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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Direct and indirect wind power deploy
ment effects on air quality were 
evaluated. 

• Integrated frame treating wind extract
ing and emission substituting is 
established. 

• Direct impacts are generally negligible 
but occasionally worsen in polluted 
days. 

• Indirect impacts by substituting rural 
heating significantly improved air 
quality. 

• Compressive evaluation should be taken 
into account to support energy policies.  
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A B S T R A C T   

The development of wind power plays an essential role in achieving China’s carbon neutrality goals and air 
quality standards. A large number of studies have addressed the benefits of substituting fossil fuels with wind 
power on climate and air quality (defined as indirect impact) by macro-scale methodology. In recent years, more 
and more researchers have discussed its impacts on the general atmospheric circulation and air pollution 
dispersion (defined as direct impact) by parameterizing wind energy extraction in meso-micro scale models. 
However, the comprehensive investigation (considering both direct and indirect impacts) of the utilization of 
wind power on atmosphere environmental impacts remains vacant. Our study first evaluated both the direct and 
indirect impacts of wind power on air quality through an integrated methodological framework by using WRF- 
CMAQ system. The present analysis took wind farms located in Zhangjiakou to explore their impacts on air 
quality in winter, particularly over the downwind Beijing municipal area in the North China Plain. Results 
indicated that the deployment of wind power leads to spatially mixed direct impacts on PM2.5 concentrations in 
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Beijing with a monthly net increase of 0.067 μg/m3 (0.08%) relative to the regional average. Contrarily, the 
substitution of coal-burning with wind power in rural household heating would result in notable indirect benefits 
to monthly PM2.5 concentrations in Beijing, specifically, reducing emissions of CO2 and conventional air pol
lutants by 64% in rural heating sector. The combined impacts of wind power displayed regional differences: in 
the wintertime (January), Zhangjiakou PM2.5 concentrations increased (+0.147 μg/m3) whereas, decreases are 
achieved (− 5.642 μg/m3) in Beijing. Therefore, to support the large-scale deployment of wind power, future 
energy policies should take comprehensive account of the diverse environmental impacts, including both the 
indirect benefits of fossil energy substitution and the potential direct atmospheric effects on regional air quality.   

1. Introduction 

Over past three decades, China was dominated by coal-fired power 
industry in energy structure which cause severe air pollution and carbon 
emission. To solve the severe haze pollution in the nationwide, although 
great achievements have been made in the end-of-pipe pollution control, 
the clean energy still is expected to have great development in the en
ergy supply side (Lu et al., 2020). Wind power has witnessed rapid 
development in China since the Renewable Energy Law of China was 
promulgated in 2005. The total installed wind capacity of China 
expanded from 1.26 GW in 2005 to 281 GW in 2020 (Zhang et al., 2020). 
According to the Global Wind Report (2021), China has evolved into the 
largest wind power market in the world, and installed capacity will 
reach 800 GW by 2030 and 3000 GW by 2060. The development of wind 
energy in China is a necessary measure that serves two purposes: one, to 
transition its energy system to a low-carbon alternative, and secondly to 
cope with the dual challenges of global climate change and domestic air 
pollution. Recently, China further committed to 1200 GW of wind and 
solar installed capacity and a 25% share of non-fossil fuels in the pri
mary energy consumption by 2030 (Xi, 2020). With the cost of 
wind-generated electricity gradually becoming equal to or even lower 
than power from coal-fired plants (Tu et al., 2019), wind power is ex
pected to play an increasingly important role in future energy services in 
China. Under these circumstances, a comprehensive understanding of 
the impacts of wind power has become imperative to guide its future 
sustainable development. 

