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ABSTRACT

Improving the accuracy of the evaluation of the performance of wind farms in large wind power bases located

in complex terrain under the actual atmosphere is crucial to the sustainable development of wind power. To this end,

this study combined the Weather Research and Forecasting (WRF) model with the Wind Farm Parameterization (WFP)

method to investigate the wake characteristics and operational performance of large onshore wind farms in the complex

terrain of Jiuquan City, Gansu Province, China. The research results showed that after verification, the systematic error

of the WRF simulations was less than 3%. The WRF model and the WFP scheme simulated a significant warming

phenomenon within the wind power base area, while a cooling effect was observed outside. The analysis of the wake

effects indicated that the impact of Phase I construction on Phase II construction of the wind power base was minimal.

During the operation of the entire wind power base, the wind speed within the wind farm decreased by approximately

10%, and the influence range of the predominant wind direction extended over a hundred kilometers downwind. The

research conclusions provide a powerful scientific basis for optimizing design and operation, improving efficiency,

minimizing the negative impacts on adjacent wind turbines, and ensuring the sustainable development of wind energy
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through dynamic planning and scientific assessment.

Keywords: Large-Scale Wind Power Base; Mesoscale Simulation; Risk Assessment; Performance Evaluation and Im-

provement

1. Introduction

With the continuous increase in wind farm construction,

under the support of China’s national policies, it has become

a major trend to construct large-scale wind power bases in

complex terrains with good wind resources [1]. Conducting

parametric simulations of large-scale onshore wind energy

bases can further evaluate the ecological environmental issues

and power generation capacity of wind turbines in these areas.

Due to the unique characteristics of wind power generation,

the operation and efficiency of wind farms in the natural atmo-

spheric environment are affected not only by meteorological

conditions but also by the complexmulti-scale interactions be-

tween wind turbines and the atmospheric boundary layer. The

wake effect formed by these interactions will greatly affect the

power generation revenue of wind farms [2]. Therefore, based

on the accurate simulation of wind energy resources in wind

farms and considering the interaction between wind turbines

and the atmosphere under natural atmospheric conditions,

further parametric simulation of wind farms can significantly

improve the accuracy of predicting the power generation ca-

pacity of prospective wind farms, effectively reduce the risks

of wind power development, and provide reliable support for

scientific decision-making.

Various methods, such as in-situ observations, satel-

lite remote sensing, wind tunnel experiments, and numerical

simulations, are widely used to study this issue. Among

these, observations are a suitable and direct method to ex-

plore the physics and performance of wind farm wakes under

natural atmospheric conditions, using various measurement

devices such as anemometers [3], LiDAR measurements [4, 5],

drones [6], and satellite remote sensing [7]. These field mea-

surements reflect the various inflow conditions specific to

particular wind turbines. Wind tunnel experiments can be

used to visualize the wake near wind turbines. However,

most studies are based on uniform or even empirical inflow

boundary conditions, which do not reflect actual atmospheric

inflow conditions. Moreover, due to the limitations of test-

ing technologies, irregular variations, randomness, and in-

termittency similar to absolute atmospheres may increase

measurement uncertainties.

Numerical simulations can capture flow details of the

target wind farm across various temporal and spatial scales.

Based on the size of wind turbine arrays, numerical tech-

niques are typically categorized into two types [8]. Research

achievements in the first category primarily focus on study-

ing individual wind turbines by resolving the Na-vier-Stokes

equations. The turbulent flow around wind farms is explored

using an actuator disk/line model within the Large-Eddy Sim-

ulation (LES) framework, capturing its significant impact

on the boundary-layer depth [6, 9]. Additionally, modeling

wind turbines as actuator lines based on blade aerodynamic

parameters detects the influence of atmospheric stability

and surface roughness on the dynamics of individual wind

turbines [10]. Although these studies provide deep insights

into the flow details within wind turbines’ rotational area

and wake, they are computationally expensive and time-

consuming. However, applying mesoscale numerical predic-

tion (NWP) models in evaluating large-scale wind farms is

increasingly common. Among these, the Weather Research

and Forecasting (WRF) model [11], an advanced atmospheric

simulation system within the NWP framework, has been uti-

lized for assessing wind farms based on realistic atmospheric

process simulations. A series of studies have employed the

WRF model for wind resource simulations [2, 12, 13] alongside

investigations into the sensitivity of initial and boundary con-

ditions and the physical schemes [14]. Furthermore, the WRF

model can explore meteorological characteristics in regions

with complex terrain by coupling with other models [13], such

as microscale models.

