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a b s t r a c t

The objective of this paper is to assess the wind energy resource in the central region of Thailand
for wind power generation, along with analyzing the economic feasibility and appropriate feed-in-
tariff (FIT) of a proposed 15 MW wind power plant. A microscale wind resource map was created
using measured wind data, a computational fluid dynamics wind flow modeling and high-resolution
topography databases. Five utility-scale wind turbine generators (WTG), with hub heights ranging from
80 to 120 m above ground level (agl), were used to estimate the annual energy production (AEP).
Considering the available wind resource, the most appropriate WTG was identified, and a wind power
plant layout was achieved to maximize the AEP as well as minimizing the wake losses. The maximum
net AEP, capacity factor (CF), %AEP improvement, %wake loss reduction, and CO2eq emission avoidance
were also analyzed. Several financial indices and the levelized cost of energy (LCOE) were analyzed
on the basis of a cost–benefit analysis. The economic sensitivity of the costs was used to determine
the most appropriate FIT for the project. Results reveal that the mean annual wind speed at 120 m
agl in the central region of Thailand reaches 5.8 m/s. The net AEP, CF, %AEP improvement, %wake loss,
and CO2eq emission avoidance for a 15 MW wind power plant are estimated at 41 GWh/year, 30%, 6%,
10% and 231 ktonnes CO2eq/year, respectively. The LCOE for a base case scenario is estimated at 0.093
US$/kWh, with a FIT of 0.195 US$/kWh. Finally, the results of this work can be used as guidelines for
wind power project development in the central region of Thailand and in other regions of the world
where the wind resource is low to moderate under current existing WTG technology.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

On the basis of the 5th assessment report provided by the
ntergovernmental Panel on Climate Change (IPCC) on the anthro-
ogenic emissions of greenhouse gases (GHG) (Anon, 2021a), and
n consideration of the benchmarks established at the Conference
f Parties (COP21) held in Paris in 2015 (Anon, 2021b), Thailand
ntends to reduce its GHG emission by 20% from the projected
usiness-as-usual (BAU) level by 2030 (Anon, 2021b).
Based on facts provided by the United Nations Development

rogramme (UNDP), energy is a main contributor to climate
hange worldwide, accounting for 60% of the anthropogenic GHG
missions. Goal 7 of the UN Sustainable Development Goals (SDG)
ims to correct important imbalances by ensuring everyone has

∗ Corresponding author.
E-mail address: chuleerat@wu.ac.th (C. Kongruang).
ttps://doi.org/10.1016/j.egyr.2022.04.068
352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a

nc-nd/4.0/).
access to affordable, reliable, and modern energy services by
the year 2030. To expand energy access, it is necessary to en-
hance energy efficiency and to invest in renewable energy (Anon,
2021c).

Renewable energy is useful energy that is collected from re-
newable resources, which are naturally replenished on a hu-
man timescale. Amongst the renewable energy power generation
sources, wind power is expected to increase the most in absolute
generation terms (Anon, 2021d). Despite the constraints imposed
by the new coronavirus pandemic, which has led to construction
activities slowing down due to supply chain disruptions and
logistical challenge in many countries, the net wind capacity
additions have continued to increase (Anon, 2021e).

Focusing on Thailand, studies have shown that the wind re-
source is in general low to moderate (5–7 m/s); however, there
are some potential specific areas where the wind speeds are
above 8 m/s (Waewsak et al., 2013). However, these potential
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

https://doi.org/10.1016/j.egyr.2022.04.068
http://www.elsevier.com/locate/egyr
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reas are mostly in the mountainous region, while some areas
re prohibited for the development of wind power plants due to
onstraints on land usage and legislation. Even so, the existing
ind power capacity in Thailand is currently close to 1500 MW
cross the country (Anon, 2021f). The success of the wind power
evelopment in Thailand is based on three key factors, i.e., (1)
ind power plants are developed in suitable areas, (2) the com-
ercial utility-scale WTG are currently well developed to exploit
oderate wind regimes and (3) suitable financial supporting
chemes for investments are provided by governmental policies.
In 2015, the Thai Ministry of Energy has set clear policy

nd target goals through the Alternative Energy Development
lan (AEDP 2015) (Anon, 2021g), with a goal of 30% share of
enewable energy in the form of electricity, heat and biofuel.
nder this plan, wind power is expected to reach a capacity
f 3002 MW beyond 2030. In order to achieve the AEDP 2015,
everal main supportive schemes and campaigns are also in-
luded and promoted, e.g. power purchase agreements (PPA)
nder one stop service, adder tariff (0.116 US$/kWh), feed-in-
ariff (FIT) (0.201 US$/kWh), tax holidays and exemption by the
oard of Investment (BOI), initial environmental examination
IEE) for wind power plant development rather than environ-
ental impact assessment (EIA), and carbon credit trading under
hailand voluntary emission reduction (T-VER) program (Anon,
021h).
Recently, in 2018, a revised AEDP (AEDP 2018) was launched,

ith a revised wind power capacity of 2989 MW beyond 2036
Anon, 2021i). While a FIT program was implemented in 2013 by
he National Energy Board (Pita et al., 2015), the selection process
or wind power plant developments are now through competitive
idding processes (Anon, 2021j).
The development of wind power plants with lower initial

nvestment costs and lower levelized cost of energy (LCOE) is
uite challenging for competitive bidding process. The cost effec-
iveness in wind power plant development can be controlled by
eeking the suitable wind resource sites where the logistic and
ransportation of WTG and construction phase are possible and
asy. Not only that, suitable sites near electricity grids for inter-
onnection is another key factor to be taken into consideration.
Preliminary wind resource assessment (WRA) can be accom-

lished by simply identifying suitable sites using wind resource
aps provided by either a national database or available in the
ublic domain. In Thailand, a national wind resource map at
0 m agl was developed and is provided by the Department of
lternative Energy Development and Efficiency (DEDE) (Anon,
021k). For a global perspective, wind resource maps are also
rovided by Vaisala (Anon, 2021l), Vortex (Anon, 2021m) and the
echnical University of Denmark (DTU) (Anon, 2021n). Nonethe-
ess, the critical issues in using these maps are related to their
ow resolutions, while needing interpolations to assess the wind
esource at specific elevations corresponding to the hub heights
f a current WTG technologies.
At present, several research works are being done on WRA,

hus providing critical information for wind power development
n various regions of the globe. Further, these studies provide
ata points on the wind resource throughout the globe, thus
ontributing to better understanding of the wind resource in a
lobal perspective.
In this context, the wind power potential was recently as-

essed in the coastal region of Tamil Nadu, India by analyz-
ng ground-based meteorological masts measurement data from
even selected sites with wind power density of more than
00 W/m2 (Boopathi et al., 2021), while a multi-criteria analysis
ethod, combining the analytical hierarchy process (AHP) and
eographical information systems (GIS), is applied to identify

he most suitable locations for the installation of wind turbine

6221
generators, with case studies in Serbia (Potic et al., 2021) and in
Thailand (Ali et al., 2019).

