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Abstract: Situated in the southern part and on the western coast of Thailand, the Andaman Coast
covers the provinces of Ranong, Phangnga, Phuket, Krabi, Trang and Satun. Using a coupled
mesoscale atmospheric model and a microscale wind flow model, along with computational fluid
dynamics (CFD) modeling, this paper presents a detailed assessment of the wind energy potential
for power generation along the Andaman Coast of Thailand. The climatic data are obtained from
the Modern Era Retrospective analysis for Research and Applications (MERRA), along with a high-
resolution topography database and Land Use Land Cover digital data. The results are compared to
the equivalent wind speeds obtained with the Weather Research and Forecasting (WRF) atmospheric
model. The results showed that, at 120 m above ground level (agl), the predicted wind speeds from the
models proposed were 20% lower for the mesoscale model and 10% lower for the microscale model
when compared to the equivalent wind speeds obtained from the WRF model. A CFD wind flow
model was then used to investigate 3D wind fields at 120–125 m agl over five potential sites offering
promising wind resources. The annual energy productions (AEP) and the capacity factors under
three different wake loss models and for five wind turbine generator technologies were optimized for
10-MW wind power plants, as per Thailand’s energy policies. With capacity factors ranging from
20 to 40%, it was found that the AEPs of the best sites were in the range of 18–36 GWh/year, with a
total AEP in the vicinity of 135 GWh/year when using a single wind turbine model for the five sites
studied. The combined energy productions by these wind power plants, once operational, could
avoid GHG emissions of more than 80 ktons of CO2eq/year.

Keywords: wind resource assessment; wind power plants; greenhouse gas emissions; Andaman Coast

1. Introduction

Highly dependent on fossil fuels, Thailand produced, in 2020, slightly over 70% of
its electricity consumption from fossil fuels (natural gas, 54%; lignite, 9%; coal, 8% and oil,
0.3%), while renewable energy accounted for 10% and hydropower for 2%. The remainder
of the power consumption (16%) was satisfied through electricity imports [1,2]. The natural
gas consumed for electricity generation was mainly extracted from the Gulf of Thailand
(approximately 70%), with the remaining 30% being imported [3]. In the perspective of
energy security, Thailand has embarked on a path to further diversify its sources of power
generation, notably by integrating more renewable energy sources for power generation
and thus reduce its dependency on natural gas.
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Despite its stochastic nature, notably for wind and solar energy, and important capital
costs, renewable energy is increasingly considered as a reliable source for power generation
in many jurisdictions. Utilities and private companies thus invest significant amounts of
time and money in searching for which locations offer the best opportunities for renewable
power plant installations [4,5]. Nonetheless, balancing the proportion between fossil-based
energy and renewable energy will continue to be a challenge to achieve energy security in
Thailand.

Wind energy has expanded rapidly in the last two decades, and it has become an
important renewable energy source for power generation worldwide. In 2019, 60.4 GW of
wind power was installed, reaching a global cumulative wind power capacity of 651 GW, an
increase of 19% compared to 2018 [6]. While rapid growth is being experienced throughout
the world, Asia Pacific has been the largest global market for industrial wind power, notably
due to the large integration in China.

In Thailand, various studies have found that the annual average wind speeds are low
to moderate, ranging from 3 to 5 m/s in most areas of the country. In contrast, in some
specific areas of the country, the wind resource has sufficient potential to generate electricity
at the utility-scale level (see, for example, the work of Thailand’s Department of Alternative
Energy Development and Efficiency (DEDE) [7], World Bank [8], Manomaiphiboon et al. [9],
Janjai et al. [10] and Waewsak et al. [11–13]).

Throughout the years, several met towers, with heights ranging from 40 to 120 m
above ground level (agl), have been installed across the country, with anemometers and
wind vanes at several elevations (20 m, 30 m, 40 m, 65 m, 80 m, 90 m, 100 m 110 m and
120 m agl). In 2012, the DEDE of Thailand installed 11 demonstration wind energy sites,
with a total capacity of 3.9 MW. The largest wind turbine generator had a nominal capacity
of 1.5 MW, and it was installed in the eastern coastal region of Huasai, in Nakhon Si
Thammarat Province [14].

Although Thailand is characterized by a wind resource with relatively low wind speeds,
wind power generation remains a national objective, with financial support under feed-in-
tariff (FIT) programs. Through its 2018 Power Development Plan (PDP), Thailand has set a
target of 3 GW for wind power generation for 2037 [15]. In 2019, Thailand installed 322 MW of
wind power capacity, bringing the total wind power capacity to 1506 MW [16], representing
half of the target. The 32 wind power plants, ranging from 0.05 MW to 103.5 MW [17], have
been successfully integrated into the electricity grid of Thailand.

