Chumphon have
annual capacity factors of 18%, 16% and 15%, respectively (Fig. 4.9).
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Fig. 4. 9 Capacity factors at south-eastern Thailand specific sites assuming Enercon
E-18 wind turbine at a hub height of 28.5 m.

4.5. LCOE analysis

In this section, an economic analysis is done for the installations of the
prospective small-scale wind turbines in south-eastern Thailand. LCOE has been
calculated for the selected sites using Eq. (6) and Table 3.3, as described in the
methodology section, whereas the annual energy yield and capacity factor of the
chosen sites were computed using the WAsSP module. Using Enercon E-18 wind
turbine model, the lowest LCOE is 92.31 $/MWh to 128.89 $/MWh for Songkhla
while the highest LCOE is 189.49 $/MWh to 246.52 $/MWh for Chumphon. Further

details of LCOE calculation for the selected sites can be seen in Table 4.3.

Table 4. 3 Data for the calculation of LCOE.

Sites AEP (MWh)  CF (%) LCOE ($/MWh)
Fixed and Variable Fixed and Variable
OPEX (min.) OPEX (max.)
Chumphon 102.32 14.61 189.49 246.52
Kanchanadit 146.03 20.83 134.35 179.78
Koh Samui 173.71 24.77 113.74 154.84
Nakhon Si Thammarat 127.91 18.25 152.66 201.94
Narathiwat 190.18 27.14 104.23 143.33
Pattani 109.05 15.54 178.44 233.14
Phatthalung 146.87 20.96 133.54 178.8
Songkhla 216.30 30.84 92.31 128.89
Yala 198.24 28.27 100.26 138.52

Note: CF: capacity factor.
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Furthermore, WASP program is utilized to evaluate the technical
potential of wind energy at Krabi and Songkhla sites by using three different wind
turbine models available in the literature. The technical description and specification

of the wind turbine models are given in Table 4.4.

Table 4. 4 Specification of three different wind turbines.

Wind turbine model Rated  Rotor Cutin  Cutout Hub Swept  Rated
output diameter  speed  speed height area speed
(kW)  (m) (m/s)  (mls) (m) (m’)  (mls)
Vergnet GEV MP-C 275 kW 275 32 3.5 25 55 804 12
Bonus Mk 111 300 kw 300 334 3 25 30 876 13
Enercon E-40/5.40 500 kW 500 40.3 2.5 25 42 1275 12

The resource maps of Krabi and Songkhla using WASP program are
displayed in Figs. 4.10, 4.11, 4.12, 4.13, 4.14 and 4.15. The AEP estimated for Krabi
using 275 kW wind turbine ranges from 35.162 to 964.939 MWh, with 300 kW wind
turbine ranges from 0.006 to 1023 MWh and with 500 kW wind turbine ranges from
0.038 to 1748 MWh. Similarly, the estimated AEP for Songkhla using 275 kW wind
turbine ranges from 82.620 to 855.898 MWh, with 300 kW wind turbine ranges from
55.879 to 956.283 MWh and with 500 kW wind turbine ranges from 0.125 to 1540
MWh.



46

st

sseomn

sseom

500 52000 s 6000

Fig. 4. 10 Mean annual energy production Fig. 4. 11 Mean annual energy production
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Fig. 4. 12 Mean annual energy production Fig. 4. 13 Mean annual energy production
of Krabi at 55 m hub height. of Songkhla at 30 m hub height.
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Fig. 4. 14 Mean annual energy production Fig. 4. 15 Mean annual energy production
of Songkhla at 42 m hub height. of Songkhla at 55 m hub height.

The statistical analysis of Krabi and Songkhla sites in terms of total
gross AEP, total net AEP, proportional wake losses, annual mean wind speed, annual

power density and total capacity factor have been evaluated in this study.

The total gross AEP estimated for Krabi and Songkhla using wind
turbine with rated capacity of 275 kW at 55 m hub height are 7172.545 MWh and
7119.366 MWh, respectively. The mean speed and power density values are 6.85 m/s
and 501 W/m2 for Krabi and 6.75 m/s and 374 W/m2 for Songkhla, respectively. The
total capacity factor calculated for Songkhla and Krabi is 29.8% and 29.5%,
respectively. Further details for both sites are given in Table 4.5.

The total gross AEP estimated for Krabi and Songkhla using wind
turbine with rated capacity of 300 kW at 30 m hub height are 7768 MWh and
7775.964 MWh, respectively. The mean speed and power density values are 6.87 m/s
and 590 W/m? for Krabi and 6.55 m/s and 378 W/m? for Songkhla, respectively. The
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total capacity factor calculated for Songkhla and Krabi is 29.1%. Further details for
both sites are given in Table 4.6.
Table 4. 5 Summary of annual statistics using Vergnet GEV MP-C 275 kW.

Variable Total Mean Min Max

Krabi  Songkhla  Krabi  Songkhla Krabi  Songkhla Krabi  Songkhla
Total gross 7172.545 7119.366 717.254 711.937 496.618 574.905 955.504 843.985
AEP [MWh]
Total net AEP  7163.782  7116.63 716.378 711.663 495.374 574.664 955.014 843.662
[MWh]
Proportional 0.12 0.04 - - 0.05 0.03 0.25 0.05
wake loss [%]
Capacity factor 29.8 29.5 - - 20.5 23.8 39.6 35
[%]
Average speed - - 6.85 6.75 5.59 6.15 8.48 7.38
[m/s]
Wind power - - 501 374 260 278 972 477
density [W/m?]

Table 4. 6 Summary of annual statistics using Bonus MKk 111 300 kW.
Variable Total Mean Min Max

Krabi ~ Songkhla Krabi Songkhla Krabi Songkhla Krabi  Songkhla
Total gross 7768 7775.964 777 777.596 539 644544 1014  894.461
AEP [MWh]
Total net AEP 7762 7775245 776 777.524 538 644.525 1013  894.316
[MWh]
Proportional 0.07 0.01 - - 0.02 0 0.16 0.02
wake loss [%]
Capacity factor 29.1 29.1 - - 20.1 24.1 37.9 334
[%]
Average speed - - 6.87 6.55 5.28 5.92 9.19 7.13
[m/s]
Wind power - - 590 378 260 280 1400 488
density [W/m?]

The total gross AEP estimated for Krabi and Songkhla using wind
turbine with rated capcity of 500 kW at 42 m hub height are 12738 MWh and 12391
MWh, respectively. The mean speed and power density values are 6.85 m/s and 533
W/m? for Krabi and 6.66 m/s and 372 W/m? for Songkhla, respectively. The total
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capacity factor calculated for Songkhla and Krabi is 29.1% and 28.3%, respectively.

Further details for both sites are given in Table 4.7.

Table 4. 7 Summary of annual statistics using Enercon E-40/5.40 500 kW.

Variable Total Mean Min Max
Krabi  Songkhla  Krabi  Songkhla Krabi  Songkhla Krabi  Songkhla

Total gross 12738 12391 1274 1239 863 998 1732 1468
AEP [MWh]
Total net AEP 12731 12390 1273 12390 861 998 1732 1468
[MWh]
Proportional 0.06 0.01 - - 0.01 0 0.13 0.02
wake loss [%]
Capacity factor 29.1 28.3 - - 19.7 22.8 39.5 335
[%]
Average speed - - 6.85 6.66 5.44 6.03 8.76 7.29
[m/s]
Wind power - - 533 373 258 276 1131 475
density [W/m?]

The results reveal that Enercon E-40/5.40 500 kW wind turbine
produces the highest total gross AEP and net AEP for Krabi and Songkhla sites. The

annual capacity factor slightly varies for the selected wind turbines as it depends on
turbine model and site. The Vergnet GEV MP-C 275 kW shows slightly higher

capacity factor for both sites.



50

CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

In this study, the wind resource assessment was done using WASP
software for ten stations in southern Thailand. This study indicates that the regions on
the leeward side and plain areas in southern Thailand have poor potential for the
establishment of wind farm facility due to various artificial obstacles such as high-rise
buildings and other urban infrastructure that make airflow highly turbulent and may
affect the wind flow. However, mountain peaks and ridges show a very good potential
for the development of small-scale wind power. The maximum average wind speed is
found in the months from November to April, with low winds from May to October.
The prevailing wind direction observed in Chumphon and Nakhon Si Thammarat is
northwest whereas it is southwest in Narathiwat and Yala. Similarly, the southeast
direction is predominant in Kanchanadit, Pattani and Songkhla. The northwest-
southeast bi-directional wind rose is very pronounced for Yala, while west is the

dominant direction in Koh Samui.

This work used WASsP software for the analyses, to create wind
resource maps for southern Thailand with earmarked ten sites around each weather
station for wind farm facility implementations in future. The wind resource maps at
28.5 m hub height indicate that the highest annual mean wind power density with
value of 802 W/m? was found in Phatthalung, which belongs to wind class 7, followed
by Yala with value of 474 W/m? and Kanchanadit with value of 429 W/m? that fall in
wind class 4. The minimum annual mean wind power density was recorded in
Chumphon and Pattani and both stations belong to wind class 1, while Nakhon Si
Thammarat with value of 271 W/m? falls in wind class 2. Similarly, Narathiwat,
Songkhla and Koh Samui were at 390 W/m?, 378 W/m? and 350 W/m?, respectively,

and belong to wind class 3.