The wind energy potential of China was assessed, with an
emphasis on its variability/intermittency. The study took the first
attempt to quantify the cost of the variability/intermittency of
wind energy coupled with energy storage system, with the aim
of comprehensively assessing the spatial distribution of the ex-
ploitability of wind energy in China. This work has concluded
that in the near future, wind power plants with advanced energy
storage technology in 2030 or 2050 could provide stable wind
energy, with comparable market prices, which are lower than the
price of current coal-fired electricity (Gao et al., 2020).

The Weibull distribution model was also extensively used to
estimate wind energy potential for coastal locations in India. A
novel method has been developed for estimating the actual wind
power available to the WTG. The main finding concluded that the
parent two-parameter Weibull model can be used to determine
the availability factor, whereas when determining the available
wind energy between cut-in and rated wind speeds, wind speed
data should be refitted in the range defined by the cut-in and
rated speed using a three-parameter Weibull model (Deep et al.,
2020).

An assessment of wind power potential along the coast of
Tamaulipas, northeastern Mexico was also presented. A gridded
reanalysis BMW-CERSAT wind data from 2004–09 is used as input
to analyze the mean wind power density by using the Wind Atlas
Analysis and Application Program (WAsP). Results showed that
the wind power potential of the southern half of the Tamaulipas
State is classified as poor (200–300 W/m2), becoming marginal
in some areas near the coast. Only the northern half of the State
is classified with moderate potential (400–500 W/m2), while the
lagoon zone has good potential (Carrasco-Diaz et al., 2015).

The potential of onshore wind power was assessed for Eu-
ropean countries based on the wind atlas methodology. An as-
sessment depicted via maps under national and regional socio-
technical restrictions and regulations for wind power project de-
velopment using spatial analysis tool (GIS). Results revealed that
52.5 TW of untapped onshore wind power potential in Europe
was discovered (Enevoldsen et al., 2019).

Once the wind resource potential is assessed, the appropriate
WTG technology that suit to the wind regime is further studied.
Technical and economic aspects of wind power plants are ana-
lyzed in this stage of development. They include an analysis of
the annual energy production (AEP), the capacity factor (CF), and
the levelized cost of energy (LCOE). The environmental impacts
and the social acceptance are also key factors needed for con-
sideration in wind power plant developments (Waewsak et al.,
2017).

The wind parameters based on the Weibull distribution have
been used to calculate the wind power density, annual energy
yield, capacity factor and cost of energy of Hawke’s Bay in China.
The site-specific wind shear coefficient is found to be 0.18. The
annual wind speeds were 5.04, 5.84 and 6.05 m/s at 30 m, 60 m
and 80 m agl. The mean power densities were 184.0, 231.5 and
307.5 W/m2. Based on 2.3 MW WTG, the lowest price of cost of
energy was 0.056 US$/kWh (Hulio et al., 2019).

Therefore, the development of wind power plant directly re-
lates to not only wind resource assessment but also techno-
economic evaluation, while environmental and social acceptance
are also two key factors for wind power project implementation
phase. Some exercises related to techno-economic assessment of
wind power plant have been presented in the scientific litera-
ture, with applications in Pakistan (Jameel et al., 2021) and in
Jordan (Ali and Dalabeeh, 2017).

Historical background knowledge, further confirmed by recent

publications in the scientific literature, show that wind resource
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ssessments, as well as techno-economic analysis, are crucial
n the early stage of wind power plant developments, notably
n regions with limited wind resources. Consequently, the main
bjectives of this paper are to assess the wind energy resource in
he central region of Thailand, coupled with a techno-economic
nalysis of appropriate feed-in-tariffs (FIT) policies to meet the
ankable financial criteria for wind power plant installation. The
riginality of this work is to develop a microscale wind resource
ap using in-situ measurements and CFD wind flow modeling
ith resolution of 50 m, along with the optimization of the
ind turbine generator locations to maximize the AEP while
inimizing wake losses for maximum benefit in the economic
nalysis. Besides documenting a high-resolution wind resource
nd the economic viability of wind energy in an emerging coun-
ry (Thailand), the present work differs from previous work in
he scientific literature, which usually applies either mesoscale
tmospheric modeling or coupled mesoscale atmospheric and
icroscale wind flow modeling to predict wind speeds with

esolution in the range of 1 to 3 km. While the methodology
resented is applied to a region with limited wind resources in
hailand, the methodology can be applied in any region to assess
he viability of wind power plant development.

. Methodology

.1. Study area

The study area, with a square boundary of 20 × 20 km2, is
ocated in the Pamok district, Ang Thong province, in central Thai-
and as shown in Fig. 1. Based on the ASTER GDEM v2 Worldwide
levation Data with a resolution of 1 arc-second (NASA, 2021),
he terrain of the study area is quite flat where the maximum
levation is less than 28 m above mean sea level, as illustrated
n the upper part of Fig. 2. By using the land cover land use
LCLU) database of 2003, which is the commercial product of
he Land Development Department (LDD), along with Arc GIS V
0.4 software package for spatial data analysis, it is found that
0.3% of the territory studied is agricultural land, 15.8% is urban
nd built-up land while 8.7% is miscellaneous and 5.2% is water
odies. The spatial distribution of the land cover land use in
he study area is also shown in the lower part of Fig. 2. The
oughness length, another key parameter input in wind resource
ssessment, is analyzed using the LCLU database (Anon, 2021o).
he spatial distribution of roughness length of the study area is
iven in Fig. 3.

.2. The characteristics of the wind resource

Wind speeds and directions at 100 m, 80 m and 65 m agl
re measured using NRG three-cup anemometer and wind vane,
long with a Nomad II Wind data logger. A thirteen month ob-
ervation campaign between February 2014–February 2015 was
ccomplished. The data recovery rate was 83%. Annual mean
peeds and variations of the monthly mean wind speeds are
nalyzed and presented. The Weibull distribution, with 1.0 m/s
nterval and wind rose with 16 sectors, are investigated in order
o analyze the shape and scale parameters and the incoming
ominant wind direction.