To parameterize the impact of wind farms on the local

atmosphere, wind farm parameterization (WFP) was pro-

posed and implemented in climate models [15]. In these mod-

els, the resolved kinetic energy extracted from local condi-

tions by wind turbines is represented as the thrust coefficient.

The proper fraction of drag is transformed into electrical

power, and the remainder of ineffective drag is converted

into turbulence kinetic energy (TKE). The new WFP was
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used to predict the tur-bine-induced forces and TKE in a hy-

pothetical wind farm, and the results were validated through

Large-Eddy Simulation (LES) analysis [16]. However, lim-

ited research couples the WRF model with the WFP method

for substantial realistic wind farms in complex terrain. On-

shore wind farms’ flow properties and performance are in-

fluenced by atmospheric stability, wind resources (primarily

wind speed and direction), and topography. Additionally, the

atmospheric impacts of wind farms on local wind speeds

may vary with the size of the wind farms [17] and are also

influenced by terrain complexity [18].

This in-depth study is dedicated to the exploration of the

wake behavior and performance of large-scale onshore wind

farms within a wind power base that is situated in complex

terrain. To conduct this research, the WRF model combined

with the WFP method is utilized, enabling a comprehensive

analysis of the intricate wind dynamics. The specific area

of focus is the Jiuquan wind power base in Gansu Province,

China, which presents a unique set of challenges and oppor-

tunities due to its geographical and environmental character-

istics. The rest of the paper is carefully structured to present

a clear and logical flow of information. In Section 2, a de-

tailed introduction of the data and methodology is provided.

This includes an in-depth look at the wind power base itself,

shedding light on its layout, capacity, and other relevant fea-

tures. Additionally, information regarding the various data

sources used in the study is presented, ensuring transparency

and reproducibility. The section also delves into the specifics

of the mesoscale numerical simulation, explaining the param-

eters, assumptions, and techniques employed. Section 3 then

focuses on model validation, which is crucial for establish-

ing the reliability of the results. It further explores the wake

behavior and performance of large-scale wind farms under

different conditions, considering factors such as wind speed,

direction, and variations in terrain. Finally, Section 4 suc-

cinctly summarizes the research conclusions, highlighting the

key findings and their implications for the future development

and operation of wind farms in similar complex terrains.

2. Materials and Methods

2.1. Study Area and Measurements

The large wind farm located in Yumen Town, Jiuquan

City, Gansu Province, is the project of China’s first ten-

million-kilowatt wind power base. This project includes

more than 10,000 wind turbines of various models from dif-

ferent manufacturers. The terrain of the wind farm is shown

in Figure 1a. The project was constructed in two phases.

Phase I was completed before 2012 (the black part in Figure

1b). The installed single-unit capacity of the wind turbines

was less than 1.5 megawatts, with a total installed capacity

of 5.16 million kilowatts. For Phase II, the construction ca-

pacity of the first batch was 3 million kilowatts (the red area

in Figure 1b), and that of the second batch was 5 million

kilowatts (the blue area in Figure 1b). By the end of 2022,

Phase II had been fully completed. The project covers the

area between 95° E and 98° E in longitude and 39.5° N and

41.5° N in latitude.

There are numerous high mountains in the north and

south, while the terrain is flat and open in the east-west direc-

tion, and the wind direction is stable, which makes it suitable

for the construction of a large wind power base. Meanwhile,

the meteorological changes in the near-surface environment

caused by the operation of the wind farm have a great im-

pact on the revenue of the wind farm. This study takes this

as the research object and analyzes the flow field changes

of this large wind power base and its impact on the atmo-

spheric boundary layer environment based on observations

and combined with numerical simulation methods.

