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ABSTRACT Once an area has been identified for a wind farm, the annual energy production of the farm is
the most important quantity to obtain high exploitation efficiency. This quantity depends mainly on factors
such as wind resource characteristics, type, number and arrangement of turbines. For areas with complex
terrain, wind resource characteristics depend largely on terrain features, so the selection of turbine installation
locations is very important. Because when the turbines operate, they will cause a wake effect that increases
the turbulence of the flow behind. Therefore, it is necessary to find the optimal distance between turbines so
that the annual energy production reaches the maximum value. This study presents a method to determine
the optimal turbine locations when considering the correlation between wake loss and turbine space in the
case of mountainous terrain. Firstly, a computational fluid dynamics model combined with a geographic
information system are used to determine the 3-dimensional wind characteristics at specific locations.
Secondly, a Jensen model is used to consider the wake effect according to the distance between turbines.
Then, the the annual energy production values are determined through the analytical model. In addition,
a comprehensive assessment of levelized cost of energy is also provided to confirm the practicality of
implementing the optimization model. Finally, the optimal location configuration of the turbines is proposed.
This method was tested and compared with a farm with sufficient data to assess reliability and then applied
to an area in Ninh Thuan, Viet Nam. The results showed that the the annual energy production obtained from
this farm can be up to 252.3 GWh (30 turbines) compared to 99.9 GWh (10 turbines), which is 2.5 times
larger.

INDEX TERMS Annual energy production, CFD-GIS, levelized cost of energy, wake effect, wind energy,
wind farm, wind turbine placement optimization.

NOMENCLATURE
ACRONYMS
3D Three-dimentional.
BEM Blade element momentum.
CBWES Columbia Basin Wind Energy Study.
CFD Computational Fluid Dynamics.

The associate editor coordinating the review of this manuscript and

approving it for publication was Akshay Kumar Saha .

GIS Geographic information system.
LES Large-eddy simulation.
RANS Reynolds-averaged Navier-Stokes.
WFR Weather research and forecasting.

VARIABLES AND OPERATORS
A Cross-section area.
a Axial induction factor.
AEP Annual energy production.
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CP Power factor.
d Distance.
Drotor Rotor diameter.
f (U) Weibull distribution function.
i, j Index of a turbine.
K Eddy viscosity.
l Length.
m Number of wind speed intervals.
n Number of turbine rows.
LCOE Levelized costs of energy.
P Power.
p Pressure.
Pe Output electrical power.
rcw Rate of change of wind speed with terrain slope.
S Scale parameter.
T Force.
U Wind speed.
VD Velocity deficit.
W Width parameter.
WL Wake loss.

I. INTRODUCTION
Wind energy is chosen as an important alternative energy
source for many countries to cope with climate change.
To improve the efficiency of wind farms, it is necessary to
consider factors such as wind resource characteristics and tur-
bine technology used. Wind resource characteristics depend
on many factors including terrain and climate specific to each
turbine installation location. Accurate assessment of wind
resource characteristics is a difficult problem and requires
a lot of resources and budget [1]. After the wind resource
characteristics are determined, the selection of appropriate
turbine technology also needs to be carried out [2].

To determine the characteristics of the wind resource, some
experimental measurement systems can be used. However,
the cost of these measurement systems is quite large and it is
impossible to conduct measurements at all different locations
in the wind farm planning area. In addition, statistical models
and artificial intelligence models based on experimental mea-
surement data are also commonly used [3], [4], [5], [6], [7],
[8]. However, these models also require providing sufficient
experimental data to ensure the reliability of the prediction
results. Obviously, state-of-the-art artificial intelligence algo-
rithms still have many limitations in solving the problem
of optimizing turbine installation locations [9]. In practice,
simulation methods combined with a small amount of exper-
imental data are usually used to verify even in flat or complex
terrain conditions [10], [11]. Those methods significantly
reduce the costs and difficulties in measuring experimental
data. In general, to be able to simulate the wind resource
for wind farms, it is necessary to approach the direction of
gradually reducing the scale. Firstly, the global convection
models need to be surveyed at a scale of about 107m. Next,
the regional meteorological models are also considered based
on a scale of about 105m. Then, the local meteorological

models and the wind farm construction area are surveyed
with a scale of about 102m. Even the meteorological char-
acteristics at each location where the turbine is expected to
be installed also need to be determined in complex terrain
conditions [12]. Normally, the meteorological models are
built based on reanalysis data obtained from satellite images
using the weather research and forecasting (WRF) models.
However, the WRF models can only provide preliminary
data on the weather of each area and locality, but does not
include other detailed factors such as the influence of terrain
at each construction site and the operation of the turbines [13].
Therefore, the WRF models need to be combined with other
analytical models to obtain more reliable results.

According to [12], the researchers compared several mod-
els to simulate the surface wind resource characteristics
at Alaiz mountain in the North of Spain. The large-eddy
simulation (LES) model and the Reynolds-averaged Navier-
Stokes (RANS) model were used in combination with WRF.
Both models provide high reliability for areas with complex
terrain. However, the LES model has higher reliability but
also requires a high computer system and more analysis
time [12], [14]. For wind farm scale, it was reported that
improper placement of wind turbines can reduce the total
output capacity by up to 40% due to wake losses. According
to [15], the research group combined the LES model and the
WRFmodel with spatial resolution from 12.15km to 0.03km.
Then, the results obtained from the simulation were com-
pared with the experimental results referenced from the US
Department of Energy [16]. The paper showed a very good
agreement between the simulation and the experiment of the
probability density functions and turbulence characteristics
of the flow around the area with coordinates (45.9551 ◦N,
−118.6877 ◦W). In addition, a study on the sensitivity of
different WRF-based atmospheric boundary layer analysis
models in this area is also presented in the [17]. Similarly,
a study combining simulation and experiment for wind tur-
bines in the coastal area of Thailand is also found in the
publication of Lattawan et al. [18]. The published results
showed that the effects of wake and terrain can reduce the
output capacity by up to about 10%. In addition, studies using
the RANS model to determine the farm configuration, then
combined with economic models to evaluate the investment
efficiency of wind power projects have also been conducted
in many countries. These reports showed that optimizing the
location and type of wind turbines can reduce the levelized
costs of energy (LCOE) by hundreds of USD per 1 MWh
and the farm area can be reduced by up to 30%. This clearly
demonstrates the great benefits of the problem of optimizing
the location and type of turbines for investors and govern-
ments [19], [20], [21], [22], [23], [24].