.3. Computational Fluid Dynamics (CFD) wind flow modeling

Micro-scale wind resource assessment based on Computa-
ional Fluid Dynamics (CFD) wind flow modeling is commonly
pplied to reproduce the flow field caused by the local terrain

haracteristics and topography. CFD simulations are particularly

6222
useful in the development of wind energy in regions with com-
plex terrains, along with being used in the micro-sitting of wind
turbine generators within wind power plants (Murthy and Rahi,
2017).

CFD simulations also offer high resolution 3D wind fields
without the need for costly meteorological equipment. In the
past, linear wind flow models, such as the one implemented in
the Wind Atlas Analysis and Application Program (WAsP), were
applied due to their efficiency and sufficient accuracy, notably
over simple terrain (Palma et al., 2008).

However, the increase in computational capacity, along with a
need for higher accuracy wind flow predictions over complex ter-
rain, have led to the development of more advanced CFD models.
Thus, most CFD simulations solve the steady Reynolds-Averaged
Navier–Stokes (RANS) equations, which are time independent
and which provide the statistics for wind speeds at any grid
point (Dhunny et al., 2017).

Other CFD simulation techniques that provide higher accu-
racy, but also higher computational cost, are being developed to
analyze wind flow patterns. These time-dependent turbulence-
resolving methods consist of Large-Eddy Simulation (LES) and
Direct Numerical Simulation (DNS). LES applies a low-pass spa-
tial filter to average out turbulence at smaller length scales.
In this method, the computationally expensive calculations of
small turbulent structures is replaced by sub-grid-scale modeling.
DNS involves solving the full non-linear Navier–Stokes equations,
but is too computationally expensive to be used in large area
applications (Tabas et al., 2019).

WindSim, a CFD software package for micro-scale WRA has
been used and evaluated in both the wind industry and in
academia. It is designed to execute and accomplish the spatial
variability reproduction of wind speed distributions, as well as
the dynamic wind speed estimation of any specific positions
within the considered region. CFD simulations are carried out to
provide detailed wind fields, which implicitly carry the correla-
tions of physical properties with the concerned space (Tang et al.,
2019; Yan and Li, 2016).

Several works compared the results of WindSim to WAsP, es-
pecially over complex terrains, and found better accuracy (Llom-
bart et al., 2006; Gasset et al., 2012). Further, WindSim was
applied to a WRA study in Thailand and good agreements were
obtained between simulation results and met mast measure-
ments (Waewsak et al., 2017, 2019). Using error estimations,
the model was also validated against wind atlas data and WAsP
simulations (Yang et al., 2020).

In this work, the WindSim CFD model is used to simulate
and provide the microscale wind field over the territory studied.
WindSim’s CFD model is developed based on RANS equations
for momentum, turbulence and temperature, assuming steady-
state and incompressible flows (Gravdahl, 1998; Meissner et al.,
2009). The standard k–ε model (Launder and Spalding, 1974)
is used as a turbulence closure. Even though other turbulence
models exist (Bechmann et al., 2011; Cabezón et al., 2011), the
standard k–ε model is by far the most popular in the wind energy
industry (Bechmann et al., 2011).

In order to execute the WindSim model, the following con-
ditions were set: fixed pressure for the boundary condition at
the top of the domain; 1.225 kg/m3 for air density and no tem-
perature correction; standard k- ε turbulence model; segregated
solver; and spatial resolution of 50 m. The time series wind
speeds and directions with 10-min interval data, DEM, roughness
lengths of the land cover of the territory studied, and power and
thrust curves of five selected wind turbine generators are used as
inputs in the WindSim model.
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Fig. 1. The study area in this work (square domain of 20 × 20 km2).
Table 1
The characteristics of the wind turbine generators used in this study.
WTG model Cut-in speed (m/s) Rated speed (m/s) Cut-out speed (m/s) Hub height (m) Rotor diameter (m2) Swept area (m2) Capacity (MW)

I 3.0 12.0 21.0 120 120 11,310 2.5
II 3.0 15.0 23.0 80 100 7854 2.6
III 3.0 16.0 25.0 80 93 6793 2.3
IV 3.0 14.0 25.0 93 114 10,207 2.5
V 3.5 11.0 22.0 120 121 11,595 2.5
2.4. Annual Energy Production (AEP) and Capacity Factor (CF)

The microscale wind resource maps, based on CFD wind flow
odeling, at hub height elevations of current WTG technology

93–120 m agl) are used to estimate the annual energy produc-
ion (AEP) by using five selected utility-scale WTG. The details and
haracteristics of these five selected utility-scale WTG are given
n Table 1.

The AEP is analyzed using the WindSim model with the Jensen
ake loss modeling. The power curves (left scale) and the thrust
urve (right scale) of the five WTG are shown in Fig. 4.
The capacity factors (CF) of the wind power plants are also an-

lyzed to investigate their performances. The CF can be computed
sing Eq. (1) (Arrambide et al., 2019),

F (%) =
AEP (kWh)

Installed Capacity (kW) × 8760 (h)
× 100% (1)

where 8760 is the number of hours in a year.
In classical approaches, it is assumed that the uncertainty in

the power production of a wind power plant is normally dis-
tributed. In accordance to the IEC 61400 family of standards, the
uncertainty in the production of wind power plants is expressed
in terms of the probability of exceedance values P50, P75 and
P90 (Yue et al., 2019). In this terminology, P50 means that there is
a probability of 50% that the energy yield will be more than P50.
In this study, P75 and P90 are also calculated for further financial
evaluation due to the fact that accurate predictions of the wind
resource are critical to a realistic internal rate of return (IRR).
6223
2.5. Greenhouse gas emission avoidance

Wind power plants contribute in reducing the greenhouse
gas (GHG) emissions into the atmosphere (Pehl et al., 2017).
Wind power plant emits approximately 6.3 g CO2eq/kWh on av-
erage (Wang and Sun, 2012). The CO2eq emission avoidance from
generating power from a non-carbon emitting source is estimated
by relying on the specific national emission factors of the energy
generation source. In this work, a grid emission factor of Thailand
for a wind power plant of 5.692 g CO2eq/kWh is used in the
estimation of the CO2eq emission avoidances (Anon, 2021p).

2.6. Economic analysis

Based on a cost–benefit analysis (CBA), four key financial in-
dices (Ranthodsang et al., 2020), i.e., benefit cost ratio (BCR), net
present value (NPV), internal rate of return (IRR), and payback
period (PBP), are analyzed in order to investigate the financial
feasibility of a wind power plant in the study area.