In order to perform wind resource assessments over large areas and at various eleva-
tions, mesoscale atmospheric models, along with long-term reanalysis climatic data, are
necessary. The atmospheric reanalysis datasets, such as the National Center for Environ-
mental Protection (NCEP) and the Modern Era Retrospective analysis for Research and
Applications (MERRA), obtained from satellites, weather balloons, aircrafts, ships, buoys
and land measurements, are used to initialize the numerical models with three-dimensional
grids [18–20].

Generally, two main methods for wind resource assessments are used, i.e., numerical
wind models and statistical methods [21,22], with the work in this paper focusing on
numerical wind modeling. In wind resource assessments, three main scales of operations
are considered, i.e., macroscale (resolutions typically more than 2000 km), mesoscale
(resolutions of a few kilometers to 1000 km) and microscale (high resolutions of several
meters) [21].

Numerical wind models can be divided into two main types by the level of sophis-
tication, complexity and resolution. The first is Numerical Weather Prediction (NWP)
atmospheric models that can run in mesoscale simulations. The second comprises nu-
merical wind flow models that are simplified by a linear Jackson–Hunt wind flow model,
coupled with advanced computational fluid dynamics (CFD) wind flow models [23,24].
Both linearized and CFD wind flow models can estimate wind characteristic at the mi-
croscale, with relatively high resolutions.
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Although linear wind flow models can run with microscale resolutions, this type
of model is not suitable for steep slopes or complex terrains. On the other hand, CFD
wind flow models are particularly well-suited for wind resource assessments in turbulent
conditions and complex terrains. Thus, the next level of sophistication includes methods
with coupled mesoscale atmospheric models and microscale wind flow models to achieve
a high spatial resolution [24].

Such coupled mesoscale/microscale methods are used to estimate wind energy po-
tentials at high spatial resolutions. For example, Carvalho et al. [24] evaluated the wind
resources over complex terrains in Portugal, using the coupled mesoscale Weather Research
and Forecasting (WRF) atmospheric model and the Wind Atlas Analysis and Application
Program (WAsP) microscale wind flow model. Waewsak et al. used a combined Mesoscale
Compressible Community (MC2) atmospheric model and a microscale MsMicro wind flow
model to create wind resource maps at 200-m resolution in both onshore (Nakhon Si Tham-
marat and Songkhla Provinces in Thailand) [11] and offshore (Gulf of Thailand) [25,26]
applications. In the work of Gasset et al. [27], the accuracies of various coupled mesoscale
atmospheric and microscale wind flow models were assessed by comparing the MC2 with
both MsMicro and WAsP wind flow models and for different sources of topography and
land use. The results showed that the coupled MC2 and WAsP modeling gave substantially
better results than the coupled MC2 and MsMicro modeling. The mesoscale atmospheric
models are not only coupled with linear wind flow models, but they can be applied in
combination with CFD models to assess the wind power potential within small and large
territories [12,28,29]. Recent applications for wind resource assessments using various
methodologies include the work of Boopathi et al. [30] in Tamil Nadu in India, Potic
et al. [31] in Serbia and Jameel et al. [32] in Pakistan. Finally, Chaichan et al. [33] extended
the analysis approach to include a systematic decision-making approach to assess hybrid re-
newable energy applications with a technoeconomic optimization; their work was applied
to a university campus in Thailand.

In this context, the objective of the work presented in this paper is to develop a
microscale wind resource map at a spatial resolution of 200 m (200-m × 200-m grids) for
low to moderate wind areas and at a spatial resolution of 50 m for the most promising
areas of the western coast of Southern Thailand. The wind modeling is performed using a
coupled mesoscale atmospheric model (MC2) and a microscale wind flow model (MsMicro),
along with the Wind Energy Simulation Toolkit (WEST) [34]. In this work, aligned with the
energy policies of Thailand [15], wind power plant designs are optimized for 10-MW VSPP
(Very Small Power Producer) wind power plants in five potential windy sites under three
different wake loss models. Using the park optimizer module of WindSim [35], the annual
energy production is maximized for specific wind turbine generator technologies while
minimizing wake losses. Greenhouse gas emission avoidances are also estimated for the
potential wind power plants identified.

The approach used in this work contributes to the body of knowledge in wind re-
source assessment while documenting the technical power potential and the avoidance
of greenhouse gas emissions in a jurisdiction (Thailand) that has identified wind energy
as a potential source of energy to achieve energy security. This paper also completes the
work done on the wind resource assessment of the offshore wind power assessment on the
western coast of Thailand [36].

2. Materials and Methods
2.1. Characteristics of the Study Area

Figure 1 shows the study area, situated along the Andaman Sea on the western coast
of Southern Thailand. Consisting of six provinces, namely Ranong, Phangnga, Phuket,
Krabi, Trang and Satun, the area of the Andaman Coast studied in this work has a total
area of 17,689 km2, representing 24% of the area of Southern Thailand. This area along the
shoreline, experiencing a strong growth in its tourism industry, extends for nearly 900 km
along the north–south axis of the Andaman Sea in the Indian Ocean. Coastal mountains on
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land and a near-shore area dotted with continental islands and barrier islands scattered
along the Andaman Coast constitute the topography of the study area.