Figure 1. The maps of the study area and wind farm distribution.

(a) The terrain of the wind farm; (b) The area scope of the already-

built wind farm (The black area represents the phase Ⅰ of the wind

farm, and the red and blue areas represent the phase Ⅱ).

This study collected data from a wind tower located

within the Phase II wind farm of the wind power base to val-
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idate the numerical simulation results. The measurement pe-

riod spans from September 28, 2008, to September 21, 2014,

with the location coordinates at 96.712333° E, 40.7289° N.

Detailed data information is provided in Table 1.

Table 1. Basic information on the wind tower.

Wind Tower Anemometer

No. Latitude/Longitude Elevation Configuration
Period

96.712333° E

40.7289° N
 8777#  1518 m

Wind speed: 70 m/50 m/30 m/10 m

Wind direction: 70 m/10 m

Temperature and Pressure: 7 m

2008.09.28–2014.09.21

2.2. Mesoscale Simulations

It is widely known that the mesoscale NWPmodel is be-

coming increasingly popular in the evaluation of large-scale

wind farms. Currently, the WRF model, as an advanced at-

mospheric simulation system among numerical prediction

models, can not only be used to explore the meteorological

characteristics of regions with complex terrain by utilizing

coupling models (such as combining the WRF model with

microscale models), but also be applied to evaluate wind

farms based on simulations of actual atmospheric processes.

Previous studies have carried out a series of research on wind

resource simulation using the WRF model [2, 12, 13], and also

studied the sensitivities of the initial conditions, boundary

conditions, and physical schemes of the WRF model [14].

In this study, the mesoscale numerical model WRF

Version 3.7.1 is employed to simulate the wind properties

and performance of the large onshore wind farms in the Ji-

uquan wind power base. The model initial and lateral bound-

ary conditions are provided by the latest global reanalysis

dataset from ECMWF (European Centre for Medium-Range

Weather Forecasts), i.e., ERA5 [19]. Figure 2 displays three

nested domains, with the wind farms in Jiuquan located in

the innermost domain (d03). Grid nudging is applied in

the parent domains (d01 and d02) using four-dimensional

data assimilation (FDDA) to ensure that simulation results

closely match analyses and observations through coarse in-

tegration [11]. The resolution of the USGS static data in the

MODIS-based land-use data is modis_30s+30s across all

three domains, and the projection is set to Lambert.

Figure 2. Domain configurations for the Jiuquan City wind farms.

Considering the topographic complexity of the study

area, we design the experiment cases of horizontal resolutions

Δx = 1000 m. Besides, in the vertical dimension, 81 levels are

set, with the top at 20 km and 41 levels below 1 km, of which

13 levels intersect the rotor region. To accurately reflect the

atmospheric process of substantial onshore wind farms in the

explored region, the physics and dynamics schemes in the

WRF model are configured according to the previous studies,

as summarized in Table 2. Besides, to ensure the effective

implementation of the wind farm parameterization, a planetary

boundary layer physics scheme is configured as Mellor–Ya-

mada–Janjic turbulent kinetic energy (TKE) [20] with Grell 3D

scheme [21, 22] ensemble cumulus parameterization.

Table 2. Summary of the physics and dynamics configurations for the present WRF model.

Physics and Dynamics Scheme

Microphysics Modified Thompson scheme [23]

Longwave Radiation Rapid Radiative Transfer Model (RRTM) [24]

Shortwave Radiation Dudhia scheme [25]

Planetary boundary layer Mellor–Yamada–Janjic turbulent kinetic energy (TKE) [20]

Cumulus parameterization Grell 3D scheme [21, 22]

Land surface model Unified Noah land surface model [26]

Sub-grid orographic drag Turbulent orographic form drag scheme [27, 28]

Wind farm parameterization Fitch’s Model [29]
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2.3. Parameterization Scheme of Wind Farm