The NPV is the algebraic sum of the discounted costs and
revenues at a specified interest rate. An investment is financially
acceptable if the NPV is positive and is not acceptable if it is
negative. The NPV can be computed using Eq. (2),

NPV =

t∑ Bt − Ct

(1 − i)t
(2)
1
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Fig. 2. Digital elevation model (DEM) (upper) and land cover land use (LCLU) (lower) of the study area.
where Bt is the revenue or positive cash flow in year t, Ct is the
ost or negative cash flow in year t, t is the year in which the cash
low occurs, and i is the discount rate.

The BCR is computed as the present value of benefits divided
y the present value of costs, as given in Eq. (3),

CR =

∑t
1 Bt (1 + i)t∑t
1 Ct (1 + i)t

(3)

If the BCR ratio is greater than one, the project is yielding more
benefits than costs. An investment is financially acceptable if the
BCR exceeds unity, while it is not financially acceptable if the BCR
is less than unity.

The IRR is the discount rate that makes the net present value
equals to zero. Thus, the financial benefits of the investment
increases with the IRR. The IRR can be computed using Eq. (4),

IRR = i1 + (i2 − i1) ×

(
NPV1

NPV2 − NPV1

)
(4)

here i1 is the discount rate 1, i2 is the discount rate 2, NPV1 is the
et present value at discount rate 1, and NPV2 is the net present
alue at discount rate 2. The IRR is acceptable if it is greater than
he discount rate.

The PBP, given in Eq. (5), is used to estimate the time needed
o yield return that would cover the investment and the capital
6224
spent. The project is financially feasible if the PBP is less than the
economic life of the project.

PBP =
Investment

Net annual cash flow
(5)

Finally, the levelized cost of energy (LCOE) is computed to in-
vestigate the generation costs of a wind power plant. The LCOE, as
given in Eq. (6)., compares the combination of capital costs, O&M,
performance and fuel costs that does not include financing issues,
discount issues, future replacement or degradation costs, which
would need to be included for a more complex analysis (National
Renewable Energy Laboratory, 2021). Thus,

LCOE =

∑n
t=1

It+Mt+Ft
(1+r)t∑n

t=1
Et

(1+r)t
(6)

where It is the investment expenditures in year t (including
financing), Mt is the operations and maintenance expenditures
in year t, Ft is the fuel expenditures in year t, Et is electricity
generation in year t, r is the discount rate, and n is the life of
the system (Ranthodsang et al., 2020).

By using the weighted average costing of onshore wind power
plants, IRENA reported that, in 2019, the project costs per MW of
installed capacity was 2658 US$/kW (IRENA, 2019). In the base
case scenario presented in this paper, the capital expenditure
(CAPEX) of a wind power plant project is thus estimated at 2658
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Fig. 3. Roughness length of the study area.
S$/kW. The operation, maintenance and replacement expendi-
ure (OPEX) costs per MW of installed capacity are assumed to be
.5% of CAPEX.
As per the policy regulations of Thailand, the Very Small

ower Producer (VSPP) policy of Thailand (Anon, 2021q) caps
he installed capacity of a renewable energy-based power plant
ntegration at 10 MW for one feeder of a 33 kV distribution and
t 8 MW for one feeder of 22 kV distribution system. Considering
he grid connection capabilities in the study area, the proposed
nstalled capacity of the wind power plant studied in the present
ork is 15 MW.
In order to accomplish the economic analysis, some assump-

ions are required as follows: currency exchange rate 1 USD =

0.0987 THB (Anon, 2021r); interest rate is minimum loan rate
MLR)+1% (7.301%); discount rate is 5%; debt ratio is 70:30;
epayment loan term is 10 years; tax holiday approved by the
oard of Investment of Thailand (tax payment 0% for 1st–8th
ear, 15% for 9th–14th year and 30% for 15th–20th year); project
ifetime is 20 years; depreciation relies on a linear model; and
alvage is 10%.
Wind power project investments require economic feasibil-

ty investigations for decision making during the development
hase. Most utility-scale wind power projects need important
nitial investments and capital for the purchase of the WTG, along
ith the costs for the balance of plant (BOP) (IRENA, 2014). The
conomic viability of a wind power project relies on a rigorous
nalysis of the costs and benefits, which can be enhanced through
overnment policies.
Recent experiences from around the globe suggests that Feed-

n-Tariffs (FITs), a premium added to the AEP, are the most
ffective policies to encourage the rapid and sustained deploy-
ent of wind energy (Couture and Gagnon, 2010). In Thailand, an
nhanced FIT policy, replacing the previous policy of Adder plus
n-peak and off-peak tariffs, was adopted with a premium rate
f 0.201 US$/kWh.
While the benefit of wind power project mostly stems from

he electricity purchase, the carbon trading can also be a financial
ncentive. Both parameters, energy produced and GHG emission
6225
avoidances, rely on the net AEP produced by a wind power plant.
In Thailand, the carbon credits can traded through the Thailand
Voluntary Emission Reduction (T-VER) project, which is verified
by the Thailand Greenhouse Gases Organization (TGO), with a
price of 6.64 US$/tonne CO2eq (200 THB/tonne CO2eq) (Anon,
2021s). In this analysis, the benefits of a wind power plant project
are calculated based on two scenarios, i.e., with and without
carbon credit trading.

Finally, the sensitivity of the costs is also analyzed using
±5% and ±10% scenarios to investigate the financial viability for
investment. Due to the bidding process of a wind power plant
subsidy, hence the possible lowest FIT is also investigated by
decreasing the FIT with 0.03 US$/kWh (0.10 THB/kWh) interval,
until the IRR reaches 15%. This value for the IRR is used as the
guideline in the decision-making process to justify bidding on
wind power projects.

3. Results and discussion

Based on a 13 months measurement campaign between Febru-
ary 2014 to February 2015, with a data recovery rate of 83%,
it was found that the mean annual wind speed at 100 m agl
was 5.01 m/s, while the maximum wind speeds were observed
in December 2014, during the strong effects of the Southwest
monsoon. The months with above average mean wind speeds in-
cluded January, February, March, April, June, July, and December,
as presented in Fig. 5.

The time series wind speed data is illustrated in Fig. 6. It is
found that the percentage of wind speed in the range of the cut-
in and cut-out speeds of a utility-scale wind turbine generator
(3.0–25.0 m/s) is 81%.