Energies 2022, 15, x FOR PEER REVIEW 4 of 20 
 

 

Krabi, Trang and Satun, the area of the Andaman Coast studied in this work has a total 
area of 17,689 km2, representing 24% of the area of Southern Thailand. This area along the 
shoreline, experiencing a strong growth in its tourism industry, extends for nearly 900 km 
along the north–south axis of the Andaman Sea in the Indian Ocean. Coastal mountains 
on land and a near-shore area dotted with continental islands and barrier islands scattered 
along the Andaman Coast constitute the topography of the study area. 

 
Figure 1. The study area along the coast of the Andaman Sea in Southern Thailand. 

2.2. Input Data 
The wind climatic data, obtained from MERRA, and the GenGeo topography consti-

tute the input data to the model [19]. The MERRA database, a NASA-based atmospheric 
reanalysis climatic dataset obtained from satellite image interpretations, has used the 
Goddard Earth Observing System (GEOS) model, along with an Atmospheric Data As-
similation System, to analyze the hydrological cycle over the period of 1979 to the present. 

Wind climate data, averaged every six hours from 2005 to 2015 and containing verti-
cal wind speeds, horizontal wind speeds and ambient temperatures, are available at ele-
vations of 0 m (ground level), 1500 m, 3000 m and 5500 m agl. The climate dataset is clas-
sified into climate states that drive the mesoscale model in 16 sectors, while each sector is 
divided into 15 speed classes (each class with 1-m/s interval bins). The vertical wind shear 
is also divided into two classes (positive and negative) in each climate state by wind speed 
differences between 1500 m and 0 m. For the mesoscale modeling, the GenGeo database 
is used for the geophysical fields required, while the topography for the microscale mod-
eling is obtained from the Land Use Land Cover (LULC) of the high-resolution geophys-
ical data obtained from the Land Development Department (LDD), Ministry of Natural 
Resources and Environment, Royal Thai Government [37]. Based on the World Geodetic 
System (WGS) 1984 reference datum with Digital Elevation Model (DEM), these LULC-
based maps offer a high resolution of 30 m, which is more appropriate for the microscale 
modeling. The input data for the geophysical properties of the territory studied, formed 
by the topography map and the reclassified roughness height map from the LULC data-
base, are shown on Figures 2 and 3, respectively. 

Figure 1. The study area along the coast of the Andaman Sea in Southern Thailand.

2.2. Input Data

The wind climatic data, obtained from MERRA, and the GenGeo topography consti-
tute the input data to the model [19]. The MERRA database, a NASA-based atmospheric
reanalysis climatic dataset obtained from satellite image interpretations, has used the God-
dard Earth Observing System (GEOS) model, along with an Atmospheric Data Assimilation
System, to analyze the hydrological cycle over the period of 1979 to the present.

Wind climate data, averaged every six hours from 2005 to 2015 and containing vertical
wind speeds, horizontal wind speeds and ambient temperatures, are available at elevations
of 0 m (ground level), 1500 m, 3000 m and 5500 m agl. The climate dataset is classified into
climate states that drive the mesoscale model in 16 sectors, while each sector is divided
into 15 speed classes (each class with 1-m/s interval bins). The vertical wind shear is
also divided into two classes (positive and negative) in each climate state by wind speed
differences between 1500 m and 0 m. For the mesoscale modeling, the GenGeo database is
used for the geophysical fields required, while the topography for the microscale modeling
is obtained from the Land Use Land Cover (LULC) of the high-resolution geophysical data
obtained from the Land Development Department (LDD), Ministry of Natural Resources
and Environment, Royal Thai Government [37]. Based on the World Geodetic System
(WGS) 1984 reference datum with Digital Elevation Model (DEM), these LULC-based maps
offer a high resolution of 30 m, which is more appropriate for the microscale modeling. The
input data for the geophysical properties of the territory studied, formed by the topography
map and the reclassified roughness height map from the LULC database, are shown on
Figures 2 and 3, respectively.
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2.3. Wind Resource Modeling: Coupled Mesoscale and Microscale Modeling

The development of the high-resolution wind resource maps presented in this paper
are based on WEST [34], which covers the full processes of performing complete wind
resource maps from the mesoscale to the microscale level. WEST is founded on a statistical–
dynamic downscaling approach. A statistical analysis determines the frequency of the
basic climate states on long-term gridded global datasets. The mesoscale model is based on
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the Mesoscale Compressible Community (MC2) model with modifications in the model’s
initialization, while the MsMicro model is used for microscale modeling to further refine
the mesoscale results.

2.3.1. Mesoscale Modeling

The operational numerical wind prediction MC2 atmospheric model, a compressible
nonhydrostatic limited area model, is used for the development of the mesoscale wind
resource maps. The modeling procedures call upon a statistical–dynamical downscaling
method, while the numerical model is based on a sophisticated semi-Lagrangian, semi-
implicit scheme using relatively large time steps [38,39].