Also, the annual capacity factor of the chosen sites using the Enercon
E-18 wind turbine with a rated of 80 kW were such that Songkhla, Yala and
Narathiwat have annual capacity factors of 27% or over. Koh Samui, Phatthalung and

Kanchanadit have annual capacity factors ranging between 20% and 25%, whereas
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Nakhon Si Thammarat, Pattani and Chumphon have annual capacity factors of 18%,
16% and 15%, respectively. The LCOE calculation shows Songkhla with the lowest
cost from 92.31 to 128.89 $/MWh while Chumphon had the highest cost from 189.49
to 246.52 $/MWh.

Furthermore, Krabi and Songkhla sites were used for the technical
potential of wind energy by using three different wind turbine models available in the

literature. The main points of wind resource analysis of both sites are:

e Both Krabi and Songkhla sites observe maximum diurnal average wind speed
from 2 a.m. to 8 a.m. at height of 10 m AGL.

e Kirabi site shows maximum average wind speed of 4.39 m/s in December
while Songkhla site indicates the maximum average wind speed of 3.91 m/s in
February at height of 10 m AGL.

e The prevailing wind direction in Krabi is north-east. The Weibull scale
parameter A and shape parameter k values are 3.1 m/s and 1.39, respectively.

e The prevailing wind direction in Songkhla is south-east with a wind speed.
The Weibull scale parameter A and shape parameter k values are 3.5 m/s and
1.60, respectively.

e The total net AEP estimated for Krabi using 275 kw, 300 kW and 500 kW
wind turbine models is 7163.782 MWh, 7762 MWh and 12731 MWh,
respectively.

e The total net AEP estimated for Songkhla using 275 kw, 300 kW and 500 kW
wind turbine models is 7116.63 MWh, 7775.245 MWh and 12390 MWh,
respectively.

e The value of capacity factor for Songkhla and Krabi is 29.1% and 28.3%,
respectively.

e WASP analysis shows that Enercon E-40/5.40 500 kKW generates the highest
total gross AEP and total net AEP for Krabi and Songkhla sites.

e Regarding capacity factor, the Vergnet GEV MP-C 275 kW turbine model

shows slightly higher capacity factor in case of both sites.
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This methodology can be further adapted for offshore wind farm

development and cost analysis of Krabi site must be investigated.

In future analysis, WAsP CFD simulations in complex terrain to
maximize production and minimize uncertainty would be beneficial since WAsP CFD
would provide more accurate and reliable outcomes at low cost. Moreover, re-
powering using WASP approach to replace old wind turbines of lower capacity with a
smaller number of modern turbines of higher capacity would be advantageous.

The findings of this research are likely to promote the idea that the
regions near equator, such as Thailand, can exploit the wind energy to decrease its
reliance on natural gas, coal and lignite in future. The method used in this work is
scientific in its approach and is an effective tool for government organizations and
stakeholders in prospective small-scale wind farm implementations in southern
Thailand. The approach demonstrated could also be used in wind resource

assessments for other parts of the world.
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APPENDIX A

Mean wind speed maps of Krabi sites.
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APPENDIX B

Mean wind speed maps of Songkhla sites.
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APPENDIX C

Mean wind power density maps of Krabi sites.
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APPENDIX D

Mean wind power density of Songkhla sites.
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APPENDIX E

Power curves of wind turbines.
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APPENDIX F

IEC classes for wind turbines [97].

Wind turbine class I 1 Il \Y/ S
Vet (M/S) 50 425 375 30 Values to be specified by
Vave (M/S) 10 8.5 7.5 6 the designer
Al 0.18 0.18 0.18 0.18
a 2 2 2 2
B s 0.16 0.16 0.16 0.16
a 3 3 3 3

Note: The values apply at hub-height wind speed, and V. Reference wind speed,
Vave: Annual average wind speed, A and B indicate the categories for higher and
lower turbulence characteristics, l15 denotes the characteristic value of the turbulence

intensity at 15 m/s and a is slope parameter to be used in the Normal Turbulence

Model equation.
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Abstrack Wind energy 15 one of the most promsang enewable energy kchnologes worldwade;
haorvrewer, assessing polential sikes for wind energy exploitation is a challenging task. This study
presents a sike suitability analysis to develop a small-scale wind farm in south—eastern Thailand
To thas aum, the most fecent avalable data from 2017 to 2009, recorded near the surface, al none
weather stations of the Thai Meteorclogical Department (TMID) were acquired. The analysis was
conducted weing standard wind-mdustey software WASE It was found that the mountain peaks
and ridges are highly suitable for small-scale wind farm development Mevertheless, the wind
data analysis indicates that regions fall in low—to-moderate wind dasses. The selected sites in
south—eastern Thailand have mean wind speeds ranging from 5.1 m/'s to 94 m/s. Moseover, annmal
energy proeduction (AEP) of 102 MW to 311 MWh could be generated using an Enercon E-18 wind
turbine with a rated power of 80-KW at the hub height of 285 m. The Levelized Cost of Energy
(LOOE) reveals that the development cost of a small-scale wind farm 8 lowest m the Songlkhla and
Yala provinces of Thailand, thenefore these beo locations from the investigated study fegion ane
Anancially most suitable. The Andings could encourage tesearchers to further mvestigate low—speed
wind enerpy mechani=ms in tropical regions, and the demonstrated approach could be reused for
other fegions.

Keywords: WASP, wind energy; site assessment; ferew able energy fesources; Thailand

L Introduction

Energy is one of the lkeading impacts on the advancement of any nation. The pros-
perity of a nation largely depends on its stability of energy use [1]. Global renewable
energy exploitation has increased over time, due to the urgency to meet global climate
commitments that discourage the use of fossil fuels as energy sources [2,5]. Recently, wind
power has evolved as a dominant sustainable energy option to mitigate energy effects on
anthropogenic pollutants in the atmosphere [4,5]. Wind energy is also replenishable at the
human timescale and is a cost-effective energy option in the long run. Because of these
advantages, wind energy is frequently discussed and deployed by various nations [6]. A
glimpse at the energy statistics reveals that the globally installed wind-generation capacity
reached 651 GW in 2019 [4], and even during the pandemic, significant growth was noted
in the wind energy production capacity worldw ide, whereby it is expected to reach 817 GW
before the year 2021 ends [7].
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Being a fast-emerging economy, Thailand primarily consumes fossil fuels for its energy
Worldwide, Thailand ranks 20th in energy intensity and 34th in emissions intensity (carbon
intensity). Kegarding electricity generation, natural gas—fired power plants produced about
57% of the total electricity supply in 2018, while coal and lignite-based power plants
accounted for about 18% [8]. It is clear that conventional energy sources such as natural
gas, hard coal, and lignite ane still the dominant sources of energy in electricity generation.

In 212, the total installed electricity generating capacity in Thailand was recorded as
32,600 MW [%,10] and it had increased to 45,298 MW in 201% [11], with 75% being generated
from natural gas, coal, and lignite. Thailand’s Ministry of Energy has forecast in the power
development plan for 2018-2037 (PDP 2018: Revision 1) that the total installed electricity
generating capacity will reach 77,211 MW at the end of 2037. The objective of the Ministry
of Energy Thailand is to replace non—menewable energy sources by renewable energy by
up to 37% by the end of 2037 under the power development plan (PDP) 20018-2037 [12].
Hence, this objective clearly describes the renewable energy roadmap in Thailand under
PDP 2018-2037, to which all energy—related departments are determined [12-15].

Thailand is situated near the equator. It has relatively low to moderate wind speeds
that average about 3 to 5 m/s. However, there are areas with appropriate topography,
such as canyons, slopes, and mountain ranges, which have higher wind speeds and a
utilizable annual mean wind speed of no less than 6.4 m/s [16]. The time patterns of
the surface wind direction are characterized by the monsoon system. Thailand has two
types of monsoons, namely the southwest and northeast monsoons that affect Thailand
annually. The southwest monsoon generally runs between May and October bringing
warm and moist air from the Indian Ocean, causing strong winds in mountain ridges in
the northern lowlands and southern uplands of Thailand. The northeast monsoon mns
from Movember to March, bringing cold and dry air from the South China Sea, which
causes extreme winds in the Gulf of Thailand and coastal parts of the southern peninsular
of Thailand. On average, the temperature in south-eastern Thailand is high. In 2018, the
minimum monthly mean temperature recorded for January was 26.4 °C and the maximum
mean temperature recorded for May was 28.5 °C in south—eastern Thailand [17]. Thus,
this high temperature generally substantiates the need for the inspection of south-eastern
Thailand for energy purposes.

Southern parts of Thailand have shown an increasing trend in power demand by

% yearly due to developments in service and tourism fields, as reported in 2018 by the
Electricity Generating Authority of Thailand [18]. In particular, south—eastern Thailand is
one of the most electricity—demanding regions in Thailand as a gateway to the Malaysian
border in the south, and hence it receives thousands of tourists each year South—eastern
Thailand covers an area of about 50,599 km? and has a population of more than 7.1 million
people. Figure 1 displays the geographical locations of meteorological stations in the
south—eastern region of Thailand.