Wind power can impact the climate system and air quality through 
two channels: firstly, reducing anthropogenic emissions of both CO2 and 
air pollutants by replacement of fossil fuels (hereafter regarded as in
direct impacts) (Ma et al., 2013; Nordman and Vandermolen, 2014; 
Yang et al., 2017), and secondly, by affecting meteorological conditions 
both locally or downstream by extracting kinetic energy from the air 
flows (hereafter regarded to as direct impacts) (Fitch et al., 2012; Keith 
et al., 2004; Li et al., 2018; Miller and Keith, 2018). A large body of 
literature has addressed the indirect benefits through Life Cycle 
Assessment (LCA), with consistent results showing that development of 
wind power results in evident reductions in emissions of CO2 and air 
pollutants, from a life-cycle perspective (Li et al., 2019a; Raadal et al., 
2014; Xu et al., 2018). In addition, part of the research used the calcu
lation method of emission factors to discuss the co-benefits of CO2, air 
pollutants, and water resources utilization brought by wind power (Ma 
et al., 2013; Yang et al., 2017). 

The direct impacts of the deployment of wind power on climate have 
also attracted attention in more recent studies. Miller and Keith (2018) 
have comprehensively reviewed the existing articles discussing the 
direct climate impacts through observation methods (both 
satellite-based and ground-based observations). A large number of 
ground observation experiments though wind tower observation data, 
surface flux tower, lidars, radiometer and other measurement methods 
have shown that the deployment of wind power can decreased wind 
speeds and have impacts on the local and downwind temperature, 
moisture, heat transfer flux, and other meteorological conditions 
(Rajewski et al., 2013, 2014; Roy and Traiteur, 2010; Smith et al., 2013). 
Archer et al. (2019) recently conducted vertical mixing measurement 
(VERTEX) campaigns, measuring changes in near-surface properties by 

wind turbines, which corrected the explanation of surface temperature 
effects stated by Roy and Traiteur (2010) and demonstrated the 
complexity impacts of the wind turbine operation. Additionally, by 
using satellite observation data, Zhou et al. (2012) further suggested 
that the deployment of wind turbines in Texas could increase the surface 
temperature by 0.72 ◦C per decade in a local wind farm region based on 
satellite data from 2003 to 2011. Subsequent studies (Harris et al., 2014; 
Zhou et al., 2013) through satellite observation data also confirmed that 
wind farms bring a certain degree of warming at night locally in plain 
regions, because the operated wind-turbine rotors enhance vertical 
mixing, disturb the surface inversion layer, and transfer warming air to 
surface during nighttime. These researches are consistent with the 
relevant conclusions obtained from ground observation experiments 
(Slawsky et al., 2015; Walsh-Thomas et al., 2012; Xia et al., 2016). 

To overcome the limitations of observational data in both spatial 
coverage and vertical profiles, several scholars adopted numerical gen
eral circulation models with adjusted surface drag coefficients or other 
wind farm parameterization (WFP) to quantify the impacts of wind 
farms (Fitch et al., 2012; Keith et al., 2004; Li et al., 2018), which 
revealed more details in both unfavorable and favorable directions for 
climate impacts. Through global model simulation, a study by Keith 
et al. (2004) showed that the direct consequences of large-scale wind 
development on climate are much less than the carbon reduction ben
efits, while a study by Li et al. (2018) further demonstrated that 
extensive installation of wind farms in Sahara desert areas could in
crease local precipitation and vegetation coverage. Fitch et al. (2012) 
expanded the wind farm calculation method of Blahak et al. (2010) and 
developed a new WFP in the Weather Research and Forecasting Model 
(WRF). Fitch et al. (2013) applied the WFP-WRF to simulate wind-farm 
impacts for a region of the U.S. Midwest in Kansas with results sug
gesting that wind farms may decrease horizontal wind speeds by up to 
80 km downstream, especially under stable conditions at night, but that 
they may also enhance vertical mixing (at altitudes of 500–1000 m). 