When turbines operate, wake effects will appear. These
effects not only reduce the total output power but also increase
the load on the rotor of the turbines, it can break the blades
in case of extreme weather. Wake effects can be divided
into near wake and far wake, the distance is greater than
4 times the rotor diameter. Near wake depends largely on
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the turbine blade configuration, while far wake depends
largely on the surrounding terrain. In the case of flat terrain,
the wind velocity distribution farther from the first turbine
tends to be symmetrical with respect to height like Gaussian
distribution [25]. Some commonly used theoretical models
describing wake effects are Jensen, Larsen, Fuga, Lissaman
and Frandsen. Among them, Jensen’s wake model is more
commonly used, meeting the accuracy for both onshore and
offshore wind farms [26], [27], [28]. However, in cases where
the terrain has large changes in slope, such as the sea adjacent
to the mountains or the valley surrounded by mountains,
these analytical models often cannot cover the wind changes.
Therefore, it is necessary to combine with other 3D visu-
alization methods such as LES, RANS or WRF [29], [30],
[31], [32].

Obviously, the LES or RANS methods combined with
the WRF model are very suitable for determining the
wind resource characteristics of farms with complex terrain.
However, these combined methods also require very high
computer configuration and long calculation time, which can
last for weeks for large-scale wind farms. To solve the limi-
tations of computer resources or calculation time, geographic
information system models are increasingly used. The GIS
models will provide information about the terrain andweather
patterns of any areas. Recently, the outstanding features of
GIS are being exploited in the latest studies on optimal design
calculation for wind farms [33]. This information will then
be fed into RANS-CFD models to analyze the flow pro-
cesses more thoroughly through conservation equations [34],
[35], [36]. The LES solver has high accuracy in simulating
aerodynamic processes in time series, including calculations
of the effects of weather factors, the interactions of turbine
with the atmosphere. The RANS solver is often applied to
aerodynamic problems in a static state, the effects of the
surrounding weather model are not considered. However,
LES requires higher computer configuration and calculation
time than RANS. This study focuses on the interactions
between the steady state flow and the turbines in one main
direction. In the case of analysis with static flow, the accuracy
of RANS and LES is not significantly different, but RANS is
more efficient in terms of calculation time [37], [38], [39].
Therefore, the RANS solver was chosen instead of the LES
solver.

In this study, a new method will be proposed. Firstly,
GIS is used to determine the 3D topographic features of a
wind farm. Then, RANS-CFD model will be implemented
to determine the steady-state wind resource characteristics
for each location in the area. Finally, theoretical models
such as BEM, Jensen’s wake will be used to calculate the
AEP, WL and LCOE values according to the parameters and
configurations of of the turbines in the wind farm. From
there, the optimal turbine location configuration for the wind
farm will be determined based on comprehensive consider-
ations. This method was firstly verified in the mountainous
area around the coordinates (45.9551 ◦N, −118.6877 ◦W).
Then, it was applied to determine the optimal installation

configuration of Enercon E103 turbines for a wind farm
around the coordinates (11.4642 ◦N, 109.0049 ◦E) in Ninh
Thuan province, Viet Nam. Finally, the location configura-
tion with the maximum the annual energy production (AEP)
value was determined for this area. The obtained results show
that the AEP value can reach 247.7 GWh, about 2.5 times
higher than the existing configuration. Meanwhile, the LCOE
value has a slight difference, about 81.2 $/MWh compared to
67.1 $/MWh. According to the National Power Development
Plan for the period 2021-2030, with a vision to 2050 [40], Viet
Namwill prioritize themaximumdevelopment of wind power
sources. By 2030, the total onshore and nearshore wind power
capacity will reach 26.1 GW – 38.0 GW. The total offshore
wind power capacity serving domestic electricity demand is
about 6.0 GW - 17.0 GW, expected to operate in the 2030-
2035 period. The orientation to 2050 is to reach 113.0 GW –
139.1 GW. The estimated offshore wind power capacity for
new energy production is about 15.0 GW in 2035 and about
240.0 GW in 2050. To achieve these goals, wind farm design
studies to optimize exploitation and investment efficiency
need to be given special attention. In fact, Viet Nam has a
mostly mountainous terrain, so in order to build the most effi-
cient wind farms, it is necessary to solve the problem of wind
resource distribution according to complex terrain. Then, the
type of turbine and the optimal location configuration need to
be calculated according to the planned area. This is also a big
challenge that the government and investors are facing.

This paper is divided into four main parts: The first part
introduces some methods currently used to evaluate the wind
resource, thereby presenting some difficulties that need to be
solved. Then, a newmethod to solve the problem is proposed;
the second part presents the components and structure of the
new method, including the contents related to BEM theory,
AEP and Weibull function, Jensen’s wake, GIS and CFD; the
third Part presents the obtained results and comments when
verifying with an area with some experimental parameters
and when applying to a mountainous area adjacent to the
sea in Ninh Thuan province, Viet Nam; The last part briefly
presents some conclusions from the obtained results and
future research orientation.

Three key contributions of this paper are as follows:
• A comprehensive analytical model combining the supe-
rior features of modern tools such as GIS, CFD and
theoretical models to optimize calculations for onshore
wind farms was developed.

• The optimal configuration for the wind farm to effec-
tively exploit wind energy on the same land area
was proposed. This configuration helps the wind farm
achieve the largest AEP value along with reasonableWL
and LCOE values.

• The reliable scientific method was presented to help
managers and investors to refer to plan themost effective
wind power projects. Thus, it make a contribution to
enhancing the role of wind power in the roadmap to
achieve the net-zero emission target of Viet Nam by
2050.
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II. WIND TURBINE PLACEMENT OPTIMIZATION METHOD
A. BEM THEORY
The theoretical model for determining the power of wind
turbines was proposed by Betz and Glauert in the 1930s.
Initially, the characteristics of the turbine were determined
based on the moment theory and the blade element theory.
Later, these two theories were combined into the BEM theory.
Currently, the BEM theory is widely used in the aerodynamic
design and performance analysis of wind turbine rotors. This
theory assumes that the air flow will move through a control
volume, which is limited by cylindrical surfaces. The turbine
is represented by a rectangular actuator disc as shown in
Fig. 1. The air flow moving through the control volume
is assumed to be incompressible, uniform in density and
steady [2], [41], [42].