Consequently, government organizations and wind power developers are continu-
ously seeking the best locations for wind resource assessment. Though feasibility stud-
ies [9,10,19-22] have been conducted on wind resounces for a few provinces in southern
Thailand in the past, a detailed study scrutinizing wind resource assessments with a view
to investigate potential areas for siting small-scale wind turbines is still lacking. Further-
more, most prior studies are somewhat obsolete due to growing industrialization and
demographic changes that have affected land availability.

In the recent past, globally a significant number of scientific studies have been con-
ducted extensively on wind energy. A short overview of some of the important investiga-
tions is briefly provided below for a better understanding of the accomplished work so far
Yang and Kojas [23] used Computational Fluid Dynamics (CFD) simulations in complex
mountainous areas of north-eastern [berian Peninsula, Spain, and showed reasonabhy
high—speed and low—turbulence winds for turbines at the most suitable locations. Ashtine
and Bello [24] conducted an evaluation of wind energy poential for small-scale wind
turbines at hub heights of 10 m and 30 m in the regions of Ontario and Great Lakes in

68
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Canada. Ko and Jeong [25] used statistical models such as Weibull and Rayleigh distri-
butions to determine the annual energy density, annual energy production (AEP), and
capacity factor in Weno Island, Chuuk State, and Micronesia. Flay and King [26] applied
CFD, Wind Atlas Analysis and Application Program (WAsP) models, and wind—tunnel
testing in Mew Zealand's installed infrastructure to improve wind speed forecasting meth
ods for the wind pattern over complex terrain. Rogers and Ashtine [27] determined the
maximum potential installed wind capacity in the Caribbean Island of Barbados. Bruck
and Sandbom [28] established an innovative cost model to estimate the Levelized Cost of
Energy (LCOE) obtained by a wind energy source under a Power Purchase Agreement.
Saced and Ahmed [1] used an artificial inkelligence—based optimization technique along
with a statistical approach to determine the Weibull parameters and performed technical
and economic analyses, such as LOOE, for wind energy at eighteen locations in Pakistan.

Wind resource assessment has significant importance in the exploitation and consump-
tion of wind energy. A precise evaluation of wind resources is crucial to the successful
development of wind farms. Therefore, to improve the wind polential use, it is significant
for a given site to ensure the effectiveness of the assessment.

To simplify mathematical models according to diverse assumptions, commercial
companies have developed various software packages. In particular, WAsP designed by
the Danish Kiso Mational Laboratory has emerged as a convenient instrument for wind
mesource assessment [29]. WAsP is a computer-based industrial standard tool used all
over the world for wind energy evaluation, site selection, and energy yield calculations
for wind energy facilities in various terrains. The WAsP program has typically shown
errors of kess than 10% [30,31] and provides satisfactory results even with wind data from
a single meteorological station [30]. Various researchers have promoted the WAsP tool for
wind resource assessment, including [32] who used WAsP software to study climatology
along with wind resource assessment and computed the regional wind atlas for South—
Central Kansas, United States. Hemandez Galvez and Saldana Flores [33] applied Weather
Research and Forecasting and WAsP for mesoscale and microscale wind resource modeling,
respectively. Furthermone, in LCOE, the capacdity factor and cost of wind turbines were
calculated in the State of Tabasco, Mexico. Ramadan [34] investigated the economic viability
of wind farms applying WAsEP and WindPRO tools in the Egy ptian Sinai Peninsula. Liu
and Gao [3] used a long—term tow er measurement approach for a metecrological tower
with a height of 325 m and 15 levels in Beijing, China, using the Weibull function and WAsP
software to calculate the potential of wind energy. Sharma and Ahmed [35] inspected wind
resources of the isolated island of Kadavu and the urban Suva peninsula in the Fiji Island at
a height of 34 m using WAsF. Verma [36] examined the performance and reliability of an old
wind farm located at Madhya Pradesh, India, for repowering, along with an environmental
impact and techno—economic analysis. Himri and Merzouk [37] used RETScreen and WAsP
tools in the South-West region of Algeria to investigate wind farm financial feasibility
and wind resource assessment. Thus, it has been proven that WAsDP is a powerful tool
for wind resource assessment. However, studies onwind resource assessment using the
WAsP model in tropical areas have been limited. The study described here will provide a
scientific approach for wind resource assessment in tropical nations like Thailand with a
methodology compliant to international standards.

According to the authors’ knowledge, there is a gap in the literature in exploring wind
resource assessments for siting small-scale wind turbines using the WASF tool in the study
region, ie., in south—eastern Thailand. Therefore, this study deployed the WAsF tool to site
small-scale wind farms through a thorough investigation of the regional wind resources.
The WAsP simulation computes the mean wind speed and the mean power density for
selected sites of south-eastern Thailand. The power analysis and capacity factor of the
sites were calculated for the Enercon E-18 wind turbine with a rated of 80 kW, This will
allow the regional energy practitioners to determine their choices to tackle the rising power
demands, increasing by 5-6% annually, through renew able wind power. Momeover, this
study will also contribute to the Alternative Energy Development Plan for Thailand whose



Sustainabiliry 20271, 13, 13718

70

dof25

objective is to substitute fossil fuels by up to 37% by 2037 under the power development
plan 2018-2037.
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Figure 1 Study area and distibubion of meteorological stalions in south—eastern Thailand (Seurce: Kamdar et al. [38]).

2 Material and Methods
21. Overview of Methodology

The flow diagram in Figure 2 shows the proposed scheme for siting small-scale wind
turbines. The first step, as expected, is the analysis of raw wind data obtained from TMI
In the second step, the WAsP Climate Analyst tool is used to generate an estimate of wind
climatology for all nine stations. It uses the 10-min average wind speed recorded at 10 m
above the ground level (AGL). The WAsP Climate Analyst estimates wind climatology
in the form of a wind rose and a Weibull distribution function. In the third step, the
coordinates and topographic information are entered into the WAsEP Map Editor tool to
create the surface roughness and contour maps for the nine stations. The fourth step mainly
invohes the use of the WAsP module in terms of mean wind speed, power density, and
AEP using the Enercon E-18 wind turbine to conduct a power analysis for the selected
sites. The fifth and final step is the estimation of the levelized cost of energy.

2.2, Meteorological Mast and Wind Data Acquisition

The measurement towers in the Southern Meteorological Center (east coast) contain
meteorological instruments such as anemometers, wind vanes, barometers, thermome-
ters, rain gauges, and hygrometers. Along with these, the observation items comprise
the 10-min average wind speed and wind direction, temperature, rainfall, atmospheric
pressure, and relative humidity, which are mainly considered over an international star-

dard period for wind measurement [39]. A description of the various measuring tools is
provided in Table 1.
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‘ / > Wind r maps
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wind turbine 1
Annual cost
of energy per year
Figure 2 Flow diagram of the proposed scheme.
Table 1. Tool specifications obtained from Thai Meteorological Department [40].
Equipment Sensor Type Instrument Range Accuracy Height (AGL)
Anemometer Ultrasonic sensor 0-75m/s 10 m
Wind vane Ultrasonic sensor 0-380°
Thermometer Platinum resistance element -40°Cto50°C
Barometer Dagatal 800-1100 hPa
Relative hunudity Thin film 0-100% RH
Rain gauge Tumbling cup 0-100 mm/h

At a minimum, one year of observation data is essential to review the development
possibility and to measure the potential wind energy reserve amount [25]. To avoid seasonal
bias, this study observed the wind data of nine weather stations located in south-eastern
Thailand, at a standard height of 10 m AGL, over a period of 3 years. The geographical
coordinates and measurement periods can be seen in Table 2.
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Table L Geographical coordinates and description of measue ment sibes in south—eastern Thailand
[obtained from Thai Meteorological Departoent [41])

Station Name Latitude (°)  Longitude () f‘;‘:‘;‘:‘; Measurement
Chumghon 1049 99,18 n 2017-2019
Kanchanadit 9.18 9973 7 2017-2019
Koh Samui 9.45 10003 6 2017-2019

Nakhon Si Thammarat 8,54 99.93 5 2017-2019
Narathiwat 641 10151 5.13 2017-2019
Pattani 6.78 10115 6 2017-2019
Phatthalung 7.58 100,16 415 2017-2019
Songkhla 7.18 100,60 6 2017-2019

Yala 6.51 101.28 36,04 2017-2019

Mobe: a5l Above sea kevel

2.3. The Weibull Distribution

Wind speed is the basic factor that must be measured while selecting and designing
the wind farm. Its Weibull probability distribution function (PDF) significantly influences
the wind turbine performance [34].

The two—parameter Weibull probability distribution is frequently used in calculations
to describe the wind speed histogram. It is also utilized in WASP to study the wind char-
acteristics in every direction as characterized by sectors [32]. The probability distribution
functiom PDF of Weibull distribution is defined by Equation (1) [39,42]:

k-1
f[H}:%(%) ks ouso A1 (1)

Here, f(LI) represents the Weibull probability density function of observing wind
speed U (m/s), A defines the Weibull scale parameter in m/s while k indicates the dimen-
sionless Weibull shape parameter. The Weibull shape parameter k has values between 1
and 3 and describes the behavior of wind in accordance with its speed, where small values
of k shows variations in wind variables, while large values of k indicate a rather constant
wind speed [32,39].