Wind farm-perturbed meteorology could change the distribution of 
air pollution, particularly in population-dense downstream cities, which 
is a growing concern in air quality management. A study coupled 
meteorology and atmospheric chemistry model WRF-Chem by Mo et al. 
(2017) indicated that the operated wind farm would cause increased 
nitrogen dioxide (NO2) concentration in the immediate upstream and 
the edge of the wind farm, but lower NO2 concentration within the wind 
farm, because of the changes of wind speed in the internal boundary 
layer and the enhancement of surface roughness length over the wind 
farm. Besides, Li et al. (2020) also demonstrated that the evident direct 
PM2.5 concentration impacts the establishment of large-scale wind farms 
in Northern China. 

In summary, the comprehensive impacts of air pollutants on the 
deployment of wind power, including both the direct impacts caused by 
meteorological changes and the indirect benefits brought about by the 
substitution of fossil fuels, have not yet been sufficiently addressed in the 
existing literature. The present study intends to evaluate the impacts of 
the deployment of wind power on air quality through an integrated 
methodological framework (Fig. 1A). The domain of 38.27◦–41.67◦ N 
latitude and 113.08◦–118.01◦ E longitude selected for this analysis 
covers the Chinese capital environs located in the Beijing-Tianjin-Hebei 
(BTH) area, where heavy pollution episodes frequently occur in winter. 
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Here, we focus on impacts from the deployment of wind power in 
Zhangjiakou (ZJK) for two reasons: (1) a large number of wind farms 
have already been constructed or will be constructed in ZJK (Zhang 
et al., 2021) to supply green electricity for the 2022 Beijing Winter 
Olympic Games; (2) ZJK is located upstream in the prevailing north
westerly winds associated with Beijing air pollution removal processes 
in winter (Chang et al., 2019; Li et al., 2019b). Thus, evaluating the 
impacts of wind power deployment on meteorological conditions also 
has practical importance for Beijing’s air quality management (Fig. 1B). 

2. Material and methods 

We couple a mesoscale-meteorology model (WRF) with an air quality 
model (Community Multiscale Air Quality model, CMAQ) and a high- 
resolution 1-km emission inventory developed by Tsinghua University 
(Byun and Ching, 1999; Skamarock et al., 2008; Zheng et al., 2019). The 
WRF-CMAQ system is employed to explore the interactions between 
meteorological conditions and aerosols, and resulting impacts on air 
pollutant concentrations. In addition, this system was widely applied in 
the researches of the interaction of airborne aerosols and meteorological 
factors (Tao et al., 2021; Wang et al., 2014, 2022), the components of 
secondary air pollutants (Hu et al., 2016a, 2016b), transmission factors 
of air pollutants source (Chang et al., 2019; Zheng et al., 2019), atmo
spheric environmental impacts of government policies (Hu et al., 2021; 
Zhao et al., 2018, 2021), etc. 

In this study, we focus on investigating the impacts of the deploy
ment of wind power with a total capacity of 16 GW in ZJK (the level 
currently planned for 2030) compared to a reference scenario with no 
deployment of wind power (the base scenario in Table 1). In addition, 
scenarios of 8 GW (current capacitance) and 32 GW (expected capaci
tance in 2050) in ZJK are also examined in the Supplementary Infor
mation. Using the WFP scheme in the WRF simulation, we assume that 
8000 2-MW wind turbines potential installations at a density of 2 MW/ 
km2 in the square region shown in Fig. 1B. The indirect impacts from the 
deployment of wind power are evaluated relative to Beijing rural resi
dential sector with the substituted emissions subtracted from 16-GW 
scenario in Table 1. 

2.1. Study region and duration 

As illustrated in Fig. S1, we designed two nested domains without 

nudging technique both in the meteorology and air quality simulations 
with the horizontal grid cell numbers of 255 × 243 and 399 × 399, and 
horizontal resolutions of 3 km and 1 km, respectively. The simulation 
domain includes Beijing, Tianjin, and a part of Hebei province. The 
boundary condition and initial concentration for the 1-km simulation 
are updated with the results from the 3-km simulation to ensure the 
simulation of regional transmission (Tao et al., 2018, 2019). The vertical 
resolution includes 27 levels (up to 100 mbar) of which 12 are below 1 
km with 4 intersecting the wind turbine’s rotor area. 