Two categories of input data are needed for the MC2 atmospheric model. In terms
of geophysical properties of the area studied, the GenGeo database, the topography and
the type of vegetation, which is an indication of roughness, are used. These geophysical
properties affect the wind speeds and the wind directions over short time scales. On
the other hand, the wind climatic data, obtained from the MERRA database, provide the
classified climate states in the form of wind speeds, wind directions and geostrophic wind
shears [40].

The MC2 simulation results are transformed as statistical data by the WEStats module.
Weighted by the frequency of occurrences, this data includes the mean values of the wind
speeds, the wind power and the different frequency distributions. The output data from the
WEStats module constituted the input data for the microscale wind flow model. Notably,
the mean wind speed distribution, classified by the direction and frequency distribution
of the mean wind direction, are used to compute the microscale mean wind speeds. The
bivariate frequency distribution of the mean wind speeds and the mean wind directions
are key inputs for the microscale modeling [41].

2.3.2. Microscale Modeling

Based on the Meso/Microscale Coupler (MMC module), the microscale simulations
use the MsMicro microscale wind flow model, with a grid resolution of less than 1 km,
to compute the wind resource over small regions of the mesoscale grid. Based on CFD
models [41] and the Jackson and Hunt theory [42], MsMicro is a steady-state wind flow
model that can be applied over complex terrains, such as the region of the Andaman Coast
in Southern Thailand.

This theory proposes a linearized model of the Navier–Stokes equations, describing
two-dimensional turbulent air flow over low hills in the boundary layer. The governing
momentum equations, solved by Finite Fourier Transforms, are linearized with the aid of
scale analyses and assumptions of uniformly rough surfaces having small hill slopes. The
model assumes a neutrally stratified atmosphere that is divided into an inner layer and an
outer layer. The inner flow is under the balance of perturbation stresses, inertia stresses
and pressure gradients, while the outer flow is characterized by a pressure gradient driven
by irrotational and inviscid flows [43].

The model inputs consist of the bivariate frequency distributions, the mean wind
speeds and the mean wind directions obtained from the mesoscale simulations, along with
the high-resolution topography and LULC data from the LDD of Thailand, as presented
earlier. The bivariate frequency distribution is chosen at a level higher than the microscale
target level. The final results (mean wind speeds and wind power) are merged together
with a space weight function.

In this work, the mesoscale model is computed at a 3-km × 3-km resolution over
600-km by 600-km domains. For its part, the microscale model is computed at a 200-m
× 200-m resolution with 14 domains, each domain being 140 km by 140 km in order to
completely cover the area studied. In the postprocessing, the analysis and the presentation
of the results from the models are customized as wind resource maps using ArcGIS V.10.3,
Redlands, CA, USA.
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2.4. Wind Resource Modeling CFD and Wake Loss Modeling

Due to the random and chaotic nature of the atmospheric wind in three dimensions,
linear wind flow models are not efficient to estimate wind characteristics over steep moun-
tains or complex terrains, since sharp slopes cause large variations in turbulence. Therefore,
CFD models have been developed for microscale wind resource assessments to describe
turbulent wind flows over complex terrains [44,45].

The majority of CFD models solve the mass and momentum conservation components
of the nonlinear Navier–Stokes equations with the k-epsilon (k-ε) turbulence model in
a steady-state flow [46]. The equation set includes average and fluctuating variables of
velocity, pressure, density, viscosity, etc. The k-ε model, used in wind flow modeling, is a
good compromise of accuracy and computational efficiency for turbulent flow descriptions.
The two principal variables are the generation of turbulent kinetic energy (k) and the
dissipation rate of the turbulent kinetic energy (ε) [47,48].

Wind turbine wakes, downstream of the rotor, typically induce reduced wind speeds
and increased turbulence, resulting in energy losses. The two main characteristics of wakes
are a velocity (momentum) deficit and an increased turbulence level. The velocity deficit
behind a wind turbine can cause power losses for the downstream turbines, whereas a
higher turbulence causes additional loads on the downstream turbine’s structure, resulting
in fatigue problems [49,50]. Thus, wake and turbulence effects are important factors for
wind power plant layout designs and layouts in order to significantly decrease wake losses
and turbulence effects.

The 3D WindSim CFD microscale wind flow model was used in this study to evaluate
the wind resource and to optimize the wind power plant performances in the local high-
spatial resolution wind fields [35]. The bivariate sector-wise mean wind speeds and mean
wind speed directions for 16 sectors (22.5 degrees) at 120 m agl, extracted from the coupled
mesoscale and microscale wind resource maps at five potential windy sites in this study,
are considered as virtual met mast (VMM) wind datasets. The high-resolution DEM and
LULC are the other main inputs for CFD microscale wind flow modeling. The spatial
wind resource over 10-km × 10-km domains, with 50-m resolution, are then obtained, and
the high-resolution wind resource maps, at specific hub heights of typical wind turbine
generators (WTG), are manipulated using ArcGIS V.10.3, Redlands, CA, USA.