Based on a Weibull distribution curve fitting and analysis, it
is found that the Weibull shape parameter (k) (dimensionless)
is 2.7, while the Weibull scale parameter (A) is 5.9 m/s, corre-
sponding to an effective mean speed of 5.28 m/s, as presented in
Fig. 7. Results from the Weibull distribution also show that the
maximum occurrence of wind speeds is between 5.0 and 6.0 m/s,
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Fig. 4. Power curves (left scale) and thrust curve (right scale) of the five wind turbine generators studied.
hile the occurrence of wind speeds beyond 10.0 m/s has a very
ow probability.

In a general sense, the wind resource over the area studied
s relatively low for wind power generation, when compared to
ell recognized areas with exceptional wind regimes around the
lobe. However, as turbine technology evolves towards low wind
egime power production, areas with limited wind resource can
till offer interesting possibilities, notably when financial incen-
ives are offered. Thus, rigorous economic and financial analyses
re necessary to assess the viability of wind power plant projects
n areas with limited wind resources. The following addresses
hese issues in the study area.

The wind rose of the area studied, at 100 m agl, is presented in
ig. 8. It can be seen that the dominant wind directions stem from
he N to NE direction and from the S to SW direction, mainly due
o the strong effects of the regional macro wind regime, i.e., the
onsoon periods. The Northeast monsoon plays an important

ole for wind energy resource in the central region of Thailand
uring the months of December and January, while the Southwest
onsoon has its effects during the months of June and July.
The microscale wind resource map, with a resolution of 50 m

nd at a utility-scale WTG hub height of 120 m agl, is pre-
ented in Fig. 9 (similar maps at 80 and 93 m agl show similar
haracteristics). It is found that the maximum mean speeds at
0 m, 93 m, and 120 m agl are 5.28 m/s, 5.32 m/s and 5.40 m/s,

espectively. In consideration of NREL’s assessment that suitable
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wind class for wind energy production should be in the range of
5.0–7.0 m/s (National Renewable Energy Laboratory, 2021), the
studied area can be considered for wind power production.

The net AEP of a wind power plant with installed capacity of
15 MW (6 WTG with a nominal capacity of 2.5 MW) is analyzed
using P50, P75 and P90, for the five wind turbine models consid-
ered, as shown in Fig. 10. Amongst the five WTG considered, the
WTG model 1 would produce the most energy, in comparison to
the other models studied. Based on P50 net AEP, the WTG model
1 could produce 41 GWh/year of electricity fed to the distribution
system of the Provincial Electricity Authority (PEA). Therefore, the
WTG model 1 is identified as the best and most suitable WTG
under the moderate wind resource of the study area.

The net AEP and CF and wake losses, based on a P50 analysis
of a 15 MW wind power plant integrating the five selected
WTG technologies, are presented in Fig. 11. It is found that the
maximum CF of the WTG model 1 is in the vicinity of 30%,
while the CF of the other WTG models are less than 20%. The
relatively large differences in the CF of the WTG can be linked
to the characteristics of the model 1, notably in regards to the
rated speed in the power curve, which is relatively low (12 m/s)
compared to the other models; the hub height, which is at 120 m
agl; as well as the large rotor diameter and swept area, at 120 m
and 11,310 m2, respectively.

The WTG model 1 was further analyzed for maximizing the

AEP by searching the optimum location for the micro-sitting of



L. Niyomtham, J. Waewsak, C. Kongruang et al. Energy Reports 8 (2022) 6220–6233

t
B
t
1
%
f
t
p
i
a

Fig. 5. Annual mean speed and variation of monthly mean speed at 100 m agl.
Fig. 6. Time series of the wind speed at 100 m agl.
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he WTG to minimize the wake losses in a wind power plant.
y using the WindFarmer software package, the optimum loca-
ions for the location of the 6 turbine units of the WTG model
are presented in Fig. 12. The optimization reveals that the

AEP increased 6.1% (initial net AEP was 38.1 GWh/year and
inal net AEP is 40.6 GWh/year) and the wake losses were in
he range of 0.6 to 17.8%, with an average of 9.8%. The optimum
roposed 15 MW wind power plant could avoid CO2eq emissions
nto the atmosphere of 231 ktonnes CO2eq/year. The key results of
proposed 15 MW wind power plant are summarized in Table 2.
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The financial analysis for the wind power plant project is
rojected over a 25-year period. Figs. 13 and 14 present the key
inancial indices, without and with T-VER, respectively. Fig. 13,
ithout T-VER, shows that four financial indices meet the re-
uirement for investment as the BCR is 1.34, the NPV is 22.88
illion US$, the IRR is 20% and the PBP is 4 years for the base
ase scenario. Even without the T-VER support, the economic
nalysis indicates that wind power projects in areas with limited
ind resource in Thailand can be feasible. Furthermore, even if
he costs of a wind power project would increase by 10%, the
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Fig. 7. Weibull distribution of the wind speed at 100 m agl.
Table 2
Key results of a proposed 15 MW wind power plant using WTG model 1.
Turbine ID Mean speed at

hub height (m/s)
Gross AEP
(MWh/year)

Net AEP
(MWh/year)

CF
(%)

Wake losses
(%)

CO2eq emission avoidance
(ktonnes/year)

1 5.80 7486 7092 31.98 5.3 40.36
2 5.62 7028 6582 29.68 6.4 37.46
3 5.86 7620 6385 28.79 16.2 36.34
4 5.75 7394 6079 27.41 17.8 34.60
5 5.73 7356 6434 29.01 12.5 36.62
6 6.04 8079 8031 36.13 0.6 45.71

Average/Total 5.80 44,964 40,603 30.50 9.8 231.09
Fig. 8. Wind rose at 100 m agl.

economic analysis show that a wind power investment would still
be beneficial.
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For its part, Fig. 14 shows the same indices, but with the
provisions for the carbon trading under the T-VER program. Obvi-
ously, including provisions for carbon trading, and thus additional
revenues to the project, renders the projects even more favorable.

The results of the economic analysis show that the LCOE for
the base case scenario wind power project is estimated at 0.093
US$/kWh. Since the benefit of wind power project mostly relies
on the amount of AEP, the sensitivity of the AEP based on P50,
P75, and P90, along with and without T-VER support, are also an-
alyzed in order to investigate the effects on the financial indices.
Fig. 15 shows that for P75, the four financial indices still meet
the criteria of favorability, but the values are not high enough
to justify investments. For P90 and the base case scenario, the
benefit of a wind power project in the study area seems to be
infeasible, as the IRR is less than the MLR for project financing. In
this case, two approaches for improving the potential of project
financing could include costs reductions and access to soft loans
for project financing with interest rates less than 5%.