FIGURE 1. One-dimensional momentum theory model.

This theory assumes that the number of turbine blades
is infinite, the force acts uniformly on the entire actuator
disc, and no vortices are created behind the turbine when it
rotates. When considering the above system as closed and
using the law of momentum conservation, the force acting
on this turbine can be determined as in Eq. (1):

T = U1 (ρA1U1) − U4 (ρA4U4) (1)

In which: ρ is the air density, kg/m3; A1 and A2 are the
cross-sectional areas at inlet 1 and outlet 4, m2; U1 and U4
are the wind speeds at inlet 1 and outlet 4, m/s.

Under steady flow conditions, the law ofmass conservation
allows determining the flow rate as Eq. (2):

•
m = ρA1U1 = ρA4U4 (2)

Substituting Eq. (2) into Eq. (1), we have:

T =
•
m (U1 − U4) (3)

Bernoulli’s law for the fluid flow in front of the turbine:

p1 +
1
2
ρU2

1 = p2 +
1
2
ρU2

2 (4)

Bernoulli’s law for the fluid flow behind the turbine:

p3 +
1
2
ρU2

3 = p4 +
1
2
ρU2

4 (5)

The pressure at the inlet and outlet is equal to the environmen-
tal pressure, so p1 = p4. The flow velocity before the turbine

and after the turbine is equal, U2 =U3. Then, the force acting
on one side of the turbine is determined as follows:

T = A2 (p2 − p3) =
1
2
ρA2

(
U2
1 − U2

4

)
(6)

Combining Eq. (3) and Eq. (6), we have:

U2 =
U1 + U4

2
(7)

The value of the axial induction factor (a) along the horizontal
axis of the incoming flow for the rotor is determined as
follows:

a =
U1 − U2

U1
(8)

From here, the power generated by the turbine is determined
as follows:

P = TU2 =
1
2
ρA2

(
U2
1 − U2

4

)
U2 =

1
2
ρA2U3

1 4a (1 − a)2

(9)

Let CP be the power factor, which is the ratio of the power
produced by the turbine to the power of the inlet freestream:

CP =
P

1
2ρA2U

3
1

= 4a (1 − a)2 (10)

From Eq. (10), we can find the maximum value of CP is
16/27, at a = 1/3. This means that the best turbine design
will have the flow velocity at the front surface being 2/3
of the incoming flow velocity and the highest wind energy
extraction efficiency that can be achieved is only 59.26%.
The power generated by the turbine will be converted into
output electrical power through the mechanical systems, the
mechanical conversion efficiency is denoted by ηmech. From
here, the output electrical power of the turbine can be deter-
mined as follows:

Pe =
1
2
ρA2U3

1CPηmech (11)

The annual electricity production of the turbines can also be
determined according to Eq. (12) [18], [43]:

AEP = 8760
n∑
i=1

m∑
j=1

(
Peijf

i
j

)
(12)

where: AEP is the annual electricity production, kWh; n is
the number of turbine rows; m is the number of wind speed
intervals; Peij is the turbine’s output power for wind speed
interval j at row i, kW; f ij is the Weibull distribution function
value of wind speed interval j at row i.

Weibull distribution function is expressed as in the
Eq. (13):

f (U) =

(
W
S

)(
U
S

)W-1

Exp

(
−

(
U
S

)W
)

(13)

With W and S are the width and scale parameters of the wind
speed distribution, respectively.
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The parameter that causes the largest error for AEP is
the wind speed frequency. Therefore, the error of AEP will
be determined by the error propagation method through the
Weibull function as follows:

1AEP = 8760
n∑
i=1

m∑
j=1

(
Peij1f

i
j

)
(14)

With:

1f ij =
W
S2
Exp

(
−

(
U
S

)W
)

[
(W − 1)

(
U
S

)W−2

− W
(
U
S

)2(W−1)
]

1U i
j (15)

where: 1AEP is the absolute error of AEP, kWh/year; 1f ij is
the absolute error of wind speed frequency at location (i,j);
1U i

j is the absolute error of wind speed when arriving at the
turbine at location (i,j), m/s.

The wake loss can be determined as in Eq. (16):

WL =

(
1 −

AEP
AEPno−wake

)
× 100% (16)

where: WL is the wake loss, %; AEP and AEPno−wake are the
annual electricity production with and without wake effects,
respectively.

B. WAKE EFFECTS
Wake models are used to determine the effect on the output
power of turbines when their spacing is different. As the
blades of the first turbine rotate, wake vortices are created
behind. These vortices gradually expand with the distance
behind the turbine. The wake vortices cause an increase in
turbulence intensity and a decrease in the velocity of the
airflow to the following turbines [44], [45]. Twomain compo-
nents are velocity deficit and turbulence intensity of the flow
behind the turbines need to be considered. The wind speeds
at these different locations are affected by wake due to both
the forward turbines and the terrain slope. Each area has a
different terrain slope and the rate of change of wind speed
with terrain slope (rcw) needs to be determined by CFD. The
wind speed at the rear turbine at a distance will be multiplied
by rcw as shown in Eq. (17) [25], [26]:

Ud = rcwU1

[
1 −

a

αd
d

Drotor

]
(17)

Then, the velocity deficit (VD) at point d behind the rotor is
determined as in Eq. (18):

VD =

(
1 −

Ud
U1

)
100% =

(
a

αd
d

Drotor

)
100% (18)

where: U1 is the wind speed to the first turbine, m/s; Ud is
the wind speed behind the turbine at position Z, m/s; Drotor
is the rotor diameter, m; a is an axial induction factor of the
turbine; αd is a decay coefficient, αd = 0.075 for onshore
wind farms [41].

Obviously, the value of Ud can be determined through
some approximate assumptions for the terrain type and tur-
bine type. However, in this study, the exact values of Ud will
be determined by a modern method based on a combined GIS
model and CFD model.