Then, the comesponding cumulative probability function for the Weibull distribution
isexpressed in Equation (2) [43]:

ok
F(lI) =1 ¢ i) ()

where F(LI'} defines the cumulative distribution function of observing wind speed L. The
cumulative distribution is the integral of the density or PDF with respect to speed [349].

2.4. Wina Atlas Analysis and Appiication Program

WaAsF is a well-established industrial standard as a computer—based program and
has been created by the Department of Wind Energy at the Danish Technical University in
1987 [44]. It is a widely used tool for projects related to wind energy and wind engineer-
ing [26] inwind resource evaluation, energy yield calculations, and site selection of a wind
energy facility.

WAsP uses a linear model composed of a comprehensive collection of individual
modules according to the physical characteristics of flows in the planetary boundary layer
to predict the vertical and horizontal extrapolation of wind [45]. The WAsP flow model
requires the following inputs: (1) Terrain height, (2) surface roughness, and (3) obstacle
effects, as can be seen in Figure 3, which is also known as the wind atlas methodology. The
WAsP model can calculate the energy production of a single turbine site or of a wind farm,
and considers wake losses, layout, and various other factors. The wind atlas provides a
hypothetical wind climate for a featureless and preferably planar topography with an even
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land cover in case the entire computational domain is under the same weather regime [32].
Using wind measurements in actual terrain to study the wind atlas of the region, the WAsP
flow model is applied in order to eliminate the regional terrain effects as expressed in
Equation (3):

Wg = Wy —ORO4 — ROU, — OBSy4 (3)

Here, Wy represents the general regional wind climate, W, defines the recorded
wind at the measuring mast, while ORO,4, ROUy, and OBS, indicate the properties of
orography, roughness, and obstacles at position A, respectively. The orographic effects on
the flow are calculated using the spectral BZ (Bessel Expansion on a Zooming Grid) model
in WAsP, which is essentially based on the Jackson-Hunt theory. Thus, the WAsP model is
primarily in the family of the Jackson-Hunt theory [46]. The internal boundary layer height
(h) created under the influence of variations in surface roughness from z{; to z}, in the
windward direction is calculated through the roughness model in WAsP by Equation (4):

h h x
711‘!(7—,—1) :0-97 (4)
‘9 \p “0

where X shows distance to the surface roughness change line and z{) is equal to max (2, 2§;,).
This study used the newest version of WAsP software, namely WAsP 12 (Version 12.06.0024),
WAsP Climate Analyst (Version 3.01.0049), and WAsP Map Editor (Version 12.3.1.54).

GENERALIZED REGIONAL WIND
CLIMATOLOGY

4 =

mooeL ror |
MOUNTAINOUS TERRAIN

- T e
=
il . & A\ -
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WIND WIND CL TOLOGY
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Figure 3. The wind atlas methodology with inputs and outputs. Regional wind dimatology is
studied to predict the wind dimate and resources at specific locations using the wind data from a
metorclogical model [47].
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2.5. Surface Elevation and Roughness Maps

The elevation and roughness maps of south-eastern Thailand are important inputs
in the WAsP tool. Therefore, the WAsP Map Editor tool in the WAsP program was used
to prepare elevation and roughness maps. The Universal Transverse Mercator coordinate
system, Zone 47, along with the datum W(GS-1984, was used for the mapping. The
maps are a Digital Elevation Model (DEM) developed under the Global Wind Atlas (GWA)
Warehouse map server, which uses the Shuttle Radar Topography Mission (SRTM) data and
the Viewfinder for regions outside SRTM coverage. The elevation maps of the study area
are presented in Figure 4, which has a horizontal resolution of 3 arc-seconds (approximately
90 m).

w o

Figure 4. Cont.
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Figure 4 Elevation maps of the study area (a) Chumphon, (b) Kanchanadit, (¢) Koh Samui,
(d) Nakhon St Thammarat, (e) Narathiwat, (f) Pattam, (g) Phatthalung, (h) Songkhla, (i) Yala.

Roughness maps in Figure 5 are formed by using the available data from the GWA
Roughness GlobCover database provided by the GWA Warehouse map server. The dataset
has a 22-class land use classification system and has a 10 arc—seconds (approximately
300 m) resolution. Due to insufficient information related to the surface roughness with
high resolution, the surface roughness in south—eastern Thailand can be characterized into
seven types: Water bodies, bare areas, grassland, croplands, flooded forest, urban areas,
and forests; while the surface roughness lengths in WAsP by default are 0, 0.005, 0.03, 0.1,
0.5, 1.0, and 1.5 m, respectively.

2.6. Economic Analysis

The LCOE is elaborated as a measure of the average net present value of the generated
electricity for a particular system over its lifespan [8,28]. The LCOE is computed in $/kWh
or $/MWHh. The details of the input parameters to calculate LCOE are shown in Table 3.
LCOE is a suitable method for assessing the viability of energy production for commercial
service and specifies its effectiveness compared to other technologies [48]. The summarized
form of LCOE is given in Equation (5):

Average total cosf to build and operate @ power plant over its lifetime

TR Total power generated by the power plant over that lifetime

()
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Figure 5. Cont.
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Figure 5. Surface roughness maps of the study arca: (a) Chumphon, (b) Kanchanadit, (¢) Koh Samui, (d) Nakhon Si
Thammarat, (e) Narathiwal, (f) Pattani, (g) Phatthalung, (h) Songkhla, (i) Yala.

or

CAPEX + OPEX )
Power production
where CAPEX represents the construction or capital cost while OPEX shows the operation

and maintenance cost of the facility. The detailed mathematical form of Equations (5) and
(6) is:

LCOE =

G+ { L 0f/ (1 +4,)' + X34 0f0 /(1 +4,)'} + (FC+ HR)
LCOE =
)::_1 B/(1+ dr)‘

where (, is the construction or capital expenditure in terms of tth year in USD, Of; rep-
resents the fixed operation while Of 7, is the variable operation and maintenance expen-
ditures in terms of fth year USD, @, denotes the discount rate, FC shows fixed cost, HR
indicates human resource cost, P, symbolizes the energy produced in the fth year in MWh,
and n is the plant operation pericd.
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Table 3. Variables for the estintation of the LOOE
Farameters CAFEX Fived OPEX Variable OFEX Capacity Factor Lifetime
Millicn $/ MW 5/ KW-yr 5/MWh % thyr
Wand 252 10.258-50.0 4.82-23.0 2%.0-520 25
Exchange rate 31.24 (THB/ 5) - - - -
Dhscount rabe 7.5 (%) - - - -
FiTFix 1.581 - - - -
FiTVar 1.85 - - - -

Adapted from Ref. [8]. Mote: LOOE: Levelized Cost of Energy, CAPEX: Capital Expenditures, Fived OPEX: Fixed Operating Expenses,
Variable OPEX: Variable Operating Expenses, Year yr, THB/ % Thai Baht/Dollag, FiTFic Fixed Peed-in Tarif{, FiTVar: Variable Feed-in
Tariff, MW: Magawatt, KEW: Kilowatt, MWk Megawatt hour

Wind speed (mys)

3. Results and Discussion
11. Analysis of Wind Speed, Wind Direction, and Wind Power Density

Wind speed is the basic parameter in wind resource assessment forenergy production
utilizing wind turbines. During proper planning, it is extremely important to consider
different periods of variations such as daily, monthly, annual, and seasonal, and the total
annual mean wind speed. At extremely high (above 25 m/s) or low (below 3 m/ =) wind
speeds, possible shutdown periods of the turbine should be identified {when it will be out
of service). The capacity factor and predicted power production predominantly depend
on the selected wind turbine type, size, and manufacturer [34]. Figure & illustrates the
monthly average wind speed at 10 m (AGL) for the 3-year period. The average wind speed
is lower in the months from May to October, while it is higher from November to April due
to the northeast monsoon that brings cold and dry air from the South China Sea, causing
strong winds in the Gulf of Thailand and coastal regions of south—eastern Thailand.

T
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Figure 6. Monthly average wind speed at 10.m AGL

The dominant wind direction has great importance in the evaluation of a wind energy
resource [35]. In order to hamess the maximal wind energy, the orientation of the wind
generator should be perpendicular to the wind direction [34]. Figure 7, clearly depicts the
sector-wise distribution as wind roses for south—eastern Thailand in 12 parts, with discrete
307 intervals.
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Figure 7. Wind rese diagrams of south—eastern Thailand: (a) Chumphon, (b) Kanchanadit, (¢} Koh Samud, (d) Nakhon 5
Thammarat, (&) Narathiwat, (f) Pattani, (g) Fhatthalung, (h) Songkhla, and (i} Yala.