Finally, the current PPA award process for onshore wind power
project development in Thailand applies the bidding selection
with the minimum FIT requirements. Fig. 16 shows the variations
of the FIT against the financial indices, with and without T-VER,
and for IRR above 10%. The results show that the minimum FIT
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Fig. 9. Microscale wind resource map (domain of 20 × 20 km2), with a 50 m resolution, at an elevation of 120 m agl, over the study area.
or offering sustainable financial indices for a 15 MW wind power
roject is 0.195 US$/kWh.

. Conclusions

In this work, a wind resource assessment is investigated using
he data from a thirteen-month measuring campaign. Using a
FD-based wind flow modeling, the microscale wind resource
apping, with resolution of 50 m and a 20 × 20 km2 domain,

is presented using in-situ measured wind speeds and directions
along with high-resolution DEM and LCLU. An appropriate wind
turbine generator (WTG) is selected amongst five utility-scale
current WTG technology. The best WTG for the site studied is
further optimized for the micro-sitting of the WTG in order to
maximize the annual energy production (AEP) and minimizing
the wake losses.

The maximum net AEP, capacity factor (CF) and CO2eq emission
avoidance of a proposed 15 MW wind power plant are analyzed.
Various economic indices and the levelized-cost of energy (LCOE)
are also analyzed using a cost-benefit approach for wind power
investments in a region of Thailand with limited wind resources.
The economic sensitivity of key parameters, i.e, costs, AEP estima-
tion uncertainty and lowest FIT in the bidding selection process,

are also analyzed and presented.
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The main findings of this work show that the wind resource
in the study area is moderate, with a mean annual wind speed
of 5.8 m/s at 120 m agl. A 15 MW wind power plant, incorpo-
rating the most appropriate utility-scale WTG identified for the
site situated in the central region of Thailand, could produce an
AEP of 41 GWh/year, corresponding to a CF of 31%. The CO2eq
emission avoidances to the atmosphere could reach 231 ktonnes
CO2eq/year. The optimization of the micro-sitting of the WTG
provided a 6.1% increase in the AEP, while reducing wake losses
by 10%.

For the base case scenario and a P50 AEP estimation, four
main financial indices meet the criteria for a bankable project
and financing, thus assuring the feasibility of wind power plant
projects under current FIT policies in Thailand. The LCOE of a
proposed 15 MW wind power plant is 0.093 US$/kWh. The lowest
offering FIT for a bidding selection process of a wind power plant
project in the central region of Thailand would need to be fixed
at 0.195 US$/kWh.

Finally, the results of this work could be applied as guidelines
for the deployment of onshore wind power generation, especially
in regions with limited wind regimes. Indeed, the work presented
in this paper shows that wind power projects can be developed
in regions of limited wind resource, if a careful wind resource
assessment is performed, coupled with a rigorous micro-siting
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Fig. 10. The net AEP of a 15 MW wind power plant based on P50, P75 and P90, for the five wind turbine generators studied.

Fig. 11. The annual energy production (AEP), capacity factor (CF) and wake losses of a 15 MW wind power plant, for the five wind turbine generators studied.

Fig. 12. The optimum locations for the WTG of a proposed 15 MW wind power plant.

6230
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Fig. 13. Financial indices for sensitivity analysis of a project cost without T-VER.
Fig. 14. Financial indices for sensitivity analysis of a project cost with T-VER.
xercise to optimize the economic indices, notably the LCOE.
esides performing wind measurements over a longer period,
urther work on this topic could extend to analyzing the social
cceptability of such projects in small communities.
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Fig. 16. Variation FIT against the financial indices, with and without T-VER, and for IRR above 10%.
eferences

li, S., Dalabeeh, K., 2017. Techno-economic analysis of wind power generation
for selected locations in Jordan. Renew. Energy 101, 1369–1378.

li, S., Taweekun, J., Techato, K., Waewsak, J., Gyawali, S., 2019. GIS based site
suitability assessment for wind and solar farms in Songkhla, Thailand. Renew.
Energy 132, 1360–1372.

non, 2021a. https://archive.ipcc.ch/pdf/assessment-report/ar5/syr/AR5_SYR_
FINAL_SPM.pdf Accessed on 6 February 2021.

non, 2021b. https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/
Thailand%20First/Thailand_INDC.pdf Accessed on 6 February 2021.

non, 2021c. https://unstats.un.org/sdgs/report/2020/The-Sustainable-
Development-Goals-Report-2020.pdf Accessed on 6 February 2021.

non, 2021d. https://www.iea.org/reports/global-energy-review-2020/
renewables Accessed on 6 February 2021.

non, 2021e. https://www.iea.org/reports/renewables-2020/wind Accessed on 6
February 2021.

non, 2021f. http://www.erc.or.th/ERCSPP/default.aspx?x=0&muid=23&prid=41
Accessed on 10 February 2021.

non, 2021g. http://www.eppo.go.th/images/POLICY/ENG/AEDP2015ENG.pdf Ac-
cessed on 10 February 2021.
6232
Anon, 2021h. http://ghgreduction.tgo.or.th/about-T-VER/t-ver.html Accessed on
10 February 2021.

Anon, 2021i. https://www.dede.go.th/download/Plan_62/20201021_TIEB_
AEDP2018.pdf Accessed on 10 February 2021.

Anon, 2021j. https://www.tilleke.com/insights/thailand-40-powered-renewable-
energy/ Accessed on 10 February 2021.

Anon, 2021k. http://www2.dede.go.th/km_it/windmap53/windmap90~m.html
Accessed on 10 February 2021.

Anon, 2021l. https://www.vaisala.com/en/thank-you-download-wind-and-solar-
resourcemaps Accessed on 11 February 2021.