C. GIS AND CFD MODELS
GIS model provides geographic data and maps of the terrain
of areas with high accuracy based on satellite images. There-
fore, this model is essential to provide 3D maps of complex
objects such as urban or mountainous areas. In recent years,
they have been widely used in studies on site selection for
wind farms [46], [47], [48], [49]. In this study, BlenderGIS
will be used to provide 3D maps of wind farms. BlenderGIS
is an open source code with full features and easy to use
for researchers who are not specialized in the field of digital
maps [34], [50].

CFD is a model that simulates the motion, interaction,
heat transfer or reaction of fluids based on conservation
equations such as mass conservation, momentum conser-
vation and energy conservation. This model is often used
in fields such as aviation, aerospace and energy systems.
The conservation equations that govern fluid processes are
commonly known as the Navier-Stokes equations and they
are often implemented in the form of partial differential
equations. For example, mass conservation is often expressed
through the continuity equation; momentum conservation is
expressed throughNewton’s second law; energy conservation
is expressed through the first law of thermodynamics as
expressed in Eqs. (19)-(21) [51], [52].

Continuity equation:

∂ρ

∂t
+ ∇

(
ρ

→

U
)

= 0 (19)

Newton’s second law equation:

∂
→

U
∂t

+
→

U ∇
→

U = −
∇p
ρ

+ ν∇
2 →

U +
→

fb (20)

First law of thermodynamics equation:

∂ (ρhtot)
∂t

−
∂p
∂t

+ ∇

(
ρ

→

U htot
)
=∇ (λ∇T )+∇

(
→

U τ
)

+ SE

(21)

where: U is velocity, m/s; p is the static pressure of the fluid,
Pa; ν is the viscosity of the fluid; fb is gravity, N; htot is total
enthalpy; λ is conductivity; T is temperature, K; τ is viscous
stresses; SE is the additional energy source from outside the
system; t is time, s.

The conservation equations from (19) to (21) are often
solved by the RANS technique. In the field of wind energy,
the flow of air is often turbulent. Therefore, turbulent flow
models are often used to determinemore accurately the values
of wind speed and pressure at each point in space. In which,
the k − ε turbulent flow model is often used and has been
verified by many previous research groups [32], [52]. The
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FIGURE 2. The procedure of determining the optimal turbine installation
locations.

turbulent flow equation system in this model is represented
as in Eq. (22):

∂k
∂t

+ Uj
∂k
∂xj

−
∂

∂xi

(
K
σk

∂k
∂xi

)
= P− ε + B

∂ε

∂t
+ Uj

∂ε

∂xj
−

∂

∂xi

(
K
σε

∂k
∂xi

)
=

ε

k
(Cε1P− Cε2ε+Cε3B)

(22)

where: k is turbulent kinetic energy;ε is turbulent eddy dissi-
pation; xi are the longitudinal, lateral and vertical directions,
x1 = x, x2 = y, x3 = z; K is the eddy viscosity; σk = 1.0, σε =

1.3 are the Prandtl numbers; P is the production of k due to
shear; B is the buoyancy term; Cε1 = 1.21,Cε2 = 1.92,
Cε3 = 1.0 are the model coefficients.

By solving the system of Eq. (22) and comparing with
experiment, the value of the eddy viscosity K and its length l
are determined as in Eq. (23) for the flow of air in the surface
layer [53], [54], [55]:

K = Cµ

k2

ε

l = C3/4
µ

k3/2

ε

(23)

D. THE OPTIMIZATION MODEL STRUCTURE
Through the synthesis, analysis and evaluation of the above
contents. This paper has proposed a method of combining
simulation and analytical models to determine the most opti-
mal installation locations in consideration of wake effects and
distance factors to obtain the highest AEP value. The models
used in this report are modern and highly reliable such as GIS,
CFD-RANS, Jensen’s wake and BEM. The specific steps of
this method are shown in Fig. 2.

In the first step, a GIS tool will be used to create a 3D
terrain model of the area of interest. Infrastructure and terrain
elevation data will be created based on satellite image data
with spatial resolution of meters. Then, this terrain model will
be analyzed by CFDmethod with RANS solver to build wind
speed distribution for each location and elevation in the farm.
In the third step, wind velocity deficits of the existing and
assumed configurations will be calculated by Jensen’s wake
theory based on turbine type and wind speed distribution
at each point. BEM theory will determine the output power
values of the turbines according to wind velocity deficits at
each location in step 4. The AEP values of the whole farm
will be determined based on the results of step 4 combined
with the Weibull distribution function corresponding to each
assumed configuration. From there, the configuration with
the largest AEP value will be determined. For a comprehen-
sive evaluation,WL and LCOE comparisons are performed to
ensure the feasibility of the selected optimal configuration.

III. RESULTS AND DISCUSSION
The steps presented in themethod for determining the optimal
location of wind turbines in an area as shown in Fig. 2 will
be used to calculate for a wind farm in Ninh Thuan province,
Viet Nam. Previously, this method will be applied to a farm
located around the location with coordinates (45.9551◦N,
−118.6877◦W) for a reliability survey.

A. EVALUATION OF THE RELIABILITY
According to the [16], Pacific Northwest National Labora-
tory conducted wind resource characterization measurements
from November 16, 2010 to March 21, 2012 in northeastern
Oregon. This project, Columbia Basin Wind Energy Study
(CBWES), provided experimental data on wind speed and
wind direction in this complex terrain area, according to the
height of the atmospheric boundary layer. The measurements
used propeller, vane and sonic anemometers mounted on a
62 m tower and a wind profiler radar to collect and process
the data. The coordinate location of this tower is (45.9551◦N,
−118.6877◦W) as marked in Fig. 3. Currently, this area
has been installed and operated with 454 Vestas V47 wind
turbines. The brief technical specifications of the turbines are
shown in Table 1. The wind resource and terrain data of this
area are very complete, so this area was chosen to evaluate
the reliability of the method proposed in this paper.

According to the first step of the method as shown in
Fig. 2, the 3D topography of the area around the coordinates
(45.9551◦N,−118.6877◦W) is recorded through GIS data by
BlenderGIS V3.4 software. The objects will be determined
according to the height above ground surface level as shown
in Fig. 3. Then, the topography of this area will be imported
into Ansys CFX software, V2024 student, to continue to build
boundary conditions for the problem of determining wind
source characteristics.