We chose January 1–31 in 2015 as the study timeframe, to focus on 
the most polluted month in the BTH area. And the simulation period is 
from December 27 in 2014 to January 31 in 2015, because the first 5 
days were used to spin up in the CMAQ model. In order to reduce the 
“chaos seeding” of numerical model (Ancell et al., 2018), we chose the 
WRF results of 24–48 h in the middle of each 3-day simulation for the 
final meteorological analysis and the input of CMAQ model. This means 
that in the 31-day analysis, we simulated 3-day simulations, 31 times in 
WRF. In addition, based on the results of Base scenario, we divided three 
concentration levels in Table 1 to analyze direct PM2.5 changes in results 
part. 

2.2. Model configuration 

We applied in this study the mesoscale numerical WRF model 
(version 3.7) developed by the National Centre for Atmospheric 
Research (Skamarock et al., 2008). This model is appropriate for the 
regional simulation implemented here. We used Moderate-Resolution 
Imaging Spectroradiometer (MODIS) products for the land use data, 
and the Final Operational Global Analysis (FNL) data from the National 
Center for Environmental Prediction (NCEP) for the boundary input 
data. These NCEP FNL data are on 1-degree by 1-degree grids prepared 
operationally every 6 h from the Global Data Assimilation System 
(GDAS). 

The main selected physical schemes (Table 2) include version 2 of 
the Kain-Fritsch cumulus (Kain and Kain, 2004) cloud parameterization, 
the WRF Single-Moment 6-class scheme (Hong and Lim, 2006) for the 
Microphysics process, and the Rapid Radiative Transfer Model for GCM 
(RRTMG) scheme (M. J. Iacono et al., 2008) for the radiation process in 
our study. Referring to the WRF manual, we applied the Mel
lor–Yamada–Nakanishi–Niino (MYNN) level 2.5 PBL scheme, supported 
by WFP calculation (Nakanishi and Niino, 2009). In addition, we choose 

Fig. 1. The response of meteorological factors, air pollutants emission and air pollutants concentration: (A) The flow chart of the impact mechanism of the 
deployment of wind power. (B) The research domain and the wind farm’s location overlain with the terrain height. The black rectangle with solid lines represents the 
location of the wind farms, the black dotted curves (boundary) illustrate the area of the capital, Beijing. The black dotted line is the straight section from the wind 
farms to Beijing, the blue arrow is the main removal wind direction, and the grey arrows are the main pollutants accumulation direction. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the Noah Land Surface Model for the land surface scheme with improved 
performance in forecasting low-level temperature and humidity in 
mesoscale meteorological models (Ek et al., 2003). 

CMAQ is a regional model developed by the United States Environ
mental Protection Agency (Byun and Ching, 1999) and is widely used in 
air quality forecasting and evaluation. To couple the WRF-CMAQ 
modeling system, we converted the output data files from WRF to the 
input format from CMAQ using Meteorology-Chemistry Interface Pro
cessor version 4.2 (Byun et al., 1999). For the chemical processes in 
CMAQ, we adopted the latest chemical mechanism CB6 including the 
aerosol reaction mechanism AERO6. The input anthropogenic emission 
data used in this research is from ABaCAS (Ding et al., 2019; Wang et al., 
2013; Zheng et al., 2019) which cover the entire China region including 
eight pollutants: SO2, NOx, CO, VOCs, PM10, PM2.5, black carbon (BC), 
and organic carbon (OC) with a horizontal resolution of 1 km (Tao et al., 
2019). 