The wind rose diagrams in Figure 7 show that the dominant wind direction observed
over the three years is northwest in Chumphon and MNakhon 5i Thammarat, whereas
it is southwest in Marathiwat and Yala. Similarly, the southeast direction is dominant
in Kanchanadit, Pattani, and Songkhla. The bi—directional northwest-southeast wind
rose is mone pronounced in Phatthalung, while west is the dominant direction in Koh
Samui. Momover, the occurrence rate of northwest wind direction for Chumphon and
Makhon 5i Thammarat is almost 2395, whereas the occcurrence rate of southwest wind for
Marathiwat and Yala is about 28% and 22%, respectively. Similarly, the occurrence rate of
the southeast direction in Kanchanadit, Pattani, and Songkhla is prevailing with 21%, 18%,
and 32%, espectively. The ocourrence rate of bi-directional northwest-southeast wind
in Phatthalung is almost 24% from the northwest and 23%. from the southeast, while the
occurrence rate of the west direction in Koh Samui is almost 23%.

Wind power density is the maximum available wind power per unit area and can be
expressed as [25,49]:

P = 05007 (&)

Similarly, the mean wind power density can be measured by using the observed wind

data, and is given by [36):
Nobs

Pog ) i ©)

=1
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Yala

Songkhla

Phatthalung

Patlani

Marathiwat

Makhon Si Thammarat
Koh Samui
Kanchanadit

Chumphon

where F indicates the mean air density (kg/m") of a specific time interval, 1; is the ith wind
speed (m,s), and 0; is the number of cccurrences of ith speed (frequency).

The wind power density can be divided into seven categories on the basis of wind
speed and annual wind power density, as shown in Table 4 [25,50].

Table 4 Wind power densaty classification scheme [25,51].

Mean Wind Speed  Wind Power Densi

Wind Power Class ty Resource Potential

(/5] Wim®)
1 1556 50-2000 Foor
2 5664 200-300 Marginal
a 6470 200400 Fair
4 7075 200-500 Good
5 7580 S00-600 Excellent
6 B.0-5.8 &00-800 Outstanding
7 Above 88 Abowve B Superb

Figure 8 represents the annual mean wind power density in south-eastern Thailand
at a 28.5 m hub height. The wind energy resource in south—eastern Thailand varies from
station to station as shown in Table 3. For south—eastern Thailand, the annual mean wind
power density with the highest value of 802 W/m® was found in Phatthalung, which
belongs towind class 7, followed by Yala with 474 W/ m? and Kanchanadit with 429 W/ m?,
and both these stations fall in wind class 4. The minimum annual mean wind power
density of 174 W/ m? was recorded in Chumphon, followed in increasing order by Pattani
with 196 W/ m?, and both stations belong to wind class 1; while Makhon 5i Thammarat
with 271 W /m? falls in wind class 2. Similarly, Narathiwat, Songkhla, and Koh Samui were
at 390 W/ m?®, 378 W/ m?, and 350 W /m?, espectively, belonging to wind class 3.

T T T T T T T T

100 200 300 400 500 &00 F00 800 Q00
Annual mean wind power density (W,/m?)

Figure 8. Annual mean wind power density of south-eastern Thailand at 285 m hub height

Yu and Qu [52] reported that good or excellent potential sites are suitable candidates
for establishing a wind energy facility, with wind power density exceeding 400 W/ m? or
even meaching 800 W/m?, and wind speed on average is above 7.0 m/s. Thus, the various
sites in south—eastern Thailand inspected using WAsP possess very good potential for
wind farm development.

3.2, WAsP Analysis: South—Enstern Thailand

The wind resource maps show the mean wind speed extrapolated for a portion of
south—eastern Thailand in Figure 10, This study identifies ideal sites in the eight provinces
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of south—eastern Thailand. WAsP analysis was carried out for the thickly populated,
increasing infrastructure and remote areas. Nine stations were inspected by analyzing
3 years of wind data for a prospective wind farm facility. In the next stage, a power analysis
was conducted for the selected locations in accordance with the mean wind speed, wind
power density, accessibility by using roads, and electrical transmission lines [53].
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Figure 10. High-resolution wind speed maps of the study anea at 28.5 m hub hesght: (a) Chumphon, (b) Kanchanadit,
(¢) Koh Samui, (d) Nakhon 51 Thammarat, (e) Narathawat, (f) Pattan, (g) Phatthalung, (h) Songkhla, and (i) Yala

Wind speed highly varies in direction with respect to different locations; thus, those
areas encompassed by the resource grid fall within the WAsI”'s limits of predictability.
Various types of wind turbines can be proposed for the selected sites. However, the wind
turbine model for this work is selected on the basis of the availability and reliability of
information about the specifications of the power curve. Other types of wind turbine mod-
els available in the market may be more appropriat than the one used in this assessment
For instance, there is a wind turbine model that is specifically designed for a low-speed
wind regime, but it lacks specifications in the literature. Eight to ten sites in each station
of south-eastern Thailand were selected within the resource map plot for power analysis
using the wind generator Enercon E-18 with a rated power of 80 kW. These sites were
selected based on the mean wind speed, wind power density, accessibility by using roads,
and electrical transmission lines.

The 10 m measurement towers installed by the TMD are mounted in relatively exposed
areas in south—eastern Thailand. Sites along the ridges, mountain peaks, and coastal ridges
show good wind speeds within the resource grid ata 28.5 m hub height.

In south-eastern Thailand, the northemn stations such as sites along the northwestern
ridges (S1 and 52) in Chumphon and the mountain peaks (52, S3, and S8) in Kanchanadit,
(52, S3, S6-59) Koh Samui, and (52, S4-56) Nakhon Si Thammarat show good poten-
tial for wind farm development with a mean wind speed of 6.0-6.9 m/s, 5.8-6.7 m/s,
6.0-6.7 m/s, and 6.3-6.7, respectively. However, the sites inspected near the coastal side in
the south (S10) and east (57-59) of Chumphon, northwest (510) of Kanchanadit, and the
eastern part (59 and 510) of Nakhon Si Thammarat possess less potential for wind farm
facility implementation.

In central stations, all sites along the peaks of mountains (51 to $10) of Songkhla and
northwestern ridges (S1, S6, and S8) of Phatthalung in the resource map plot have very
good mean wind speeds from 5.9 m/s to 7.1 m/s and from 5.9 m/s to 8.8 m/s, respectively.
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These sites have very good potential for wind farms in the future. However, in Phatthalung,
sites on the leeward side (55) and plain areas (54, 59, and 510) towards the Songkhla lake
show less potential for a wind park, because of a mean wind speed of about 3.4 m/s
tod43m/s.

The resource maps show great potential on the mountain peaks and ridges in the
southernmost stations, in Marathiwat and Yala provinoes in south-eastern Thailand. All
the sites investigated in Narathiwat and Yala have mean wind speeds around 5.1-8.6 m/s
and 5.1-%.4 m /s, except site (510) close to the meteorological station in Yala, which has
very litthe potential (4.2 m /s). Sites inspected along the ridges (58 and 55) and towards the
northern (5¥) and eastern (510) coast in Narathiwat possess good mean wind speeds of
about 5.3 m/s to 8.6 m/s, because of their proximity to the shore. Further investigation
regarding offshore wind speed is required around the coastal regions of Marathiwat, which
can be expected to have great potential for offshore wind farm facilities in the future. On
the other hand, regions (51, 54-510) examined on ridges in the Pattani province had less
potential for a wind farm facility. However, from the resource, it is apparent that the sites
on mountain peaks in the southwest (52) and south (53) show some potential for wind
farm development as these sites have a mean wind speed of about 5.1 to 6.9 m/s.

The area of south—eastern Thailand is fairly smooth. Regions on the leeward side and
plain ameas in south-eastern Thailand have much less potential for a wind farm facility,
as they ame surrounded by many artificial obstacles, for instance high-rise buildings and
urban infrastructure, which make airflow highly turbulent and may affect the wind flow.
However, mountain peaks and ridges show great potential for a prospective wind farm
fadility, which are generally located far from the power grid. Hence, small-scale wind
turbines can act as a useful power source in such locations [54].

The average power generated by a wind turbine can be computed by applying the
following equation:

N
Pu— o) Polh) (10)
i=1
where Pu(U; ) shows the output power, which is defined by the turbine power curve.
Momeover, the energy yield from a wind turbine can be calculated as:

N
E = Y Pu(lL)(Ar) )
=]l
where LI; is the wind speed, which is averaged over a time interval Af, and M is the number
of recorded observations.
The Enercon E-18 wind turbine with a rated of 80 kW was used in the power analyses

of the identified potential sites. Technical specifications of the turbine are shown in Table 5.
The cut-in and cut-out speeds of the Enercon E-18 wind turbine rotor are 2.5 m/s and

5.0 m/'s, respectively.
Table 5 Enercon E-18 wind turbine spechcations.

. . Survival Wind Rated Wind
Rotor Diameter Hub Height Cut-In Speed Cut-Out Speed Sreed Rated Power Sneed
18m 25m/s 250m/fs 7.0 m/s B KW 120m/s

The wind turbine power curve and a site’s wind characteristics can be used to estimate
the future energy generation over a specific peried [35].

Figume 11 shows the net AEP at the selected sites in each station of south—eastern
Thailand. Based on the average net AEP generated by WAsE, Songkhla has the highest
potential for prospective wind energy development, followed by Yala and Marathiwat in
south—eastern Thailand.
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Figure 11. Net AEP of the selected sites in south-eastern Thailand at a hub hesght of 28 m.