Fig. 4 shows the meshing model of the area around the
coordinates (45.9551◦N,−118.6877◦W). The ground around
the area will be the bottom surface of the model with a length
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FIGURE 3. Topography of the area was built in BlenderGIS.

TABLE 1. Some main parameters of the Vestas V47 turbine [56], [57].

of 12000m, awidth of 8000m, the space above has an altitude
of 500 m compared to the lowest surface position. The largest
mesh element size is 100 m, the first boundary layer has a
distance from the ground of 10 m, the ratio between boundary
layers is 1.2, the total number of boundary layers is 5. These
parameters have been used in some previous similar publica-
tions [32], [58]. This model has a total of 994735 elements
and 210697 nodes. Using a computer configuration with a
core i7 processor and 128 Gb ram, the analysis run time is
about 30 minutes for one model.

FIGURE 4. Meshing for the 3D topography.

To determine the boundary conditions for the model, wind
resource data needs to be collected. In this study, the inlet
wind speed and wind direction conditions are determined
fromWorldBank data [59] as shown in Fig. 5. The wind speed
andwind direction at heights of 10m, 50m, 100m, 150m and
200 m will be determined by taking the average value within
an area of 96000000 m2 around the point with coordinates
(45.9551◦N, −118.6877◦W).
The average values of wind speed at 5 different height loca-

tions are shown and fitted in Figure 6. This theoretical fitting
function represents the relationship between the wind speed
distribution with height for terrain surfaces with different

FIGURE 5. The area was used to calculate wind source characteristics [59].

FIGURE 6. Mean wind speed distribution according to the height of the
model.

characteristic roughness. In the case of flat terrain surfaces,
the Hellmann exponent is 0.14. According to various publica-
tions, the value of this coefficient lies in the range from 0.1 to
0.3 [1] or in a wider range from 0.05 to 0.5 [60] depending
on the specific terrain types and atmospheric stability. The
theoretical fitting function obtained from Fig. 6 is shown in
Eq. (24) with a Hellmann exponent of 0.12, which is used to
establish the value of the mean wind speed with respect to
height at the inlet plane of the analytical model:

WindSpeed = 6.14
(
h
10

)0.12

(24)

From Eq. (24), the mean wind speed at a height of 62 m is
calculated to be 7.64 m/s, which is very close to the experi-
mental measurement value of 7.7 m/s by the research team
at the Pacific Northwest National Laboratory [16]. In this
case, the deviation between the values obtained from the
model and the experiment is only about 0.8%. This proves
that the data source and the analytical model built in this study
are highly reliable. Furthermore, according to the [61], the
wind speed at an altitude of 80m in the coordinate area of
(45.9551◦N, −118.6877◦W) has a value of about 7.5 m/s to
8.0m/s as shown in Fig. 7. This value is very consistent with
the values obtained from Eq. (22). This further confirms the
reliability of the wind speed distribution function according
to altitude used in this research model.

The wind direction through this area was also determined
from WorldBank data [59] and is shown in Fig. 8. From
here, the main wind direction is determined to be at the
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FIGURE 7. Average wind speed at 80m height: (a) Day, (b) Night [61].

angle between the west and south, accounting for about 60%.
This wind direction is also consistent with the wind direction
determined experimentally by the Pacific Northwest National
Laboratory. This directionwill be used to establish the incom-
ing wind direction at the entrance plane in the analytical
model.

FIGURE 8. Incoming wind direction and wind speed ratios corresponding
to the angles.

Based on the collected data, this simulation model contin-
ues to be set with boundary conditions as shown in Fig. 9.
Accordingly, the west and south surfaces will be the incom-
ing wind direction, the east and north surfaces will be the
outgoing wind direction. The main wind direction will create
an angle of 30◦ with the ox axis. The ground is set as a wall
condition and the air surface above will be an open condition.

In addition to the parameters of wind speed and direction,
the turbulence kinetic energy of the flow through this area is
also a quantity that plays an important role in the accuracy of
the model. According to the researched results of the group
Laura et al. [62], the turbulence kinetic energy of the wind

FIGURE 9. Setting boundary conditions for the 3D model.

flow in this areawill have a value of about 5% for atmospheric
altitudes less than 250 m.

When the boundary condition parameters have been fully
set up, the model will be run for analysis with a total of
500 iterations, Fig. 10 shows the fluctuations of the residuals
of the quantities participating in the Navier-Stokes equation
system based on the RANS method for each iteration. The
turbulence model used in this analysis is the k − ε model.
All quantities are stable at iterations of about 250, thereby
showing that the model ensures the necessary convergence
with 500 iterations.

FIGURE 10. Residual fluctuations of the quantities: (a) speed and
momentum; (b) k and ε.

When the analysis running is finished, the model is
processed to determine the wind speed distribution at the
locations along the surface and at the height in 3D space.
Fig. 11 shows cross-sections in the direction of the wind
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FIGURE 11. Planes perpendicular to the direction of the incoming wind.

and the locations along the cross-sections. Each cross-section
plane is 2000 m apart and each location is 1000 m apart.

The wind speeds with height in the range of 200 m
above the ground of the straight lines are shown as in Fig. 12.
The obtained data shows that the terrain of this area has a
gradual increase in height from the southwest to the northeast.
The locations in L1 to L8 have a small difference in height,
about 50 m. The wind speeds at an altitude of about 100 m
above ground level are about 7.5 m/s to 8.0 m/s as shown in
Fig. 12(a). Other locations have large elevation differences,
the locations in the north have the lowest elevation. On the
contrary, the locations in the south have the largest elevation.
The elevation difference can be up to nearly 400 m. The wind
speeds at an altitude of about 100 m at the northern locations
are about 7.5m/s to 8.0m/s. However, the correspondingwind
speeds at the southern locations can reach from 8.0 m/s to
9.5 m/s. In particular, the locations in the northeast have wind
speeds up to about 9.0m/s to 10m/s such as L25-L28 and
L33-L36 as shown in Fig. 12(d) and Fig. 12(e).