2.3. Wind turbines configuration 

We applied the updated WFP scheme (Archer et al., 2020; Fitch et al., 
2012) in the WRF model (Table 3), an approach that was widely adopted 
in recent studies (Wang et al., 2019a, 2019b). By applying the power and 
thrust curves of the wind turbines, this scheme can calculate the impacts 
of mesoscale simulation. Similarly, this scheme can also express the 
extracted energy and the effective physical parameters of wind farms in 
the complex terrain (Wang et al., 2019a, 2019b; Yang et al., 2018). The 
idealized wind farm scenarios in our study are summarized in Table 1. 
The power curves for the wind turbines used in our research are based on 
Vestas V90–2.0 MW, with a nominal power output of 2.0 MW, 95 m 
hub-height, 105 m rotor diameter, 3.5 m/s cut-in, 25 m/s cut-out, and 
12 m/s rated wind speeds (Fig. 2). 

2.4. Model performance 

The performance of the simulation using the WRF-CMAQ model was 

evaluated by comparing the baseline scenario with the observed con
centration of pollutants (Fig. 2). The observation data (OBS) of the 
meteorological parameters were taken from the National Climate Data 

Table 1 
Scenarios and the concentration criteria under different PM2.5 pollution levels.  

Scenario name Wind farm 
parameter 

Installed 
capacity 

Installed 
density 

Description of anthropogenic emission. 

Base no – – 2015 emission inventory. 
8-GW yes 8 GW 1 MW/km2 2015 emission inventory. 
16-GW yes 16 GW 2 MW/km2 2015 emission inventory. 
32-GW yes 32 GW 4 MW/km2 2015 emission inventory. 
Indirect 

impacts 
yes 16 GW 2 MW/km2 According to relevant policies of electric energy substitution in BTH region (Wang et al., 2020). We 

suppose wind power used in the residential sectors. Substitute of Beijing rural heating pollutants in 
2015 emission inventory. 

Levels Concentration (μg 
m− 3) 

Dates in January 2015 

Clean PM2.5 < 75 1, 2, 6, 7, 9, 10, 11, 16, 18, 19, 21, 24, 27, 28, 29, 30, 31 
Moderate 

pollution 
75 ≤ PM2.5 < 150 5, 8, 12, 17, 20, 22, 23, 25, 26 

Heavy 
pollution 

150 ≤ PM2.5 3, 4, 13,14, 15  

Table 2 
Main physics parameterizations used in the WRF model.  

Physics process Parameterizations schemes 

Microphysics Single-Moment 6-class scheme 
Longwave/Shortwave 

Radiation 
Rapid Radiative Transfer Model for GCM 

Surface Layer Nakanishi and Niino PBL’s surface layer scheme 
Land Surface Noah Land-Surface model 
Urban Surface Urban canopy model 
Planetary Boundary layer Mellor-Yamada Nakanishi and Niino Level 2.5 

PBL 
Cumulus Parameterization Kain-Fritsch scheme  

Table 3 
Wind farm parameterization scheme in WRF.  

Variable Variable definitions Calculation Formula 

CT Thrust coefficient: the drag 
coefficient of wind turbines to 
extract kinetic energy (KE) 
from atmosphere. 

CT and CP obtained from the turbine 
manufacturer. 

CP Power coefficient: a fraction 
of total kinetic energy from 
atmosphere converted into 
electrical energy. 

CTKE The fraction of energy 
converted into Turbulent 
Kinetic Energy (TKE). 

CTKE = CT − CP 

Fdrag The force of drag induced by a 
wind turbine on the 
impinging flow 

Fdrag =
1
2
CT(|V|)ρ|V|VA,

where V = (u, v) is the horizontal 
velocity vector, ρ is the air density, A is 
the cross-sectional rotor area. 

∂KEijk
cell

∂t 
The rate of change of KE 
within grid cell. ∂KEijk

cell
∂t

= ρijk

⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂
⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂t
(zk+1 − zk)Δ 

xΔy,
where i, j, k are the number of grids in 
three-dimensional, Δx and Δy are the 
horizontal grid spacing and zk is the 
height of vertical coordinate. 

∂
⃒
⃒
⃒V|ijk

∂t 

The rate of change of 
horizontal velocity vector 
within grid cell. 