This study applies a wind farm parameterization model,

which assumes that the resolved kinetic energy (RKE) ex-

tracted by wind turbines from the ambient conditions is par-

tially converted into electrical energy (EE) and partially into

turbulence kinetic energy (TKE) [15, 20]. The thrust coeffi-

cient (CT ) is used to determine the RKE, while the power

coefficient (CP ) is used to estimate the EE. The TKE is then

calculated as CTKE = CT − CP . In this model, it is assumed

that wind turbines are oriented perpendicular to the airflow

and that the drag of the wind turbine does not impact the ver-

tical component of wind speed. Consequently, the drag force

(Equation (1)) induced by a wind turbine on the atmosphere

is calculated as follows:

FD =
1

2
CT ρ |U |UA (1)

where U = (u, v) represents the horizontal wind speed at the

hub height of the wind turbines, ρ is the air density, CT is the

turbine thrust coefficient, and A is the rotor area, determined

by the diameter (D) of the wind turbine blades. Given the non-

uniform distribution of the vertical profile of the zonal and

meridional wind, the kinetic energy (KE) loss rate (Equation

(2)) from the ambient air caused by a single turbine is:

∂KEdrag

∂t
= −1

2

∫
AR

ρCT |U |3dA (2)

In Cartesian coordinates, the loss rate of KE in a grid

cell (i, j) at vertical levels intersected by turbine blades and

the total change rate of KE in one grid cell (Equation (3)) is

given by:

∂KE
ijk
drag

∂t
= 1

2
N ij

T

∫
∆x

∫
∆y

[∫ zk+1

zk
CT ρijk|U |3dz

]
dxdy

= − 1
2
N ij

T ∆x∆yCT ρijk|U |3ijkAijk

∂KE
ijk
cell

∂t
= ∂

∂x

∫
∆x

∫
∆y

∫
∆z

ρijk
2

|U |2ijkdxdydz

= ρijk|U |ijk
∂|U|ijk

∂t
(zk+1 − zk)∆x∆y

(3)

where NT ij is the horizontal density of the number of tur-

bines, Δx and Δy are the horizontal grid size in the zonal and

meridional directions, and Aijk is the cross-sectional area

cut by one turbine blade between the model levels k and k+1

in a grid cell (i, j). Due to the equality of change rate of KE

within grid cell (i, j, k) and the loss rate of KE suffered by

wind turbines in one grid cell, the momentum tendency term

(Equation (4)) is obtained from Equation (3):

∂|U |ij
∂t

= −1

2

N ij
T CT |U |2ijAijk

zk+1 − zk
(4)

The total useful electrical power of wind farms and the

TKE caused by wind farms in the atmosphere (Equation (5))

can be obtained by the following:


P =

∑
i

∑
j

k=ztop∑
k=zbot

1
2
N ij

T CP ρijk|U |3ijkAijk

TKE =
∑
i

∑
j

k=ztop∑
k=zbot

1
2
N ij

T CTKEρijk|U |3ijkAijk

(5)

Therefore, based on the wind farm parameterization

method, the wake influence of the wind farms on the atmo-

sphere can be resolved by imposing a momentum sink and

turbulence source on the mean flow.

2.4. Wind Resource Simulation Experiment

Setup

In this study, it is noteworthy that to estimate the wake

influence of the wind farms, we designed several simulated

comparative test cases (Table 3), including WRF simula-

tions with and without wind farm parameterization (U turbo

and Unone−turbo). The specific experimental setups are as

follows:

Table 3. Basic information of the experimental setups in this study.

Study Period Wind Tower Data Wind Speed and Temperature

Differences

Key Issues to Be Addressed

Experiment 1 2010 √ / Testing and validating the accuracy of numerical

simulation results.

Experiment 2 2013 √
∆U = Unone−turbo − Uturbo

∆T = Tnone−turbo − Tturbo

Studying whether the Phase I wind farm at the wind

power base affects the wind field at the 8777# wind

tower location in Phase II.

Experiment 3 2022 × Exploring the interaction between the wake effects of

the entire wind power base and the atmospheric

environment.