In fact, this area has been installed with Vestas V47/660
wind turbines, the main parameters of which are shown in
Table1. This turbine has a tower height of 55 m, a rotor diam-
eter of 47 m, and a capacity of 660 kW when operating at a
rated wind speed of 15 m/s. The configuration of the turbines
is arranged along 3 hilltops almost parallel to each other as
shown in the yellow stars in Fig. 13. The distance between
the two nearest turbines is about 100 m in the perpendicular
direction and about 2000 m in the direction coinciding with
the main wind direction. These locations are very consistent
with the calculated results as shown in Fig. 11 and Fig. 12.
According to the data in Fig. 12, these locations have average
wind speeds of about 8.0 m/s to 10.0 m/s, which is lower
than the rated wind speed of Vestas V47/660. This shows
that Vestas V47/660 turbines will not be able to achieve their
design capacity when operating under actual conditions in the
wind farm.

From the satellite data and analysis results, it is clear that
the turbine construction areas are reasonable. The turbines are
built perpendicular to the main wind direction along the 3 red
lines as shown in Fig. 13. All 3 lines run along 3 hillsides,
slightly higher than the surrounding area. However, whether
the distance between the turbines is optimal or not requires
further analysis. The distance between these two horizontal
rows is about 2000 m, the distance between 2 turbines close

FIGURE 12. Wind speed distributions with height at different locations.

to each other in the horizontal row is about 3Drotor, 100 m,
as shown in Fig. 13. According to the data from the [56], [57],
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FIGURE 13. Installation area of Vestas V47/660 turbines [63].

the value of the axial reduction factor of the Vestas V47/660
turbine is determined as shown in Fig. 14. If these turbines
are operated at wind speeds of 12 m/s or higher, the value
of the axial reduction factor will be about 0.1. However, the
wind speed according to the analysis is only about 8.0 m/s to
10.0 m/s. Therefore, the value of a is about 0.18. The velocity
deficit calculated by the Jensen model as in Eq. (17) and
Eq. (18) is 5.6%. This means that the wind speed at the behide
turbines in row 2 will be reduced by 5.6% compared to the
first row, and row 3 will be reduced by 5.6% compared to the
row 2. This difference in wind speed is completely consistent
with the operating parameters of the generator [56], [57].

FIGURE 14. Axial reduction factor of Vestas V47/660 turbine with wind
speeds.

It is clear that the results obtained from the analytical
model are in good agreement with the turbine locations
currently installed and operating in this area. However, the
analytical results also show that there are some more suitable
locations for turbines in this area. The data shown in Fig. 13
shows that the southwest area just in front of the first row
of turbines has relatively flat terrain and high wind speeds,
but no turbines are installed here. Satellite data shows that
this area is under agricultural cultivation. Therefore, no wind
turbines are installed here. This shows the benefits of using
GIS in this analysis method. In addition to providing topo-
graphic features, GIS also clearly shows other infrastructure
features such as residential areas, agricultural areas, roads
or power transmission systems. Assuming that if this area

was exploited, Vestas V47/660 turbines would still be used,
then a best configuration of locations can be determined. The
configuration of these locations would be in rows across and
along the main wind direction in a rectangular shape. The
percentage of wind speed loss at the position of the turbine
behind the row along the main wind direction is determined
as Jensen theory as shown in Fig. 15.

FIGURE 15. Velocity deficit according to the distance between the
V47/660 turbines.

From Fig. 15, the velocity deficit value decreases very
rapidly with the distance from 2Drotor to 10Drotor. On the con-
trary, the distance greater than 10Drotor, the velocity deficit
decreases very slowly. If the velocity deficit value is accepted
as about 10.0%, then the corresponding distance of the hor-
izontal rows of turbines is 470 m. This area has a wind
speed of about 9.0 m/s as shown in Fig. 12(c) and Fig. 12(d).
According to the manufacturer’s recommendation [56], [57],
the minimum distance of the two closest turbines in the
main wind direction is 5Drotor, 235 m. If this recommen-
dation is applied, the velocity deficit at the second turbine
will be 48.0% corresponding to a wind speed of 4.68 m/s.
At that case, the output power of the rear turbine only reaches
41.79 kW, which is much lower than the design capacity.
Obviously, the Vestas V47/660 turbine is not suitable for
the wind source characteristics in this area. This area has
winds mainly from 8.0 m/s to 10.0 m/s, so turbines with rated
wind speeds in this value range will be the most suitable.
In addition, the wind speed in this area reaches its best value
at a height of about 100 m to 200 m. Therefore, a suitable
turbine also needs to have a tower height in this range.

In summary, the results obtained from the analytical model
are in high agreement with the actual data. This confirms that
the model proposed in this study is highly reliable and can
be used to determine the optimal locations for installing wind
turbines in any complex terrain conditions.

B. PROPOSED OPTIMAL CONFIGURATION FOR A WIND
FARM IN NINH THUAN, VIET NAM
The new method introduced in this study has been ver-
ified with an area around the coordinates (45.9551◦N,
−118.6877◦W), the results show high suitability and
reliability when compared with the experiment as in
Sections III-A–III-B. In this section, the method will be

VOLUME 13, 2025 114393



D. V. Thin et al.: Optimization Method of Wind Turbine Locations in Complex Terrain Areas

applied to a wind farm in Ninh Thuan province, Viet Nam
and an optimal configuration for the installation location of
the turbines will be proposed.

The considered area is around the coordinates (11.4642◦N,
109.0049◦E) as shown in Fig. 16. The region can be consid-
ered as the area with the highest wind speed in Viet Nam.

FIGURE 16. Wind farm area around the coordinates (11.4642◦N,
109.0049◦E) [64].

FIGURE 17. Wind speed distribution according to height at inlet plane.

FIGURE 18. Wind direction blowing through this area.

The average wind speed distribution according to height
is determined as in Fig. 17 and the wind direction is shown
as in Fig. 18. The theoretical fitting function is shown as in
Eq. (25):

WindSpeed = 7.79 ×

(
h
10

)0.13

(25)

The analytical model is built and installed similarly as in
Section A. The model has a length of 5000 m, a width of
4500 m, and an air height of 500 m above the lowest point
as shown in Fig. 16. The largest grid size is 100 m, the total
number of grids is 166495, and the nodes are 38618. The
wind speed distribution according to the height at the entrance
surface and the incoming wind direction are set according
to the parameters in Fig. 17, Fig. 18, and Eq. (25). The
main wind direction is determined to be from northeast to
southwest. The main wind direction is 60◦ with the ox axis.
This wind direction occurs mainly throughout the year and is
almost constant over the planned area. Then, the model will
be solved by the RANS method with a total of 500 iterations.