In northern stations, the average net AEP for Chumphon, Kanchanadit, Koh Samui,
and Nakhon Si Thammarat is about 102 MWh, 146 MWh, 173 MWh, and 127 MWh,
respectively. In Koh Samui, sites (S2, 53, $6-58) inspected by WAsP have great potential
for a wind farm facility with a net AEP of about 180 MWh to 226 MWh. As mentioned
previously, Koh Samui is an island and a famous tourist point. Hence, it is linked by an
underwater cable to the mainland power plant in Surat Thani. An array of 10 or more 80 kW
small-scale wind turbines integrated with other renewables, such as solar, can be used for
generating electricity for Koh Samui Island. Furthermore, certain sites in Kanchanadit (S2,
53, and S8), Nakhon Si Thammarat (54 and 55), and Chumphon (51 and 52) show a net
AEP of about 175 to 204 MWHh, 197 to 205 MWh, and 188 to 232 MWh, respectively. These
sites have great potential for prospective wind farm facility development.

In central stations, Songkhla and Phatthalung show an average net AEP of about
216 MWh and 146 MWh, respectively. All the sites (51 to 510) inspected by WAsP” in
Songkhla show great potential for a prospective wind farm facility with a net AEP of
around 177 to 250 MW h, whereas certain sites (51, S2, 56, and S8) in Phatthalung along
the ridges in the northwest display a net AEP around 173 to 211 MWh, and also have very
good potential for prospective wind farms.

In the southernmost stations, Yala, Narathiwat, and Pattani depict an average net
AEP of about 198 MWh, 190 MWh, and 109 MWh, respectively. Sites along the ridges and
mountainous areas in Yala (51-56) and Narathiwat (S2, $4, S8, and S9) possess a net AEP
around 186 to 311 MWh and 197 to 282 MWHh, respectively. These sites show the highest
potential for prospective wind farm development. Furthermore, Pattani has only one site
(52) on a mountain peak with a net AEP around 218 MWh, and this site is expected to have
good potential for wind farm development in the future.

South-eastern Thailand has a population of more than 7.1 million. It is one of the
highest power—onsuming regions in Thailand and receives many tourists throughout
the year due to popular destinations such as Koh Samui, Koh Pha Ngan, and Koh Tao.
As reported by the Electricity Generating Authority Thailand, power demand has been
increasing by 5 to 6% in southern Thailand annually, due to the development of services
and tourism. Hence, the prospective sites scrutinized by WAsP could reduce the burden
on the local power distribution stations and would be sufficient to meet the rising power
demand in south-eastern Thailand.



Sustainabiliy 2021, 13, 13718

87

1 of 25

Chumphon

Pattani

Makhon 5i Thammarat
Kanchanadit
Phatthalung

Koh Samul
Marathiwat

Yala

Songkhla

Meanwhile, the capacity factor (CJ.-J of the wind turbine is defined as the dimension
less ratio of the average power output (F,yy ) and the rated power cutput (F ) overa certain
peried of time (usually over one year) and can be expressed as [55,56]:

) ek
% F _ —'f:.{i*t
T Foe ™
Ve W
(%) - (%)
where V, er, and V; are the cut-in wind speed, cut-out wind speed, and rated wind speed,

respectively. Similarly, A signifies the Weibull scale parameter and k is the dimensionless
Weibull shape parameter. Then, the average power output ( Py ) can be expressed as:

1z

Pmt— T

CEr

Omnee the value of the average power output (Foy; ) is known, the average gross energy
production | Em: ) of a wind turbine can be estimated for a specific duration as:

(13

Ecut = Paut - T (14

Moreover, T = d - 24, where T and d represent the time span in hours and in days,
respectively.

The capacity factor mainly depends on the wind resources and wind turbine tech-
nology. An annual capacity factor of 17%: or greater is considered desirable for wind
power [25]. This study compufed the annual capacity factors of the nine stations in south-
eastern Thailand at the 28.5 m hub height using the WAsP program. The results show that
Songkhla, Yala, and Marathiwat have annual capacity factors of 27% or over. Koh Samui,
Phatthalung, and Kanchanadit have annual capacity factors ranging between 207 and 25%,
whemas Nakhon 5i Thammarat, Pattani, and Chumphon have annual capacity factors of
18%, 16%, and 15%, respectively (Figure 12).

5 10 15 20 25 30 35 40
Capacity factor (%)

Figure 1. Capaaly factors at south—eastern Thailand specific sites assuming Enercon E-18 wind turbmne at a hub heaght

of 28.5 m.

13. LCOE Analysis

In this section, an economic analysis is presented for the installations of the prospective
small-scale wind turbines in south—eastern Thailand. LCOE has been calculated for the
selected sites using Equation (6) and Table 3, as described in the methodology section,
whereas the annual energy vield and capadty factor of the chosen sites wemre computed
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using the WAsF module. Using the Enercon E-18 wind turbine model, the lowest LCOE is
92.31 $/MWh to 128.89 §/ MWh for Songkhla while the highest LOOE is 189.49 § /MWh to
246,52 5/ MWh for Chumphon. Further details of LCOE caloulation for the selected sites
can be seen in Table 6.

Table 6. Data for the calculation of LODE.

s AEP oF LOOE (3/AMWh)

e ' el Fived and Variable OPEX (Min) Fixed and Variable OPEX (Mac)
Chumghan 10232 1451 189.49 4.5
Kanchanadit 14603 083 13435 17978
Koh Sarmui 1737l W77 11374 15484

Makhon 5i Thammarat 1zl 1825 15264 20094
Narathiwat lon1s rid 10413 143.33
Pattani 109.05 1554 1744 25314
Phatthalung 14687 2096 13354 1788
Sm'l.Ekhla HE3D a4 el | 12880

Yala 19824 R 10024 138.52

The principal objective of this study was to analyze the prospects of wind power
production at low heights. The geographical positioning of Thailand, like other tropical
regions, lacks acoess to high wind speeds [10]. Therefore, in this study, the low wind profile
of the study region was considered. As mentioned earlier, there was no evidence of low—
speed wind power studies in southern Thailand. Most of the previous studies [4,10,19-22]
weme concentrated on making academic contributions rather than taking into consideration
the practicality of research with a view to providing a cost-effective enewable wind
energy solution

In addition, the domestic and international investment in renewable wind energy has
been a challenge in Thailand because of the associated multi-million—dollar investments in
large—scale wind power infrastructunes as well as the volatile wind speed at heights. How-
ever, the findings of this study suggest the prospect of shifting wind energy strategies to
exploit the readily available low-speed wind. Additionally, it is pertinent to note that sites
evohved during this research are in proximity to roads and the transmission infrastructure,
as both are essential for the transportation of materials and power, whereas building new
infrastructure will ultimately increase the overall cost of the project. Furthermore, unlike
previous studies, in this study, the approximate cost of the project has also been calculated
for the understanding of the energy practitioners, investors, and researchers.

4, Conclusions

In this paper, a wind mesource assessment was performed using WAsDP softwarme for
nine stations in south—eastern Thailand. This study indicates that the regions on the leeward
side and plain areas in south-eastern Thailand have poor potential for the establishment
of a wind farm facility due to various artificial obstacles such as high-rise buildings and
other urban infrastructure that make airflow highly turbulent and may affect the wind flow:
However, mountain peaks and ridges show very good potential for the development of
small-scale wind power The maximum average wind speed is found from November to
April, with low winds from May to October. The prevailing wind direction observed in
Chumphon and Nakhon 5i Thammarat is northwest whereas it is southwest in Marathiwat
and Yala. Similarly, the southeast direction is predominant in Kanchanadit, Pattani, and
Songkhla. The northwest-southeast bi—-directional wind rose is very pronounced for Yala,
while the dominant direction in Koh Samui is west.

This work used WAsD software for the analyses, to create wind resource maps for
south—eastern Thailand with ten sites earmarked around each weather station for wind
farm facility implementations in future. The wind resource maps at a 28.5 m hub height
indicate the highest anmual mean wind power density with a value of 802 W/ m® was found
in Phatthalung, which belongs to wind class 7, followed by Yala with a value of 474 W /m?®
and Kanchanadit with a value of 429 W/m? that fall in wind class 4. The minimum annual
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mean wind power density was recorded in Chumphon and Pattani and both stations
belong to wind class 1, while Nakhon Si Thammarat with a value of 271 W/m? falls in
wind class 2. Similarly, Marathiwat, Songkhla, and Koh Samui had values of 340 W/m?,
378 W/ m?, and 350 W /m?, respectively, and belong to wind class 3.