121



Journal of Environmental & Earth Sciences | Volume 07 | Issue 02 | February 2025

2.5. Evaluation Metrics

In this study, two crucial comparison indices were

adopted to comprehensively evaluate the performance of the

model simulation values (Mi) about the actual wind tower

measurement values (Gi).

(1) The mean bias (MB) (Equation (6)), may take a

positive value, which means that the simulation results are

overestimated compared to the measurement values. It may

also take a negative value, indicating an underestimated situ-

ation. By comparing the simulation values with the actual

measurement values from the wind tower, the MB can pro-

vide valuable insights into the overall accuracy of the model’s

predictions in terms of (numerical) direction (that is, whether

the model’s predictions tend to be higher or lower than the

actual values).

(2) The root mean square error (RMSE) (Equation (7)),

aims to measure the variation of the simulation values con-

cerning the measurement values. Essentially, it quantifies

the average degree to which the simulation values deviate

from the actual measurement values. The RMSE takes into

account the squares of the differences between the simulation

values and the measurement values, sums them up, and then

takes the square root to obtain a single value that represents

the overall magnitude of the error.

The MB and RMSE indices are calculated through the

following specific formulas. These formulas can precisely

quantify these performance measurement indices and help

to gain a deeper understanding of the degree to which the

model conforms to the actual wind conditions observed by

the wind tower.

MB =
1

N

n∑
i=1

(Mi −Gi) (6)

RMSE =

√√√√ 1

N

n∑
i=1

(Mi −Gi)2 (7)

3. Results and Discussions

3.1. Wind TowerWind Resource Characteris-

tics

In order to conduct an in-depth exploration of the wind

energy resources of this wind farm, this subsection first uti-

lizes the complete annual measurements from Tower 8777#

in 2010 (with a data completeness rate exceeding 99%) to

carry out research on the characteristics of wind resources.

Figure 3 presents the analysis results, showing thewind shear

(Figure 3a), wind speed, wind direction (Figure 3b), and the

daily and monthly variations (Figure 3c,d) of wind parame-

ters within the project area. As depicted in the boundary-layer

wind profile in the project area follows an exponential reg-

ular distribution. The comprehensive wind shear index is

approximately 0.112, indicating relatively low wind shear.

However, below the height of 60 meters above the ground,

the wind speed changes rapidly, revealing the complexity of

the surface.

Figure 3. Information on Wind Resource Characteristics of Tower

8777. (a) Wind Shear Index; (b) Wind Direction; (c) Monthly Vari-

ations; (d) Diurnal Variations.

It can be seen from Figure 4b that the main wind direc-

tions in this region are northeast by east (NEE) and southwest

by west (SWW), which are in line with the east-west oriented

canyon topography of the area. The construction of wind

farms can achieve higher wind energy utilization efficiency

here. In terms of monthly variations, Figure 4c shows that

the wind speeds are lower in January, February, and October,

while they are higher in March, August, and December. Gen-

erally speaking, the wind speeds in this region are relatively

high in both winter and summer, which is caused by the

interaction between the changes in the large-scale westerly

circulation and the topography. However, there is no obvious

trend in terms of daily variations. After annual statistics, the

annual average wind speed is about 8.06 meters per second,

indicating relatively good wind energy resources.

Therefore, this comprehensive understanding of the

wind conditions in this region not only helps to accurately as-

sess the potential of wind energy utilization but also provides

crucial data for the design and optimization of wind-related
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projects in the area, ensuring that these projects can adapt

well to the local wind environment and providing a powerful

verification for the numerical simulation results.

3.2. Model Validation forWind Resources

The WRF model was used to simulate the hub-height

wind speed during the initial construction stage of the re-

search area. The purpose of this simulation is to verify

whether the systematic error of the model is within an ac-

ceptable range and to conduct further research on this basis.