The wake loss effect is also quantified using the analytical wake models from Jensen,
Larsen and Ishihara. First, the Jensen model is based on a momentum deficit theory
that gives a simple linear wake expansion of the downstream distance from the tur-
bine [51,52]. Second, the Larsen model is derived from Prandtl’s turbulent boundary
layer equation [51,52]. The velocity deficit is a function of both the axial distance and the
radial distance, while the velocity deficit in the Jensen model is only a function of the axial
distance. Lastly, Ishihara and Qian [53] introduced a velocity deficit and added turbulence
using a Gaussian distribution based on an axial symmetry and a self-similarity assumption
of the ambient turbulence intensity and thrust coefficient effects on the wind flow.

In determining the wind power plant layouts, the WTG placements are optimized to
maximize the energy production while minimizing the loads on the WTG [35]. Information
regarding the wind conditions that should be considered to verify the structural integrity of
the WTG, such as wind shear, turbulence and inflow angle, are included. Array efficiency
based on an analytical wake model is also considered during the optimization process. In this
work, according to the energy policies of Thailand, the WTG placement optimization is for
10-MW VSPP (Very Small Power Producer) wind power plants in five potential windy sites
under three different wake loss models. Using the park optimizer module of WindSim [30],
the annual energy production (AEP) is maximized while minimizing the wake losses [54,55].

2.5. Wind Maps Validation

Due to the missing and discontinuous measured wind data from met towers in the
study area, the wind speed results are validated by comparison with wind speeds from the
Weather Research and Forecasting (WRF) atmospheric modeling obtained from previous
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studies [12]. The validation is done based on the Percent Mean Relative Error (PMER)
at an elevation of 120 m agl. The validation is performed using 15 representative points
distributed in five sites with three points for each site and classified into three terrain
characteristics: flat, semi-complex and complex terrains. The locations of the data points
for the validation are shown in Figure 4, while the details of each representative location
are given in Table 1.
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Table 1. Details of the representative points at an elevation of 120 m agl used in the validation of the
mesoscale and microscale wind resource maps.

No. Site.

Flat Terrain Semi-Complex Terrain Complex Terrain

Longitude
(◦E)

Latitude
(◦N)

Longitude
(◦E)

Latitude
(◦N)

Longitude
(◦E)

Latitude
(◦N)

1. Ranong 98.597 9.598 98.406 9.732 98.592 9.443
2. Phangnga 98.296 8.361 98.41 9.132 98.498 8.615
3. Phuket 98.325 8.007 98.316 7.840 98.327 7.950
4. Krabi 99.191 8.321 98.923 8.531 98.937 8.274
5. Trang 99.494 7.701 99.808 7.204 99.797 7.526

2.6. Annual Energy Production and Capacity Factors

The AEP generated by the various WTG are estimated with three wake loss models,
along with the wind power plant capacity factors and the WTG placement optimization.
Thus, the potential areas where the annual mean wind speeds are above 4.5 m/s are chosen
as representative potential areas for an energy yield analysis based on the wind resource
maps obtained from this work.

In general, CFD models require high-performance computing. Therefore, it is neces-
sary to separate the areas into smaller domains (10 km × 10 km) in order to save run times
and to decrease computer loads. The input data consisted of the digital terrain, the LULC
data and the virtual met mast data. The digital terrain data were on a proper length scale,
with combinations of contour lines and roughness.



Energies 2022, 15, 3025 9 of 19

The WTG models in this study have cut-in wind speeds of 3.0–3.5 m/s to start generat-
ing power, while the rated speeds for the maximum yields are between 10.5 and 12.5 m/s.
In line with the Thai energy policies, wind power plants of 10 MW, falling under the Very
Small Power Producers (VSPP) power plants [15], are assessed through various scenarios
of wind turbines. Five models of WTG are considered, with the mechanical characteristics
and power curve data of each WTG shown in Table 2.

Table 2. The mechanical characteristics of the wind turbine generators used in this analysis.

No.
Wind Turbine

Generator
Model

Hub
Height

(m)

Rotor
Diameter

(m)

Rated
Capacity

(MW)

Cut-in
Speed
(m/s)

Rated
Speed
(m/s)

Cut-Out
Speed
(m/s)

1. GE 2.5 120 120 2.5 3.0 11.0 21.0
2. G114 125 114 2.0 3.0 12.5 25.0
3. GW2.5 120 121 2.5 3.5 11.0 22.0
4. S111-M90 120 111 2.1 3.0 10.5 21.0
5. V110-2.0 125 110 2.0 3.0 10.5 20.0

The suitable wind turbine locations within the wind power plants were based on the
placement optimization to achieve the maximum energy yields within Thailand’s Energy
Regulatory Commission (ERC) criteria [56]. Thus, the suitable location of an individual
WTG in a potential wind power plant was identified based on the notification of the ERC
regarding wind power plant developments. Besides the limitation to VSPP wind power
plants, this notice specifies that the spacing at the base of the WTG must not be less than
1.2 times the summation of the hub height and the radius of the rotor [56].