Furthermore, the annual capacity factor of the chosen sites using the Enercon E-18
wind turbine with a rated power of 80 KW was such that Songkhla, Yala, and Narathiwat
have annual capacity factors of 27%: or over. Koh Samui, Phatthalung, and Kanchanadit
have annual capacity factors ranging between 20% and 25%, whereas Nakhon 5i Tham-
marat, Pattani, and Chumphon have annual capacity factors of 18%, 16%, and 15%, respec-
tively The LCOE calculation shows Songkhla had the lowest cost of 92.31 to 128.89 5/ MWh
while Chumphon had the highest cost of 189.4% to 246,52 $§/MWh. This methodology can
be advanced further by using WAsP CFD simulations in complex terrain to maximize
production and minimize uncertainty

The findings of this research are likely to promote the idea that regions near the
equator, such as Thailand, can exploit wind energy to decrease their reliance on natural gas,
coal, and lignite in the future. The method used in this work is scientific in its approach and
is an effective tool for government organizations and stakeholders in prospective small-
scale wind farm implementations in south—eastern Thailand. The approach demonstrated
could also be used in wind resource assessments for other parts of the world.
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worldwide. This work presents the technical evaluation of wind energy potential using
three available wind turbine models for prospective onshore wind farm in the southern
Thailand at Krabi and Songkhla sites. Ten-minute interval wind data owver a period of 3 to
4 years obtained from Weather Observing Station is utilized to observe the diurnal and
monthly wind speed, as well as frequency distribution. WaAsP program is applied for
energy yield caloulations and wind resource maps. Ouwr results reveal that Krabi and
songkhla has the highest mean wind speed of 4.3% m/s in Decermnber and 3.21 my's in
February, respectively. The prevailing wind direction in krabi and songkhla are north-east
and south-east, respectively. WaAsP analyses show that the total net AEP for krabi is
T163.782 Mwh, 7762 Mwh and 12731 KMwh using 275 kW, 300 kW and 500 kW wind
turfrine madels, respectively. Similarly, the total net AEP for Songkhla is 7116.63 Mwh,
TT75.245 Mwh and 12390 MWh using 275 kW, 300 kw and 500 kW wind turbrine models,
respectively. The total capacity factor for Songkhla and krabi is 29.1% and 28.3%,
respectively. Our results indicate that Enercon E-40y5.40 500 kW wind turbine model

Keywords: produces the highest total gross AEP and total net AEP for Krabi and Songkhla sites.
wind energy potential; Wind Besides, the vergnet GEV MP-C 275 kW turbine model shows slightly higher capacity
characteristics; Wind turbine model; factor in case of both sites. The findings of this study reflect that small to medium size
wasp; Thailand wind turbines can be wutilized to generate electricity at the sites.

1. Introduction

In recent decades, the demand of energy has increased globally as a result of growing population
and socio-economic progress. The overall energy consumption will rise up to 6% globally during 2010-
2040 as reported by the International Energy Outlook (IEQ). Negative impacts of greenhouse gas
(GHG) on environment and security of energy supplies have made the government organizations to
increase the exploitation of various sources of renewables. Wind energy is one of the clean and

* Corresponding author.
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inexhaustible sources of renewables and it can be utilized for the generation of electricity by means
of wind turbines [1,2].

It is significant to evaluate the wind energy potential technically by knowing characteristics of
wind in order to estimate the annual electricity production at potential locations [3]. It provides a
pathway for wind energy practitioners with the necessary confidence to study their options to
confront the increasing energy demands and mitigating risks [4,5]. To study these wind
characteristics, various researchers have used different approaches such as Weibull, Rayleigh and
Wind Atlas Analysis and Application Program (WAsP) [6].

Researchers in different countries scrutinized the wind energy potential at specific location using
various scientific methods. For example, Adaramaola et al, [7] used Weibull parameters to investigate
wind energy potential in the coastal parts of Ghana. Solyali et al, [8] inspected wind resource
assessment in Cyprus using the Weibull distribution and WAsP. They examined WAsP model more
efficient compared to other methods. Wang et al., [2] performed an inclusive study regarding wind
statistics along with wind power potential at four localities in China. Promsen et of, [10] and Nouri
et al, [11] identified optimal sites for wind turbine installation by using shart term wind statistics and
WasP model. Boudia and Guerri [12] used long term wind statistics along with WAsP model to study
wind energy potential. Mohammadi et al., [13] used different approaches to measure the Weibull
parameters and analyse daily power density in the south part of Alberta, Canada. Sharma and Ahmed
[14] studied wind resource assessment using WaAsP in the southern island of Fiji.

Detrimental impacts of fossil fuels on climate and high demand of electricity in the southern
Thailand which is from 5 to 6% yearly due to tourism industry and socio-economic development [15].
Krabi and Songkhla are located in the south Thailand. Krabi is a significant tourism area in Thailand
and millions of tourists visit annually. Similarly, Songkhla hosts thousands of tourists each year due
to its border with Malaysia [16,17]. Hence, wind energy is generally more favorable and often
recommended for electricity generation.

Few studies on wind energy potential have been considered in the past using different models
across Thailand, however, technical evaluation of wind energy potential using WAsP program along
with different wind turbine models at selected sites is unknown. Therefore, this study aims to
conduct wind energy potential of selected sites using near surface wind data obtained from Weather
Observing Stations. The diurnal, monthly and frequency distribution of wind speed and direction are
studied. WAsP program is used for energy yield calculations and wind resource maps using three
different wind turbine models available in literature.

2. Methodology
2.1 Overview of the Method

The proposed methodology with a schematic diagram for the selected sites is presented in Figure
1. The first step involves the analysis of wind data acquired from Weather Observing Station. This
data is further processed through WaAsP Climate Analyst tool to generate wind statistics. This study
utilizes 10-minutes average interval of wind data from a period of 3 to 4 years recorded at height of
10 m above ground level (AGL). The description of measurement sites and their geographical
coordinates can be seen in Table 1.
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Table 1

Geographical coordinates and measurement duration of Krabi and Songkhla sites

Station name Latitude |} Longitude (] Height (m] Measurement Accepted
duration recording (%)

Krabi 8103 98.975 10 2017-2020 5387 %

Songkhla 7.18 100.60 10 2017-201% 58.54 %

The second step includes the coordinates and topographical information of the selected sites
which are used as an input for WAsP Map Editor to generate elevation and roughness maps. The third
step encompasses power curves of selected wind turbine models and site’s wind characteristics in
WasP program to estimate energy yield calculations and rescurce maps of selected sites.

Analysis of wind dat

Power ourvies of
selected wind
Ly Ll mimin

WAsP Climate Analyst Wind siwfists Energy yield

endnuintinna
REsoUno: maps
. Roughivess and of selected sites

WaAsP Map Editor == elavation maps
SRS wing
T characteristics
Coardinates and
1Gpograpnics|
infarmatian

Fig. 1. S5chematic diagram of methodology [4]
2.2 Simulation Model

WASsP is a computer-based linear simulation model established by Denmark Technical University
(DTWU) at Danish Riso Mational Laboratory. The WAsP model is computed for wind energy potential,
site suitability analysis and calculations of energy vield for wind farms. It is used for vertical and
horizontal extrapolation of wind data and shows errors less than 10% [4,18,19]. The basic input
information that are required for the WAsP program are the terrain height, surface roughness and
obstacle effects. The WAsP program can perform all the necessary energy production calculations for
a single turbine site or for a wind park along with the wake losses, layout, capacity factor and various
other factors [4]. The WAsP model mainly belongs to the family of the Jackson—Hunt theory [20].
Inside WasP Module there are two important tools i.e., WAsP Climate Analyst and WaAsP Map Editor
which are explained below.

This study uses the observed wind climatology as a data recording tool for WAsP Climate Analyst
to estimate the wind conditions for the selected sites in terms of wind roses and Weibull distribution
function. Furthermore, the wind rose is grouped into 12 sectors which signifies the relative frequency
of wind direction. The Weibull distribution function is a two-parameter function which defines the
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wind speed histogram. WaAsP utilizes this function for evaluation of wind characteristics in each
direction by sector wise which can be expressed in mathematical form as [21]:

f{FJZE* G)k_lte_r&] G 0r=04=1 (1)

In Eg. (1), f(v) denotes the Weibull distribution functicn, ¥ means the ocbserved wind speed, 4
and k signify the scale and shape parameter of the Weibull distribution function, respectively.

WhsP Map Editor is a tool found inside WAsP module which is used to generate elevation and
surface roughness maps for the selected sites. The impaortant information of topography and surface
roughness have been entered to the servers of Global Wind Atlas (GWA) Map Warehouse-Elevation
and Global Wind Atlas (GWA) Map Warehouse-Roughness to complete the elevation and surface
roughness maps.

3. Results and Discussion

This section describes the diurnal and monthly wind speed pattern. Besides, a comparative and
comprehensive study of wind characteristics of the selected sites has been discussed.

3.1 Diurnal Wind Speed

Figure 2 displays average of wind speed of each hour recorded at 10 m height to show the wind
speed diurnal pattern of Krabhi and Songkhla sites. It has been observed that both sites examing

maximum average wind speed from 2 a.m. to & a.m. with minimum average wind speed between 12
p.m.and 10 p.m.