Anon, 2021m. https://vortexfdc.com/ Accessed on 11 February 2021.
Anon, 2021n. https://globalwindatlas.info/ Accessed on 11 February 2021.
Anon, 2021o. http://thaigis.net/thailand-gis-resources/ Accessed on 10 February

2021.
Anon, 2021p. http://ghgreduction.tgo.or.th/images/Grid_Emission_Factor_2559_-

_Finalised.pdf Accessed on 22 February 2021.
Anon, 2021q. http://www.eppo.go.th/index.php/th/electricity/private/vspp Ac-

cessed on 17 June 2021.
Anon, 2021r. www.bot.or.th Accessed on 22 February 2021.
Anon, 2021s. http://ghgreduction.tgo.or.th/t-ver.html Accessed on 22 February

2021.

http://refhub.elsevier.com/S2352-4847(22)00834-4/sb1
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb1
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb1
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb2
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb2
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb2
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb2
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb2
https://archive.ipcc.ch/pdf/assessment-report/ar5/syr/AR5_SYR_FINAL_SPM.pdf
https://archive.ipcc.ch/pdf/assessment-report/ar5/syr/AR5_SYR_FINAL_SPM.pdf
https://archive.ipcc.ch/pdf/assessment-report/ar5/syr/AR5_SYR_FINAL_SPM.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Thailand%20First/Thailand_INDC.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Thailand%20First/Thailand_INDC.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Thailand%20First/Thailand_INDC.pdf
https://unstats.un.org/sdgs/report/2020/The-Sustainable-Development-Goals-Report-2020.pdf
https://unstats.un.org/sdgs/report/2020/The-Sustainable-Development-Goals-Report-2020.pdf
https://unstats.un.org/sdgs/report/2020/The-Sustainable-Development-Goals-Report-2020.pdf
https://www.iea.org/reports/global-energy-review-2020/renewables
https://www.iea.org/reports/global-energy-review-2020/renewables
https://www.iea.org/reports/global-energy-review-2020/renewables
https://www.iea.org/reports/renewables-2020/wind
http://www.erc.or.th/ERCSPP/default.aspx?x=0&muid=23&prid=41
http://www.eppo.go.th/images/POLICY/ENG/AEDP2015ENG.pdf
http://ghgreduction.tgo.or.th/about-T-VER/t-ver.html
https://www.dede.go.th/download/Plan_62/20201021_TIEB_AEDP2018.pdf
https://www.dede.go.th/download/Plan_62/20201021_TIEB_AEDP2018.pdf
https://www.dede.go.th/download/Plan_62/20201021_TIEB_AEDP2018.pdf
https://www.tilleke.com/insights/thailand-40-powered-renewable-energy/
https://www.tilleke.com/insights/thailand-40-powered-renewable-energy/
https://www.tilleke.com/insights/thailand-40-powered-renewable-energy/
http://www2.dede.go.th/km_it/windmap53/windmap90~m.html
https://www.vaisala.com/en/thank-you-download-wind-and-solar-resourcemaps
https://www.vaisala.com/en/thank-you-download-wind-and-solar-resourcemaps
https://www.vaisala.com/en/thank-you-download-wind-and-solar-resourcemaps
https://vortexfdc.com/
https://globalwindatlas.info/
http://thaigis.net/thailand-gis-resources/
http://ghgreduction.tgo.or.th/images/Grid_Emission_Factor_2559_-_Finalised.pdf
http://ghgreduction.tgo.or.th/images/Grid_Emission_Factor_2559_-_Finalised.pdf
http://ghgreduction.tgo.or.th/images/Grid_Emission_Factor_2559_-_Finalised.pdf
http://www.eppo.go.th/index.php/th/electricity/private/vspp
http://www.bot.or.th
http://ghgreduction.tgo.or.th/t-ver.html


L. Niyomtham, J. Waewsak, C. Kongruang et al. Energy Reports 8 (2022) 6220–6233

A

B

B

C

C

C

D

D

E

G

G

G

H

I

I

J

L

rrambide, I., Zubia, I., Madariaga, A., 2019. Critical review of offshore wind
turbine energy production and site potential assessment. Electr. Power Syst.
Res. 67, 39–47.

echmann, A., Sørensen, N.N., Berg, J., Mann, J., Réthoré, P.E., 2011. The Bolund
experiment, Part II: blind comparison of microscale flow models. Bound.-Lay.
Meteorol. 141, 245–271.

oopathi, K., Kushwaha, R., Balaraman, K., Bastin, J., Kanagavel, P., Prasad, R.,
2021. Assessment of wind power potential in the coastal region of Tamil
Nadu, India. Ocean Eng. 219, 108356.

abezón, D., Migoya, E., Crespo, A., 2011. Comparison of turbulence models for
the computational fluid dynamics simulation of wind turbine wakes in the
atmospheric boundary layer. Wind Energy 14, 909–921.

arrasco-Diaz, M., Rivas, D., Orozco-Contresas, M., Sanchez-Montante, O., 2015.
An assessment of wind power potential along the coast of Tamaulipas,
northeastern Mexico. Renew. Energy 78, 295–305.

outure, T., Gagnon, Y., 2010. An analysis of feed-in tariff remuneration
models: implications for renewable energy investment. Energy Policy 38,
995–965.

eep, S., Sarkar, A., Ghawat, M., Rajak, M.K., 2020. Estimation of the wind energy
potential for coastal locations in India using the Weibull model. Renew.
Energy 161, 319–339.

hunny, A., Lollchund, M., Rughooputh, S., 2017. Wind energy evaluation for a
highly complex terrain using Computational Fluid Dynamics (CFD). Renew.
Energy 101, 1–9.

nevoldsen, P., Permien, F.H., Bakhtaoui, I., von Krauland, A.K., Jacobson, M.Z.,
Xydis, G., Sovacool, B.K., Valentine, S.V., Luecht, D., Oxley, G., 2019. How
much wind power potential does Europe have? Examining european wind
power potential with an enhanced socio-technical atlas. Energy Policy 132,
1092–1100.

ao, Y., Ma, S., Wang, T., Wang, T., Gong, U., Peng, F., Tsunekawa, A.,
2020. Assessing the wind energy potential of China in considering its
variability/intermittency. Energy Convers. Manage. 226, 113580.

asset, N., Landry, M., Gagnon, Y., 2012. A comparison of wind flow models
for wind resource assessment in wind energy applications. Energies 5,
4288–4322.

ravdahl, A.R., 1998. Mesoscale modeling with a Reynolds averaged Navier–
Stokes solver assessment of wind resources along the Norwegian coast. In:
31st IEA Experts Meeting State of the Art on Wind Resource Estimation. Risø,
Denmark, pp. 1–14.

ulio, Z.H., Jiang, W., Rehman, S., 2019. Techno – Economic assessment of wind
power potential of Hawke’s Bay using Weibull parameter: a review. Energy
Strategy Rev. 26, 100375.

RENA, 2014. Estimating the Renewable Energy Potential in Africa. The
International Renewable Energy Agency.