The AEP estimated under the energy losses and uncertainty conditions, and the
capacity factors from all scenarios of 10-MW wind power plants, were computed. In this
work, the energy losses and uncertainties to estimate the net annual energy productions
are given in Table 3 [57–59]. For its part, the environmental uncertainties are based on
estimations of losses due to environmental impacts that affect the power production of
wind turbines, such as modifications of the aerodynamic profile of the blades incurred by
dirt, insect accumulation and aging of the blade material [60].

Table 3. Energy losses and uncertainties to estimate the net annual energy productions.

List of Losses Percentage of Losses

Energy losses
• Wake effect Jensen/Larsen/Ishihara
• Electrical transmission 3%
• Availability 3%
• Turbine performance 3%
• Environmental Uncertainty 1%
• Anemometer 2%
• Topographic effect (complex terrain) 5%
• Wind turbine power curve 5%
• Wind shear modeling 3%

3. Results and Discussion
3.1. Wind Resource Maps

The microscale wind resource maps, at a resolution of 200 m and at elevations of 100 m,
120 m and 140 m agl, are illustrated in Figures 5–7, respectively. It can be seen that most of
the study area is characterized by low wind speeds. However, some specific areas in the
mountainous areas have good wind speeds, indicating that they are potential suitable sites
for wind power developments in the provinces of Ranong, Phangnga, Krabi and Satun,
where the maximum mean annual wind speeds reach 6 m/s at localized areas.



Energies 2022, 15, 3025 10 of 19

Energies 2022, 15, x FOR PEER REVIEW 10 of 20 
 

 

3. Results and Discussion 
3.1. Wind Resource Maps 

The microscale wind resource maps, at a resolution of 200 m and at elevations of 100 
m, 120 m and 140 m agl, are illustrated in Figures 5–7, respectively. It can be seen that 
most of the study area is characterized by low wind speeds. However, some specific areas 
in the mountainous areas have good wind speeds, indicating that they are potential suit-
able sites for wind power developments in the provinces of Ranong, Phangnga, Krabi and 
Satun, where the maximum mean annual wind speeds reach 6 m/s at localized areas. 

 
Figure 5. Microscale wind resource map at 100 m agl for the western coast of Southern Thailand. 

Using the PMRE, the mean annual wind speeds predicted in this work are validated 
at an elevation of 120 m agl with the mean annual wind speeds obtained from the WRF 
model at 15 representative locations (presented in Figure 4) within the provinces of the 
western coast of Southern Thailand. Figure 8 illustrates the scatter plot between the pre-
dicted and the WRF mean annual wind speeds, where the WRF values are generally 
higher than the values predicted with the current model proposed. The results show that, 
at 120 m agl, the predicted wind speeds from the model proposed are 20% lower for the 
mesoscale model and 10% lower for the microscale model, in comparison to the equivalent 
wind speeds obtained from the WRF model. Thus, considering the quantified uncertainty 
in the predictions, the wind resource maps can be used to identify potential locations for 
the installation of wind power plants in the territory studied. Further studies, notably with 
physical wind and climatic measurements over a minimum of a full year, would be 
needed to confirm the wind resources at these locations. 

Figure 5. Microscale wind resource map at 100 m agl for the western coast of Southern Thailand.

Energies 2022, 15, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 6. Microscale wind resource map at 120 m agl for the western coast of Southern Thailand. 

 
Figure 7. Microscale wind resource map at 140 m agl for the western coast of Southern Thailand. 

Figure 6. Microscale wind resource map at 120 m agl for the western coast of Southern Thailand.



Energies 2022, 15, 3025 11 of 19

Energies 2022, 15, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 6. Microscale wind resource map at 120 m agl for the western coast of Southern Thailand. 

 
Figure 7. Microscale wind resource map at 140 m agl for the western coast of Southern Thailand. Figure 7. Microscale wind resource map at 140 m agl for the western coast of Southern Thailand.

Using the PMRE, the mean annual wind speeds predicted in this work are validated at
an elevation of 120 m agl with the mean annual wind speeds obtained from the WRF model
at 15 representative locations (presented in Figure 4) within the provinces of the western
coast of Southern Thailand. Figure 8 illustrates the scatter plot between the predicted and
the WRF mean annual wind speeds, where the WRF values are generally higher than the
values predicted with the current model proposed. The results show that, at 120 m agl,
the predicted wind speeds from the model proposed are 20% lower for the mesoscale
model and 10% lower for the microscale model, in comparison to the equivalent wind
speeds obtained from the WRF model. Thus, considering the quantified uncertainty in
the predictions, the wind resource maps can be used to identify potential locations for the
installation of wind power plants in the territory studied. Further studies, notably with
physical wind and climatic measurements over a minimum of a full year, would be needed
to confirm the wind resources at these locations.
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3.2. Wind Power Potentail

Based on the computed wind resource maps, the majority of the study area is charac-
terized by low wind speeds (below 3.0 m/s); however, some areas have sufficient potential
for wind energy production. Five potential areas, in the mountainous regions, have been
identified as potential sites for wind power development. The geographical coordinates
of the potential sites for wind power plants, along with their mean annual wind speeds
at elevations of 100 m, 120 m and 140 m agl, are listed in Table 4. For its part, Figure 9
presents blown-up maps of these most promising sites at 120 agl. It can be seen that the
Kamphuan and Thungkhangok Districts have mean annual wind speeds higher than the
other sites considered in Launnuea, Nakhao and Wangprachan Districts. In general, the
most promising sites are on ridges situated between 700 and 1000-m elevation above the
mean sea level.