FIGURE 19. Contour lines of terrain elevation in the survey area.

From satellite data as shown in Fig. 16 and contour map
in Fig. 19, the mountain top and western areas have steep
terrain, about 500 m above sea level. Therefore, it is difficult
to install wind turbines here. The northeast area has flat
terrain, with convenient roads for transporting and installing
wind turbines. Therefore, the wind source in this area will be
surveyed in detail. There are 3 cross-sections perpendicular
to the east direction are built. Each cross-section is 1000 m
apart. Along the cross-section are locations shown in vertical
lines, each line is 500 m apart as shown in Fig. 20.

FIGURE 20. Locations surveyed in the model.

The wind speed distributions according to the height of
about 200 m above ground level of the locations are shown
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in Fig. 21. The results show that the terrain height increases
gradually from east to west. The height difference between
the sections is about 30 m. The wind speeds at an altitude
of about 150 m above the ground also increase gradually
from east to west. Fig. 21(a) shows that the wind speed
is about 10.5 m/s, Fig. 21(b) shows that the wind speed
is about 11.0 m/s, Fig. 21(c) shows that the wind speed is
about 11.5 m/s. The wind speed increases because the terrain
height increases, the volume of space is reduced according to
Bernoulli’s law.

FIGURE 21. Wind speed distributions according to height at locations.

rcw is determined according to the distance (terrain slope)
from the first row of turbines at a 100m height above the
ground as shown in Fig. 22. These values will be used for
terrain-adaptive corrections of wind speed.

Based on the experimental measurements from 2008 to
2010 in this area [65], [66], the values of wind speed and

FIGURE 22. rcw changes according to the distance.

wind direction are very similar to the results obtained from the
analytical model. The wind speed measurement device has
an error of 5%. The Weibull wind speed distribution function
in this area according to the main wind direction NNE has
parameters W = 2.8 and S = 8.9. The wind speed distribu-
tion values according to the Weibull function are shown in
Fig. 23 [67].

FIGURE 23. Weibull distribution function in the surrounding area.

In fact, this area has been installed with 10 Enercon E103
wind turbines. The locations of these turbine are marked with
red stars as shown in Fig. 24. The main technical parameters
of E103 are shown in Table 2.

The E103 is a 3-blade horizontal axis turbine, with a rotor
diameter of 103 m and a tower height of up to 138 m. The
designed capacity is up to 2350 kWwhen operating at a wind
speed of 12 m/s. The dependence of power and power factor
of E103 on wind speeds is shown in Fig. 25.

In this study, the area selected for installing the turbines is
a flat terrain area as shown in Fig. 19. Therefore, the effects
of surface roughness on wind speed and frequency at the hub
height of from 98 m to 138 m can be ignored. Eq. (12) and
Eq. (14) will be used to determine the AEP values and errors
for all cases considered.

From Fig. 24, 10 turbines have been installed scattered in a
horizontal row perpendicular to themainwind direction in the
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FIGURE 24. Locations of 10 E103 wind turbines [64].

TABLE 2. Some main parameters of ENERCON E103/2350 turbine
[68], [69].

FIGURE 25. Power and power factor of E103 change with wind speed.

eastern area. The distance in the horizontal direction between
the turbines is about 3Drotor, 309 m. The AEP value of the
total of these 10 turbines is (99907006.4±25023328.2) kWh.
The wake loss determined as in Eq. (16) can be considered as
zero in this case, WL = 0%. The AEP value obtained from
actual operation announced in 2019 is 100 GWh.

From the satellite image, the turbine positions are not
arranged in straight rows, not in any relative shape. This
leads to the turbines operating at non-uniform wind speeds,
leading to instability in the control of the output electrical

parameters. Obviously, the turbines should be installed in
horizontal rows perpendicular to the east direction so that
all turbines in a row will operate at the same wind speed.
The horizontal turbine spacing is about 3Drotor as in practice
today. The turbine spacing from east to west will depend on
the acceptable value of velocity deficit according to Jensen
theory. The axial reduction value of E103 with wind speed is
shown in Fig. 26. When this turbine operates at wind speeds
of about 11m/s or more, the value of a is 0.1.

FIGURE 26. Axial reduction factor of E103 with wind speed.

The velocity deficit with distance of the turbines is deter-
mined based on Jensen theory for the E103 as shown in
Fig. 27. The data shows that the wind velocity deficit
decreases sharply with distance from 2Drotor to 10Drotor.
From distance greater than 10Drotor, the wind velocity deficit
decreases insignificantly. From here, the optimal distance for
installing the turbines is 1030 m. At this distance, the velocity
deficit is about 11.8%. This value is generally accepted in the
actual operation of wind farms.

FIGURE 27. Wind velocity deficit with distance of E103 turbines.

According to Fig. 16 and Fig. 19, the flat area from the
coast to the foot of the mountain is about 2500 m. When
excluding the residential area, the area where wind turbines
can be installed is about 2000 m wide and 4000 m long.
The configurations that can be installed are as follows: If the
distance between the rows of turbines is 3Drotor, 6 rows can be
installed; if the distance is 4Drotor, 4 rows can be installed; if
the distance is 5Drotor to 6Drotor, 3 rows can be installed; if the
distance is 7Drotor - 10Drotor, 2.5 rows can be installed; if the
distance is from 11Drotor to 19Drotor, 2 rows can be installed;
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TABLE 3. Some main results of these configurations.

if the distance is over 20Drotor, only 1 row can be installed.
These configurations are specifically calculated as shown in
Table 3, Fig. 28 and Fig. 29.

- Configuration 1: Installing with a row spacing of 3Drotor,
the distance between the two closest turbines in each row is
3Drotor, the total number of turbines is 72. Then the wind
speed at each row of turbines behind will be reduced by
42.2% according to the values in Fig. 27. This causes the
4th row turbines to have wind speeds below the operating
value, only the first 3 rows can operate. The total AEP is
(152778722.7 ± 41745155.8) kWh and WL is 78.8%.