5
m frabi  s—Songkhla

4
=
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=
i
3
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=
=
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]

0 1 2 3 45 6 7 B 9 1011 12 13 14 15 16 17 1E 19 20 21 22 23
Time (Hours)
Fig. 2. Diurnal average wind speed for Krabi and Songkhla
3.2 Monthly Wind Speed

Figure 3 shows higher wind speed for Krabi site recorded at height of 10 m AGL which has been
observed between October and February with the maximum average wind spead value 4.39 m/s in
December. Similarly, the higher average wind speed for Songkhla site is experienced in January,
February and August with the maximum average wind speed value 3.91 m/s in February. The lowest
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average wind speed value of 2.02 m/s have been observed in June for Krabi site and 2.56 mjs in
October for Songkhla site.

i rabi  ss—conzkhla

Wind spead [mjs)

Jan Feh Mar Apr May Jun Jul AUE  Sep OOt Mow  Dec
Maonths
Fig. 3. Monthly average wind speed for Krabi and Songkhla

3.2.1 Frequency distribution of wind speed and wind direction

It is important to consider the frequency distribution of wind speed and wind direction during
resource assessment as it gives site specific information.

Figure 4 shows the prevailing wind direction for Krabi which is north-east with a wind speed (3.73
mjs) frequency distribution 22.1%. The values of scale parameter A and shape parameter k are 3.1
mjs and 1.39, respectively.
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Fig. 4. Wind rose diagram and histogram of frequency distribution of wind speed for Krabi
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Figure 5 presents the prevailing wind direction for Songkhla which is south-east with a wind speed
(3.41 m/s) frequency distribution 31.3%. The values of scale parameter A and shape parameter k are
3.5 m/s and 1.60, respectively.

Torw

Erusy

OO0 )

Wind speed (mi'sl

Fig. 5. Wind rose diagram and histogram of frequency distribution of wind speed for Songkhla

3.2.2 Evaluation of wind characteristics

WasP program is utilized for evaluation wind energy potential and wind characteristics at Krabi
and Songkhla sites by using three available wind turhine models in the literature. Technical

description and specification of the wind turbine models are given in Table 2.

Table 2

Specification of three wind turbines

Wind turbine model Rated Rotor Cut out Swept Rated
owtput  diameter speed height area spead
(k] {rn] (m} (mys)
Vergnet GEV MP-C 275 kW 275 32 ans 12
Bonus Mk 111 300 kW 300 334 a7e 13
Enercon E-40/5.40 500 kW 500 40.3 1,275 12

The resource maps of Krabi and Songkhla using WAsP program are displayed in Figure & to Figure
11. The AEP estimated for Krabi using 275 kW wind turbine ranges from 35.162 to 964.939 MWh,
with 300 kW wind turbine ranges from 0.006 to 1023 MWh and with 500 kW wind turbine ranges
from 0.038 to 1748 MWh. Similarly, the estimated AEP for Songkhla using 275 kW wind turbine
ranges from 82.620 to 855.898 MWh, with 300 kW wind turbine ranges from 55.872 to 956.283 MWh

and with 500 kW wind turbine ranges from 0.125 to 1540 MWh.
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Fig. 7. Mean annual energy production of Krabi at 42 m hub height
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=

Fig. 8. Mean annual energy production of Krabi at 55 m hub height

Fig. 9. Mean annual energy
30 m hub height

production of Songkhla at
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Fig. 10. Mean annual energy production of Songkhla

at 42 m hub height

Fig. 11. Mear.;”annual energ productionﬂ;f Songkhla
at 55 m hub height
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The statistical analysis of Krabi and Songkhla sites in terms of total gross AEP, total net AEP,
proportional wake losses, annual mean wind speed, annual power density and total capacity factor
have been evaluated in this study.

The total gross AEP estimated for Krabi and Songkhla using wind turbine with rated capacity of
275 kW at 55 m hub height are 7172545 MWh and 7119.366 MWHh, respectively. The mean speed
and power density values are 6.85 mys and 501 W/m? for Krabi and 6.75 m/s and 374 W/m? for
Songkhla, respectively. The total capacity factor calculated for Songkhla and Krabi is 22.8% and
29.5%, respectively. Further details for both sites are given in Table 3.

Table 3
Summary for annual statistics using Vergnet GEV MP-C 275 kW at 55 m height
Wariable Total Mean Min hax

Krabi Songkhla Krabi Songkhla  Krabi Songkhla Krabi Songkhla
Total gross 7172545 7119366 717.254  711.937 496,618 574.305 G55.504  B43985
AEP [MWh]
Total net AEP 7163.782 711663 716378 Til.683 455374 E74.664 S55.014  B43.682
[MWh]
Proportional 0.12 0.04 - - 0.05 0.03 0.25 0.05
wake loss [%)
Capadty 298 295 - - 205 238 356 35
factor [%]
Average speed - - 685 &8.75 L.59 6.15 8.48 738
[m/s]
Wind power - - Lol 374 260 278 a72 477
density
[Wifm]

The total gross AEP estimated for Krabi and Songkhla using wind turbine with rated capacity of
300 kW at 30 m hub height are 7768 MWh and 7775.964 MWh, respectively. The mean spesd and
power density values are 5.87 m/s and 590 W/m? for Krabi and 6.55 m/s and 378 W/m? for Songkhla,
respectively. The total capacity factor calculated for Songkhla and Krabi is 29.1%. Further details for
both sites are given in Table 4.

Table 4
Summary for annual statistics using Bonus Mk I11 300 kW at 30 m height
Wariable Total Mean Min Plax

Krahi Songkhla  Krabi Songkhla  Krabi Songkhla  Krabi Songkhla
Total gross 7768 7775564 777 F77.556 539 644 544 1014 834451
AEP [MWHh]
Total net AEP 7762 7775245 776 777524 538 B44.525 1013 534.316
[nwWh]
Proportional 0.07 0.01 - - 0.02 0 0.16 0.02
wake loss [%]
Capacity 291 29.1 - - 01 31 378 334
factor [%)]
Average speed - - 6.87 6.55 .28 5.592 5.19 713
[ms]
Wind power - - 590 378 260 280 1400 488
density
[wfm?]
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The total gross AEP estimated for Krabi and Songkhla using wind turbine with rated capacity of
500 kw at 42 m hub height are 12738 MWh and 12391 MWh, respectively. The mean speed and
power density values are 6.85 m/s and 533 W/m? for Krabi and 6.66 m/s and 372 W/m? for Songkhla,
respectively. The total capacity factor calculated for Songkhla and Krabi is 29.1% and 28.3%,
respectively. Further details for both sites are given in Table 5.

Table 5
Summary for annual statistics using Enercon E-40/5.40 500 kW at 42 m height
“ariable Total Mean Min Max

Krabi Songkhla  Krabi Songkhla Krabi Songkhla Erabi Songkhla
Total gross 12738 12351 1274 1235 863 538 1732 1458
AEP [MWh]
Total net AEF 12731 12330 1273 12350 B61 938 1732 1458
[MWh]
Proportional 0.06 001 - - 001 1} 013 0,02
wake loss [3]
Capacity 251 283 - - 187 228 395 335
factor [%)]
Average speed - - 6.85 6.66 5.44 6.03 8.76 729
[m/s]
‘Wind power - - 533 373 258 276 1131 475
density
[wm?]

The results reveal that Enercon E-40/5.40 500 kW wind turbine produces the highest total gross
AEP and net AEP for Krabi and Songkhla sites. The annual capacity factor slightly varies for the
selected wind turbines as it depends on turbine model and site. The Vergnet GEV MP-C 275 kW shows
slightly higher capacity factor for both sites.

4, Conclusion

This study has used the recent meteorological wind data for Krabi and Songkhla sites to study the
technical potential of wind energy by using three wind turbine models available in literature. The
main points of wind resource analysis of both sites are:

i.  Both Krabi and Songkhla sites observe maximum diurnal average wind speed from 2 a.m. to
8 a.m. at height of 10 m AGL.
ii.  Krabisite shows maximum average wind speed of 4.39 m/s in December while Songkhla site
indicates the maximum average wind speed of 3.91 m/s in February at height of 10 m AGL.
iii.  The prevailing wind direction in Krabi is north-east. The Weibull scale parameter A and shape
parameter k values are 3.1 m/s and 1.39, respectively.
iv.  The prevailing wind direction in Songkhla is south-east with a wind speed. The Weibull scale
parameter A and shape parameter k values are 3.5 m/s and 1.60, respectively.
v. Thetotal net AEP estimated for Krabi using 275 kW, 300 kW and 500 kW wind turbine models
is 7163782 MWh, 7762 MWh and 12731 MWh, respectively.
vi. The total net AEP estimated for Songkhla using 275 kW, 300 kW and 500 kW wind turbine
models is 7116.63 MWh, 7775.245 MWh and 12320 MWh, respectively.
vii.  The value of capacity factor for Songkhla and Krabiis 29.1% and 28.3%, respectively.
viii.  WAsP analysis shows that Enercon E-40/5.40 500 kW generates the highest total gross AEP
and total net AEP for Krabi and Songkhla sites.

159

102



Jourma g davancad Research i Fiu Mechanics and Therma] Sciences
Valume 92, Tssue 1 (2022) 140-141

ix.  Regarding capacity factor, the Vergnet GEV MP-C 275 kW turbine model shows slighthy higher
capacity factor in case of both sites.

The results of the study at various hub heights confirm that both sites can be used to generate
wind energy electricity in future. However, further investigation regarding cost analysis for each site
would be required.
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