The wind rose diagrams and the Weibull probability density functions, at 120 m agl,
for the potential sites for wind power development are presented in Figure 10. The results
show that most of the wind directions are in the east–west direction, notably due to the
monsoon effects. It is worth noting that Thailand is normally affected by two monsoons,
i.e., the southwest monsoon from mid-June to mid-October and the northeast monsoon
from mid-October to mid-February.

Table 4. The geographical coordinates of the potential sites for wind power plants and their mean
annual wind speeds at elevations of 100 m, 120 m and 140 m agl.

No. Site Name
Coordinates Mean Annual Wind Speed

Latitude (◦N) Longitude (◦E) 100 m agl 120 m agl 140 m agl

1. Launnuea, Ranong 9.954 98.781 4.65 4.75 4.91
2. Kamphuan, Ranong 9.326 98.511 5.23 5.64 6.02

3. Thungkhangok,
Phangnga 8.589 98.510 5.17 5.71 6.24

4. Nakhao, Krabi 8.277 98.940 4.68 4.93 5.16
5. Wangprachan, Satun 6.753 100.194 4.78 5.12 5.22

Regarding the Launnuea site, the highest mean wind speeds are in the range of
5.7–6.3 m/s, flowing in the western direction for approximately 30% of the time. Likewise,
the Kamphuan, Nakhao and Wangprachan sites have the highest mean wind speeds in the
vicinity of 6.5 m/s (40% of the time), 5.4 m/s (37% of the time) and 6.5 m/s (37% of the
time), respectively, all in the western direction. On the other hand, 36% of the highest mean
wind speeds, flowing in the eastern direction, reach 6.7 m/s in Thungkhangok.
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3.3. Annual Energy Production and Capacity Factor

The AEP and capacity factor of a 10-MW wind power plant in five potential sites are
evaluated based on CFD modeling at elevations of 120 m and 125 m agl, corresponding
to the hub heights of the WTG studied. Five models of utility-scale WTG, with nominal
capacities ranging from 2.0 MW to 2.5 MW, are chosen as possible technologies to install
VSPP wind power plants (less than or equal to 10-MW capacity) in the different sites.
The details of the WTG studied, the total installed capacities and the maximum mean
wind speeds for the five potential sites for wind power development are given in Table 5.
Regarding individual wind power plant layouts, siting optimizations are required to find
the best suitable locations where the WTG can harvest the maximum energy yields under
Thailand’s Energy Regulatory Commission (ERC) criteria [56]. The 2D and 3D optimized
WTG layouts of the five wind power plants in the potential sites of development are
presented in Figure 11.

Table 5. Details of the WTG, total installed capacities and maximum mean wind speeds for the five
potential sites for wind power development.

Wind Turbine
Generator

Model

No. of Wind
Turbine

Generators

Nominal Power of
Turbine

Generator (MW)

Total Installed
Capacity

(MW)

Maximum Mean Wind Speed (m/s)

Launnuea,
Ranong

Kamphuan,
Ranong

Thungkhangok,
Phangnga

Nakhao,
Krabi

Wangprachan,
Satun

GE 2.5 4 2.5 10 5.1 8.6 9.8 5.4 6.0
GW 2.5 4 2.5 10 5.1 8.6 9.8 5.4 6.0

S111_M90 4 2.1 8.4 5.1 8.6 9.8 5.4 6.0
G114 5 2.0 10 4.9 8.5 9.4 5.2 6.1
V110 5 2.0 10 4.9 8.5 9.4 5.2 6.1

Figure 12 presents the estimated annual energy productions of 10-MW VSPP wind
power plants in the potential sites of development. In this figure, the histogram results
are for the Larsen wake loss model (Model 2), while the wake loss models of Jensen
(Model 1) and Ishihara (Model 3) are presented using error bars. From this figure, it can be
seen that the sites with the most favorable winds (Thungkhangok and Kamphuan) have
the largest annual energy productions. Additionally, this figure shows that the three wake
loss models did not have significant impacts on the annual energy production for most
of the sites, except for the Wangprachan site. For this site, the Larsen (Model 2) and the
Ishihara (Model 3) wake loss models give approximately similar values of AEP, while the
Jensen (Model 1) wake loss model gives larger values for the AEP. Thus, the results for the
AEP at all sites are computed from the predicted wind speeds obtained using the Larsen
(Model 2) and the Ishihara (Model 3) wake loss models.