∂
⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂t
= −

1
2
Nij

t CT(

⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk
)

⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒

2

ijk
Aijk

(zk+1 − zk)
,

where Nij
t is horizontal density of wind 

turbines in grid cell. 
∂uijk

∂t 
The horizontal momentum 
tendency terms of horizontal 
u component. 

∂uijk

∂t
=

uijk⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂
⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂t 

∂vijk

∂t 
The horizontal momentum 
tendency terms of horizontal v 
component. 

∂vijk

∂t
=

vijk⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂
⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk

∂t 

∂Pijk

∂t 
The rate of extracted useful 
electrical energy by turbines 
within grid cell. 

∂Pijk

∂t
=

1
2
Nij

t CP(

⃒
⃒
⃒
⃒V
⃒
⃒
⃒
⃒
ijk
)

⃒
⃒
⃒
⃒V
⃒
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⃒
⃒

3

ijk
Aijk

(zk+1 − zk)

∂TKEijk

∂t 
A fraction of power extracted 
by the turbines converted into 
TKE. 

∂TKEijk

∂t
=

1
2
Nij

t CTKE(
⃒
⃒
⃒V|ijk)

⃒
⃒
⃒
⃒V|

3
ijkAijk

(zk+1 − zk)

Pijk The power output of the wind 
turbines per unit mass. Pijk =

1
2
Nij

t ΔxΔyCPρijk

⃒
⃒
⃒
⃒V|

3
ijkAijk  
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Fig. 2. Time series of observed and simulated meteorological parameters and PM2.5 concentrations in Beijing region. (A) WS10 – wind speed at 10 m. (B) WD10 – 
wind direction at 10 m. (C) T2 – temperature at 2 m. (D) RH2 – relative humidity at 2 m. (E) PBLH – planetary boundary layer height. (F) concentration of PM2.5. 

Fig. 3. Changes of different physical parameters in wind farm (A) and Beijing (B) area. (A) and (B) show contributions in WS95 (m/s), T2 (K), RH2 (%) and PBLH 
(m). The red/blue box plots represent daytime/nighttime respectively. Each box plot indicates a range of changes including six values: 1st percentile (endpoint of low 
whisker), 25th percentile (bottom of box), median (dot), mean (center line in box), 75th percentile (top of box), and 99th percentile (endpoint of high whisker). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Centre (NCDC, https://www.ncdc.noaa.gov/data-access), with the 
PM2.5 OBS derived from the China National Environmental Monitoring 
Center with 56 air-quality stations in this region, including 35 in Beijing 
(the location of these sites shown in Fig. S1). We summarized the model 
performance in predicting the meteorological variables, including wind 
speed, wind direction, temperature, relative humidity, and air pollutant 
PM2.5 (Table S1) (Boylan and Russell, 2006; Chen et al., 2016; Emery 
et al., 2001; Environmental Protection Agency U.S, 2007; Tao et al., 
2019). The error of meteorological simulation in our research is similar 
to that of other studies (Chen et al., 2016; Tao et al., 2019), so these 
results can be used for analysis and air quality simulated input files. 
Referring to the benchmark for air pollutants proposed by Boylan and 
Russell (2006) and the U.S. Environmental Protection Agency (2007), 
the model performance in simulating PM2.5 is acceptable. 

3. Results 

3.1. Direct impacts on regional meteorology 

As illustrated in Fig. 3A and B, the meteorological impacts from the 
development of 16-GW wind power tend to be stronger in the local wind 
farm region than the downstream Beijing area in terms of hub-height 
wind speed (WS95), 2-m temperature (T2), 2-m relative humidity 
(RH2), and the planetary boundary layer height (PBLH). By directly 
extracting kinetic energy from the air flow, wind turbine operation 
causes the onsite horizontal wind speed (WS95) to decrease by 0.410 m/ 
s during daytime (14:00–16:00 Local Standard Time, LST) and by 0.501 
m/s during nighttime (22:00–4:00, LST) on a monthly average. In 
contrast, the impacts on monthly average WS95 in the Beijing area, 120 
km downwind of the windfarm site, are negligible, decreasing by only 
0.003 m/s during the daytime and by 0.006 m/s during nighttime. 