RENA, 2019. Renewable Power Generation Costs in 2018. International
Renewable Energy Agency, Abu Dhabi, ISBN: 978-92-9260-126-3.

ameel, M.A., Syed, A., Ali, F., Imran, M., 2021. A techno-economic analysis for
power generation through wind energy: A case study of Pakistan. Energy
Rep. 142, 4–1443.

aunder, B.E., Spalding, D.B., 1974. The numerical computation of turbulent flows.
Comput. Methods Appl. Mech. Eng. 3, 269–289.
6233

View publication stats
Llombart, A., Talayero, A., Mallet, A., Telmo, E., 2006. Performance analysis
of wind resource assessment programs in complex terrain. Renew. Energy
Power Qual. J. 1, 301–306.

Meissner, C., Gravdahl, A.R., Steensen, B., 2009. Including thermal effects in CFD
wind flow simulations. J. Environ. Sci. Int. 18, 833–839.

Murthy, K., Rahi, O., 2017. A comprehensive review of wind resource assessment.
Renew. Sustain. Energy Rev. 72, 1320–1342.

NASA, 2021. ASTER Global Digital Elevation Map (GDEM V2). USA, Available
online: http://asterweb.jpl.nasa.gov/gdem/asp Accessed on 10 February 2021.

National Renewable Energy Laboratory, USA, 2021. NREL Transformation Energy:
Energy Analysis. Available online: https://www.nrel.gov/analysis/tech-lcoe.
html Accessed on 22 February 2021.

Palma, J., Castro, F., Ribeiro, L., Rodrigues, A., Pinto, A., 2008. Linear and nonlinear
models in wind resource assessment and wind turbine micro-siting in
complex terrain. J. Wind Eng. Ind. Aerodyn. 96, 2308–2326.

Pehl, M., Arvesen, A., Humpenöder, F., Popp, A., Hertwich, E.G., Luderer, G.,
2017. Understanding future emissions from low-carbon power systems by
integration of life-cycle assessment and integrated energy modelling. Nat.
Energy 2, 939–945.

Pita, P., Tia, W., Suksuntornsiri, P., Limpitipanich, P., Limmeechockchai, B., 2015.
Assessment of feed-in tariff policy in Thailand: impacts on national electricity
prices. Energy Policy 79, 584–589.

Potic, I., Joksimovic, T., Millincic, U., Kicovic, D., Milincic, M., 2021. Wind energy
potential for the electricity production – Knjazevac Municipality cast study
(Serbia). Energy Strategy Rev. 33, 100589.

Ranthodsang, M., Waewsak, J., Kongruang, C., Gagnon, Y., 2020. Offshore
wind power assessment on the western coast of Thailand. Energy Rep. 6,
1135–1146.

Tabas, D., Fang, J., Porte’-Agel, F., 2019. Wind energy prediction in highly complex
terrain by computational fluid dynamics. Energies 12, 1331.

Tang, X.Y., Zhao, S., Fan, B., Peinke, J., Stoevesandt, B., 2019. Micro-scale wind
resource assessment in complex terrain based on CFD coupled measurement
from multiple masts. Appl. Energy 238, 806–815.

Waewsak, J., Chancham, C., Chiwamongkhonkarn, S., Gagnon, Y., 2019. Wind re-
source assessment of the southernmost region of Thailand using atmospheric
and computational fluid dynamics wind flow modeling. Energies 12, 1899.

Waewsak, J., Kongruang, C., Gagnon, Y., 2017. Assessment of wind power plants
with limited wind resources in developing countries: application to Ko Yai
in southern Thailand. Sustain. Energy Technol. Assess. 19, 79–93.

Waewsak, J., Landry, M., Gagnon, Y., 2013. High resolution wind atlas for Nakhon
Si Thammarat and Songkhla provinces, Thailand. Renew. Energy 53, 101–110.

Wang, Y., Sun, T., 2012. Life Cycle Assessment of CO2 Emissions from wind power
plants: methodology and case studies. Renew. Energy 43, 30–36.

Yan, B.W., Li, Q.S., 2016. Coupled on-site measurement/CFD based approach
for high-resolution wind resource assessment over complex terrains. Energy
Convers. Manage. 117, 351–366.

Yang, L., Rojas, J.I., Montlaur, A., 2020. Advanced methodology for wind resource
assessment near hydroelectric dams in complex mountainous areas. Energy
190, 116487.

Yue, C.D., Liu, C.C., Tu, C.C., Lin, T.H., 2019. Prediction of power generation by
offshore wind farms using multiple data sources. Energies 12, 700.

http://refhub.elsevier.com/S2352-4847(22)00834-4/sb22
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb22
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb22
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb22
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb22
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb23
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb23
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb23
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb23
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb23
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb24
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb24
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb24
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb24
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb24
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb25
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb25
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb25
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb25
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb25
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb26
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb26
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb26
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb26
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb26
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb27
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb27
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb27
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb27
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb27
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb28
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb28
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb28
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb28
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb28
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb29
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb29
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb29
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb29
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb29
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb30
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb31
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb31
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb31
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb31
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb31
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb32
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb32
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb32
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb32
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb32
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb33
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb34
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb34
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb34
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb34
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb34
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb35
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb35
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb35
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb36
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb36
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb36
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb37
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb37
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb37
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb37
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb37
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb38
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb38
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb38
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb39
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb39
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb39
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb39
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb39
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb40
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb40
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb40
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb41
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb41
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb41
http://asterweb.jpl.nasa.gov/gdem/asp
https://www.nrel.gov/analysis/tech-lcoe.html
https://www.nrel.gov/analysis/tech-lcoe.html
https://www.nrel.gov/analysis/tech-lcoe.html
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb44
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb44
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb44
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb44
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb44
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb45
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb46
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb46
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb46
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb46
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb46
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb47
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb47
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb47
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb47
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb47
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb48
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb48
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb48
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb48
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb48
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb49
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb49
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb49
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb50
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb50
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb50
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb50
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb50
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb51
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb51
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb51
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb51
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb51
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb52
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb52
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb52
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb52
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb52
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb53
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb53
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb53
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb54
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb54
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb54
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb55
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb55
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb55
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb55
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb55
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb56
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb56
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb56
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb56
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb56
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb57
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb57
http://refhub.elsevier.com/S2352-4847(22)00834-4/sb57
https://www.researchgate.net/publication/360600461

	Wind power generation and appropriate feed-in-tariff under limited wind resource in central Thailand 
	Introduction
	Methodology
	Study area
	The characteristics of the wind resource
	Computational Fluid Dynamics (CFD) wind flow modeling
	Annual Energy Production (AEP) and Capacity Factor (CF)
	Greenhouse gas emission avoidance
	Economic analysis

	Results and discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