- Configuration 2: Installing with a row spacing of 4Drotor,
the distance between the two closest turbines in each row is
3Drotor, the total number of turbines is 48. Then the wind
speed at each row of turbines behind will be reduced by
31.7% respectively according to the values in Fig. 27. The
total AEP is (184596510.4 ± 51939780.0) kWh and WL is
61.5%.

- Configuration 3: Installing with a row spacing of 6Drotor,
the distance between the two nearest turbines in each row is
3Drotor, the total number of turbines is 36. Then the wind
speed at each row of turbines behind will be reduced by
21.1% respectively as shown in Fig. 27. The total AEP is
(230843859.7 ± 64878160.2) kWh and WL is 35.8%.

- Configuration 4: Installingwith a row spacing of 10Drotor,
the distance between the two closest turbines in each row is
3Drotor, the total number of turbines is 30. Then the wind
speed at each row of turbines behind will be reduced by
11.8% respectively according to the values in Fig. 27. The
total AEP is (252349323.7 ± 67449682.6) kWh and WL is
15.8%.

- Configuration 5: Installingwith a row spacing of 19Drotor,
the distance between the two nearest turbines in each row is
3Drotor, the total number of turbines is 24. Then the wind
speed at each row of turbines behind will be reduced by
2.5% respectively as shown in Fig. 27. The total AEP is
(236118269.7 ± 59766995.9) kWh and WL is 1.5%.

- Configuration 6: Installingwith a row spacing of 20Drotor,
the distance between the two closest turbines in each row is
3Drotor, the total number of turbines is 12. Then the wind
speed at each row of turbines behind will be reduced by

FIGURE 28. AEP and wake loss change according to distance between the
E103 turbines.

FIGURE 29. Optimal configuration for installing the E103 turbines.

6.3% respectively as shown in Fig. 27. The total AEP is
(119888407.7± 30027993.8) kWh and there is no wake loss
due to the front turbine in this case.

Comparing the results obtained from 1 real configuration
and 6 different assumed configurations as shown in Fig. 28,
configuration 4 with a row spacing of 10Drotor gives the
largest AEP and a very small WL value of only 15.8%.
To confirm the suitability of the configuration in practice,
an LCOE assessment is performed. According to the [70],
[71], the LCOE of a 2.6 MW turbine is determined as
Eq. (26):

LCOE =

CapEx +

T∑
i=1

OpExi (1 + r)−i

T∑
i=1

AEPi (1 + r)−i
(26)

In which: LCOE is the levelized cost of energy, $/MWh; T
is the operating time of the farm, 20 years; r is the discount
rate, 14.6%; CapEx is the project capital cost, 1436 $/kW;
OpEx is the operating cost, 43 $/kW/year; AEP is the annual
energy output, MWh/year.

The LCOE values of the cases are shown in the Table 3 and
Fig. 29.
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FIGURE 30. Optimal configuration for installing the E103 turbines [64].

It is clear that the LCOE values of the turbine spacing
cases from 10D onwards change very little. The LCOE
value is about 79.7 $/MWh for the 10D configuration and
67.1 $/MWh for the existing configuration. The 10D con-
figuration is the most optimal configuration for the E103
turbines installed at this wind farm. The third row of this
configuration has half of it going through the mountainside,
so it is not possible to install turbines here. Fig. 30 illustrates
the installation configuration of E103 turbines in the survey
area with a spacing of 10Drotor. The installation locations of
the turbines are shown as yellow stars.

If the E103 turbines are installed at the locations marked
with stars in Fig. 30, the output power of the turbines will be
more uniform. This helps with control and output electricity
quality. In addition, the total number of turbines that can
be installed in this area is 30, which is 3 times larger than
the actual number. The annual electricity production of the
optimal configuration can be about 2.5 times larger than the
current configuration.

When comparing the existing configuration and the 20D
configuration in case of 10 turbines. Configuration 20D
has the turbines arranged in a horizontal row along the
coast. All turbines are at the same terrain height, leading to
more uniformity in installation, operation, maintenance and
annual power output. In contrast, the current configuration
has a zigzag distribution. This causes natural instabilities
when the wind blows from the east, causing certain difficul-
ties in the operation and grid connection. This once again
shows the superiority that the method proposed in this study
can bring. This method can solve strategic problems, bringing
the highest efficiency to investors in the wind power sector
globally.

In summary, some E103 turbines have been built in this
area to exploit wind energy. However, the installation loca-
tions and the number of existing E103 turbines have not
achieved the best efficiency. The optimal location determina-
tion method proposed in this paper has determined an optimal
configuration. This configuration increases the total annual
electricity production of the wind farm by 2.5 times compared

to the present. This once again confirms the benefits that this
method can bring to wind farms. This method will contribute
to promoting the efficient exploitation of wind energy in
countries, contributing to increasing the contribution rate of
wind power to sustainable human development.

IV. CONCLUSION
The paper has presented the method for determining the opti-
mal number and location of wind turbines in complex terrain
conditions and the area has been determined. This method
is intuitive, taking into account many factors depending on
the actual terrain such as surface roughness, terrain height,
roads, residential areas, and LCOE. This method does not
require high computer systems, and the calculation time is
fast. This can be considered an advantage of this method
when compared with other methods such as LES and WRF
or artificial intelligence algorithms.

The data onwind speed andwind direction at heights below
200 m are referenced from the WorldBank data source. The
comparison results with the actual measured data from the
CBWES project show that the difference is very small, less
than 1%. This is a reliable and important data source in the
planning of wind farm projects. However, to obtain more
reliable results, it is still necessary to measure wind data at
one location in the area to determine the exact parameters
of the Weibull wind frequency distribution function. From
there, the AEP value will be predicted more accurately.

The results obtained from applying this method to a wind
farm in Ninh Thuan province, Viet Nam show its superiority
and the ability to bring great benefits to wind farm projects.
Thereby, this method can be used as a reliable source of
assessment for planning the construction of wind farms in
the world. In future studies, this method will be combined
with additional infrastructure databases including roads and
power grids to be more complete in the optimization problem
ofwind farms. The goal is tomaximize theAEP andminimize
the LCOE for onshore wind farm projects.
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