The results also suggest that the deployment of wind power in the 

mountainous areas of ZJK has a cooling impact on surface temperatures 
(T2) in both daytime and nighttime. These results differ from the sat
ellite observations reported for the plains region of Texas (Zhou et al., 
2012), in which case, wind farms observed to have a warming effect on 
surface temperature, particularly in the nighttime in winter due to the 
original stable inversion layer and the influence on vertical heat transfer 
processes. In the case of the mountainous area in the present analysis, by 
analyzing changes in wind speed in the valley (Fig. S5), we attribute the 
cooling effect in the valley to the superimposed effect of the valley wind 
and the increase ground wind brought by the wind turbines. An expla
nation for this is that the wind turbines accelerate the flow of ground 
cooling wind from the hillside towards the valley, strengthening 
mountainous circulation at surface level; and consequently, decreasing 
valleyed temperatures during the nighttime. Along with the cooling 
temperature and decreased wind speeds, the RH2 tends to increase by 
0.03% during daytime and 0.348% during nighttime in the wind farm 
area. 

In the vertical direction, the operation of wind turbines results in an 
average increase in the PBLH of 2.937 m during daytime and 16.836 m 
at night in wind farm areas, and 0.040 m during the day and 0.326 m 
during the night in Beijing areas. During the nighttime, the influence on 
the PBLH can reach further downstream, impacting cities in the plains 
surrounding Beijing (Fig. S4). The primary reason for the changes of the 
PBLH relates to the large fluctuations in circulation patterns (Fig. S6), 
including more active vertical motion, leading to increasing vertical 
mixing up to 3–4 km (above sea level) in the wind farm area, and up to 
1.5–2 km (above sea level) in the Beijing area. These results imply that 
the rotation of the wind turbines can disrupt the stable vertical ther
modynamic structure even above the PBLH, consequently enhancing the 
vertical mixing of the airflow. 

A positive correlation exists between turbulent kinetic energy (TKE) 
and the PBLH in terms of the diurnal cycle. As illustrated in Fig. 4A and 

Fig. 4. The time-height diagram of TKE (color spectrum) and PBLH (red line) for the wind farm area (A) and Beijing area (C) in the base scenario. The ratio of the 16- 
GW to base scenarios for TKE (color spectrum) and perturbed PBLH (red lines) in the 16-GW scenario for the wind farm area (B) and Beijing area (D). The dashed 
lines in (A) and (B) represent the heights swept by the wind turbines in the wind farm area. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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C, the peaks of TKE and PBLH occur coincidently during daytime in both 
the wind farm and Beijing areas. The maximum height swept by the 
wind turbine blades (150 m) tend to exceed the original PBLH at 
nighttime (Fig. 4A), facilitating the transfer of the wind-turbine- 
generated TKE to heights above the original PBL. The results in 
Fig. 4B indicate increases in TKE of 100%–200% above the original 
PBLH during nighttime. This increase, in turn, strengthens the vertical 
mixing and the PBLH in the wind farm area, consistent with the findings 
reported for wind farms in the Midwest plains region of the U.S. (Fitch 
et al., 2013) and the hilly plateau region in Zhangbei located in the north 
of ZJK (Wang et al., 2019a). In contrast, wind turbines operate well 
below the PBLH during the daytime, and therefore the TKE produced by 
wind turbines has a limited impact on the original intense turbulence 
within the PBL. As a result, the PBLHs in the wind farm area of ZJK 
increase slightly in the 16-GW scenario during the daytime. It is worth 
noting that the changes of PBLH exhibit a complex distribution (Fig. S6), 
reflecting the spatial-heterogeneous influences associated with the val
ley circulation in the mountainous terrain where the wind turbines are 
located. 