The efficiency of the wind power plants depends on their individual capacity factor,
shown in Figure 13. Based on the AEP of 10-MW VSPP wind power plants, the results show
that the Thungkhangok and the Kamphuan wind power plants would have the highest
efficiencies, with capacity factors near 40% for all WTG. Similar to the results of Figure 12,
the capacity factor follows the same trend as the wind speeds in regards to the impact of
the wake loss models.

For model consideration, it appears that both the G114 and the GE 2.5 WTG could
generate the largest energy yields at the Thungkhangok site. However, if considering the
total AEP for all five potential sites and using a single WTG technology, it is found that the
G114 WTG could harvest energy yields marginally larger than the GE 2.5. The total AEP
using the G114 WTG on all sites could reach 135.5 GWh/year, while the GE2.5 WTG could
generate 133.0 GWh/year. Thus, in this work, and considering the AEP from a single WTG
model for all sites, wind power plants with the G114 WTG appear to be the best option to
achieve the maximum energy production.

In regards to the greenhouse gas emissions, the current CO2eq emissions from electric-
ity generation in Thailand are 0.5986 kg/kWh (Thailand Greenhouse Gas Management
Organization (Public Organization) [61]). The power production from the five wind power
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plants integrating the G114 WTG model could thus reduce GHG emissions in the order of
80 ktons CO2eq/year.
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Table 6 presents a summary of the AEP and GHG emission avoidances for the five
potential sites, along with the totals for the five sites considered.

Table 6. AEP and GHG emission avoidances for the five potential sites.

No. Site Name

AEP
(GWh/Year)

GHG Emission Avoidance
(ktons CO2eq/y)

GE2.5 GE2.5 S111 G114 V110 GE2.5 GE2.5 S111 G114 V110

1. Launnuea 17.9 17.3 14.7 17.9 17.0 10.7 10.4 8.8 10.7 10.2
2. Kamphuan 34.6 34.4 28.7 36.5 33.8 20.7 20.6 17.2 21.8 20.2
3. Thungkhangok 35.6 35.0 29.5 35.4 34.4 21.3 21.0 17.7 21.2 20.6
4. Nakhao 20.1 19.5 16.6 19.5 18.8 12.0 11.7 9.9 11.7 11.3
5. Wangprachan 24.8 24.1 20.5 26.2 25.2 14.8 14.4 12.3 15.7 15.1

Total 133 130.3 110 135.5 129.2 79.6 78.0 65.8 81.1 77.3

4. Conclusions

A wind resource assessment on the Andaman Coast of Thailand was executed based
on a coupled mesoscale/microscale wind modeling, along with CFD modeling, to assess
the wind resource and to estimate the annual energy production and GHG emission
avoidances of five potential sites for wind power development. High-resolution microscale
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wind resource maps were produced to assess the wind resources on the western coast of
Southern Thailand; on the Andaman Sea and covering the provinces of Ranong, Phangnga,
Phuket, Krabi, Trang and Satun.

The AEP of siting optimized wind power plants, including their capacity factors,
were also estimated using CFD modeling. The parameters for the input data included the
MERRA wind climatic database, along with high-resolution topography and LULC digital
data. The results showed that, at 120 m agl, the predicted wind speeds from the model
proposed were 20% lower for the mesoscale model and 10% lower for the microscale model,
in comparison to the equivalent wind speeds obtained from the WRF model.

The results from the microscale wind resource maps showed that the western coast of
Thailand is characterized by limited wind resources for power generation. Nonetheless, lo-
calized areas of Launnuea and Kamphuan in Ranong Province, Thungkhangok in Phangnga
Province and Nakhao in Krabi Province, as well as Wangprachan in Satun Province, have
potential for wind power developments, notably at the small-scale level. The five potential
sites identified for wind power development using 10-MW VSPP could attain capacity
factors of over 20% for all the five sites identified, while two sites (Thungkhangok and Kam-
phuan) could reach capacity factors of 40%. The annual energy productions for these sites
ranged from the lowest production (18 GWh/y in Launnuea; 19 GWh/year in Nakhao) to
the largest production (36 GWh/year in Kamphuan; 35 GWh/year in Thungkhangok), with
Wangprachan (26 GWh/year) in the middle range. The total AEP would be in the vicinity
of 135 GWh/year when using a single wind turbine generator model for the five sites
studied. The combined energy productions by these wind power plants, once operational,
could avoid the GHG emissions of more than 80 ktons of CO2eq/year.

Future works will include contributions at two levels. In terms of modeling, future
works will include the development of robust models for the effect of the canopy on the
wind resource and the integration of these canopy models in global modeling. Regarding
sustainable development, scenario suitability assessments for the development of wind
power in the region studied could be made using models such the Analytical Hierarchy
Process (AHP), along with an economic assessment based on the levelized cost of energy
(LCOE).
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