According to the settings of Experiment 1, the wind parame-

ters during the observation period of 2010 at the wind tower

were simulated. As shown in Figure 4a, when comparing

the hourly simulation results with the observed values, there

is a high degree of consistency in wind speed, wind direction,

and the trend of temporal variation. At a height of 70 meters,

the average wind speed deviation is 0.13 m/s (about 1.62%),

and the average wind direction deviation is 11.92° (about

6.25%). These results indicate that the systematic error of

the numerical model is within 3% (Table 4). For Experi-

ment 2, the operation of the Phase I wind farm of the wind

power base was incorporated to analyze its impact on the

wind field at the location of the wind tower. The results in

Figure 4b show that the measured wind profile of the wind

tower matches well with the simulation results of both Exper-

iment 1 and Experiment 2 and the existing differences may

be caused by the systematic error of the model. The results

of the two experiments show that the WRF model can effec-

tively simulate the meteorological conditions in the boundary

layer of the wind power base in this study. In addition, it

also indicates that the construction of the Phase I wind farm

has no impact on the meteorological conditions at the wind

tower of Phase II of the project. Based on this conclusion, a

solid foundation has been laid for the research on the wake

effect of the entire wind power base and its interaction with

the atmospheric environment after its completion, providing

valuable insights for the development and optimization of

wind power projects in the area.

Figure 4. Validation of WRF simulation results with wind tower

measurements in (a,b). (a) Time series validation; (b) Wind profile

comparison (the black line represents the measurements from the

meteorological tower, the red line represents the simulation without

the wind farm construction, and the blue line represents the simula-

tion after the completion of Phase I of the wind power base).

Table 4. Statistical validation of WRF simulation results against wind tower (8777#) measurements.

Wind Tower Parameters MBE RMSE

8777#
Wind speed 0.13 m/s (1.62%) 1.65 m/s

Wind direction 11.92° (6.25%) 25.4°

3.3. Analysis of the Interaction between Wind

Farms and the Atmospheric Boundary-

Layer Environment

Wind power clusters possess a remarkable ability to

significantly influence regional atmospheric conditions as

they have the potential to modify wind patterns and turbu-

lence levels. When numerous turbines are installed and start

operating, they bring about localized modifications in wind

speed and direction. These changes, in turn, have a pro-

found impact on atmospheric stability and the dynamics of

the boundary layer.

The alterations caused by wind power clusters extend

beyond just wind characteristics. They can also have a no-

table effect on local microclimates. This includes influencing

temperature distributions and moisture content, which may

subsequently have implications for regional weather pat-

terns. As depicted in Figure 5, the results demonstrate that

the construction of the wind power base has led to a transfor-

mation in the spatial distribution of temperature within the

region. Although the differences in temperature distribution

before and after construction are relatively minor (as shown

in Figure 5a,b), the wind power clusters have an impact on

regional atmospheric temperatures within the range of −0.5

°C to 0.5 °C. This impact is predominantly concentrated in
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the vicinity of the wind farm locations and their adjacent

areas, especially in the predominant wind directions, which

are the east-west directions in this case. Within the wind

power plant area, a significant warming effect is observable

(as indicated by the blue area in Figure 5c). In contrast,

outside this area, a cooling effect prevails (the red area in

Figure 5c). The presence of the significant warming effect

within the wind power plant areas and the cooling effect out-

side these areas is of utmost importance. These phenomena

vividly illustrate how wind farms can affect local climates by

changing wind patterns and turbulence levels, thereby influ-

encing the temperature distribution of local microclimates.

Such effects hold far-reaching consequences for regional

weather patterns, air quality, and the long-term sustainability

of energy resources. Hence, conducting in-depth research

on the climatic impacts of wind farms is not only essential

but also crucial for optimizing their layout and management

strategies. This will, in turn, facilitate their sustainable de-

velopment and seamless integration into environmentally

friendly energy systems, ensuring that wind power remains

a viable and beneficial energy solution.

Figure 5. Spatial distributions of temperature fields (a–b, unit:

℃) with and without wind farm construction and their differences

(c, unit: ℃). (a) The spatial distribution of the temperature field

without the influence of the operation of the wind farm; (b) The

spatial distribution of the temperature field with the influence of

the operation of the wind farm; (c) The spatial distribution of the

differences in the temperature field with and without the influence

of the operation of the wind farm.

3.4. Wind FarmWake Effects

In this study, to better understand these wake effects,

based on the simulation results of two control experiments

of the coupled WRF and WFP models, the first and second

phases of the wind power base were analyzed respectively.

Figure 6 presents in detail the differences in the annual av-

erage wind speed before and after the construction of the

first-phase wind turbines. The research results clearly show

that the wind speed within the wind power base has decreased

significantly. In specific areas, this decrease can be as high as

0.8 m/s, and the affected range is relatively wide. In the east-

west main wind direction, the affected distance can reach

60–100 km. The reduction in wind speed will seriously affect

the performance of the turbines. It may lead to a decrease

in the rotational speed of the blades, thereby reducing the

power generation capacity of the turbines. In addition, it is

surprisingly found that in the construction area of the second-

phase project, no significant change in wind speed has been

observed. This means that the design and layout of the first-

phase wind farm have not yet caused significant disturbances

to the wind flow in the area designated for the second-phase

project, which is a positive factor for the overall efficiency

and productivity of the wind power base. However, whether

the construction and operation of the second-phase project

will have more far-reaching impacts will be analyzed in the

following contents.

Figure 6. Spatial distribution of wind speed losses in hub height

wake effects of Phase I wind farm construction in the large wind

power base (unit: m/s). The green pentagon stars represent the

locations of two typical wind farms in Phase II of the wind power

base.

With the successful completion and full-scale operation

of the Phase II wind farms, the entire wind power base has

now reached a state of full operation. In combination with

the discussion in the previous subsection, this significant

situation currently enables a more comprehensive analysis

of the wake effects of the wind farm group within this large-

scale wind power base system. The numerical simulation

results for the year 2022, as shown in Figure 7a, provide

information that presents the spatial distribution of the wind

field before the construction of the wind farms. In this case,
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the wind speed within the project area is evenly distributed,

approximately 8 m/s, indicating that before the construction

of the wind farms, there was originally a relatively stable and

consistent wind flow pattern in this region. However, Figure

7b shows a stark contrast. It depicts the spatial distribution

of the wind field during the construction and operation of

the wind farms. It can be seen that compared with the sur-

rounding areas, the wind speed inside the wind farms has

decreased significantly. Now, the wind speed within the

wind farms ranges from approximately 7.2 to 7.5 m/s. This

reduction in wind speed is not only substantial but also has

far-reaching implications, and it is significantly lower than

the previously assessed wind speed of wind resources, high-

lighting the significant impact of wind farms on the local

wind environment.

Furthermore, Figure 7c,d present extremely important

information regarding wind speed reduction and its corre-

sponding percentage spatial distribution. These figures vividly

reveal an obvious and significant decrease in wind speed both

within the wind farm and in its surrounding areas. The range

of wind speed reduction is approximately between 0.2 m/s

and 0.8 m/s. Expressed as a percentage, this is equivalent to

a reduction of about 6% to 10%. Such a significant decrease

in wind speed directly affects the performance of the turbines.

Since wind speed is a key factor in determining the rotational

speed of the turbine blades, a reduction in wind speed will lead

to a decrease in the kinetic energy available for conversion

into electrical energy, and thus the power generation output

will decline. This not only affects the economic benefits of

individual turbines but also impacts the overall productivity of

the entire wind farm. Therefore, evaluating the wake effects

through numerical simulations can provide a reliable scientific

basis for the dynamic planning and scientific assessment of the

construction plans for wind power bases. Effective simulation

methods can ensure that the layout of turbines can minimize

the negative impact of wake effects on adjacent turbines. By

accurately predicting the variation laws of wake effects, it

helps to optimize the layout of wind farms and enables devel-

opers and operators to make informed decisions. Moreover,

it can also assist in implementing operational strategies that

maximize energy production. Essentially, mitigating these

wake effects is the key to achieving the dual goals of maxi-

mizing energy output and maintaining high overall efficiency

within the wind power system.

Figure 7. Spatial distributions of wind speed fields (a–b, unit: m/s)

with and without wind farm construction and their differences (c,

unit: m/s) and loss percentage (d, unit: %). The stars represent

the locations of two typical wind farms in Phase II of the wind

power base. (a) The spatial distribution of the wind field without

the influence of the operation of the wind farm; (b) The spatial

distribution of the wind field with the influence of the operation of

the wind farm; (c) The spatial distribution of the differences in the

wind field with and without the influence of the operation of the

wind farm; (d) The spatial distribution of the percentage of wind

speed loss without the influence of the operation of the wind farm.

4. Conclusions

Considering the profound and multi-faceted effects of

complex terrain, this comprehensive study harnesses the

power of a mesoscale weather forecasting model that is seam-

lessly coupled with a wind farm parameterization scheme.

This state-of-the-art combination enables highly accurate and

detailed numerical simulations of wind resources at the cru-

cial hub height. The focus of this research is to meticulously

analyze the wake effects within the large-scale wind power

base situated in Jiuquan City, Gansu Province. To ensure a

thorough investigation, the research encompasses three sets

of meticulously designed control experiments, each corre-

sponding to different construction phases of the wind power

base, thereby capturing the dynamic changes in the wind

environment over time. The main findings are as follows:

• Data sourced from the 8777# meteorological tower paints

a promising picture of the wind conditions in the area.

With an annual average wind speed of around 8.06 m/s

and predominant wind directions being NEE and SWW,

the region showcases excellent potential for wind energy

utilization. Moreover, the flat terrain stretching over an

extensive area further augments the suitability for devel-

oping the wind power base, providing an ideal canvas for

wind turbine installation.

• The mesoscale weather forecasting model, which has been
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carefully calibrated to account for the complex terrain, has

been rigorously validated using meteorological tower data.

The results demonstrate a remarkable achievement with a

systematic error of less than 3%. This low error range not

only validates the model’s reliability but also paves the

way for more in-depth research, instilling confidence in

the subsequent analyses.

• Simulations conducted with the integrated model reveal

a fascinating phenomenon. The construction of the wind

power base has led to a significant warming effect within

the wind farm area. This stands in contrast to the cool-

ing effects observed in the areas outside the wind farm.

These temperature variations have implications for the

local microclimate and the overall energy balance of the

region.

• The analysis of the wake effects has uncovered crucial

insights. The first phase of the wind power base con-

struction has had a minimal impact on the second-phase

construction area, indicating a well-planned initial layout.

During the full-scale operation of the entire wind power

base, wind speeds within the wind farm have decreased by

approximately 10%. Notably, the influence of the predom-

inant wind direction extends over a substantial distance

of more than a hundred kilometers, highlighting the far-

reaching consequences of the wind farm’s operation on

the surrounding wind environment.

Therefore, the study of wake effects within large wind

power bases holds a position of utmost significance when it

comes to optimizing the design and operation of wind farms.

The complex and dynamic nature of wind flow within these

large-scale installations demands a comprehensive under-

standing of how turbines interact with one another. When

turbines are in operation, they not only generate power but

also have a profound impact on the surrounding wind pat-

terns and turbulence levels. Understanding these interactions

is the key to unlocking enhanced efficiency and output for

the entire wind farm. By delving into the details of how

each turbine affects the wind flow, engineers and researchers

can identify optimal turbine placement and spacing. This

knowledge can prevent scenarios where the wake of one tur-

bine negatively impacts the performance of adjacent turbines,

thereby maximizing the power generation potential of each

unit.

This research is not only beneficial for improving the

internal functioning of the wind farm but also crucial for

minimizing any adverse effects on neighboring turbines. By

carefully considering the wake effects, the negative cascad-

ing impacts that could potentially spread across the entire

wind power base can be mitigated. This, in turn, leads to

enhanced energy production as the overall system operates

more efficiently. Moreover, such research is fundamental for

the sustainable development of wind energy. It ensures that

wind power remains a viable and environmentally friendly

energy source by optimizing its performance. Additionally,

it provides invaluable insights that are essential for dynamic

planning and scientific assessment. These insights guide

decision-making processes related to expansion, upgrades,

and modifications within the wind power project, ultimately

contributing to its overall success and seamless integration

into the surrounding environment.
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