Differing from the results for wind farms located in plain terrain, 
where the increase of TKE occurs locally (Fitch et al., 2012, 2013), 

Fig. 4D indicates that the 16-GW scenario leads to evident increases of 
TKE, particularly at high altitudes, in the downstream Beijing area 
during nighttime. The higher TKE reflects the fact that the wind turbines 
are located in ZJK at elevations approximately 1 km higher than the 
Beijing area. The perturbation of wind turbines can strengthen the TKE 
up to 2 km above ground in the wind farm area, which results in 
extended impacts on downstream regions through the regional atmo
spheric circulation. 

3.2. Impacts on air quality 

Fig. 5 illustrates the direct impacts on PM2.5 concentrations driven by 
the operation of wind turbines in ZJK during daytime (14:00–16:00, 
LST) and nighttime (22:00–4:00, LST) for clean, moderate, and heavy 
pollution days (as differentiated in Table S3), as well as monthly average 
conditions. Results show that the general impacts on the spatial distri
bution of PM2.5 are relatively strong during nighttime, with monthly 
concentrations increasing by 0.063 μg/m3 (0.40%) as compared with 
0.035 μg/m3 (0.24%) during daytime for the entire study domain 
(Fig. 5B). As discussed earlier, the operation of wind turbines has a 
larger impact on wind speeds and relative humidity during nighttime 

Fig. 5. The impact of 16 GW of wind farms on PM2.5 concentrations: the spatial distribution (A) and absolute values and percentages (B) of changes in PM2.5 
concentrations for the designated region. In (A), the square region designated by solid black lines represents the location of the wind farms and the region outlined in 
black dashed curves represents the location of Beijing. In (B), columns show the absolute changes in PM2.5 concentrations, grey dots the percentage changes in total 
PM2.5 concentrations, and “whole region” refers to the entire domain shown in (A). 
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when compared to daytime, leading to favorable conditions for the 
formation of pollution. In addition, the increase of PBLH (Fig. 3) tends to 
facilitate the diffusion of air pollution, especially during nighttime. 
However, as indicated by the PM2.5 diurnal cycle, within the nighttime 
boundary layer, formation process (instead of dispersion and transport 
processes) is dominating the PM2.5 concentration. Thus, the favorable 
change of pollutants vertical diffusion is relatively weaker than the 
unfavorable change of formation caused by decreased wind and 
increased humidity, which leads to overall increased PM2.5 concentra
tion during nighttime. The meteorology-driven increase in PM2.5 con
centration is particularly evident in the wind farm area, where the 
monthly average value was increased by 0.120 μg/m3 (1.00%) during 
daytime and by 0.309 μg/m3 (2.46%) during nighttime. 

The impact on PM2.5 in the downstream Beijing area demonstrates a 
complex spatial distribution with a slight monthly average increase 
(0.057 μg/m3 or 0.34% during daytime, and 0.052 μg/m3 or 0.47% 
during nighttime). At night during heavy pollution episodes, the average 
increase in PM2.5 concentrations amounted to only 0.17% over the 
Beijing area, much lower than the values (0.73%) for clean periods. 
There is speculation that the increment of PBLH facilitates the vertical 
mixing processes at nighttime during heavy pollution events, which 
leads to more potent dilution effects when compared to clean air pe
riods. The phenomenon reflects tradeoffs between enhanced vertical 

mixing and decreased advection in the Beijing area, both of which are 
impacted by the operation of wind farms in ZJK. 

During the daytime, the influence of wind farms on PM2.5 tends to be 
weaker during heavy pollution periods (0.14% in Beijing, 0.64% in wind 
farm area) than clean periods (0.42% in Beijing, 1.09% in wind farm 
area), since the increased vertical mixing of wind turbines increases the 
diffusion of PM2.5 during the relatively static daytime periods. However, 
it is to note that the changes in PM2.5 concentration increased by 0.104 
μg/m3 during clean periods and by 0.151 μg/m3 during heavy pollution 
periods in the wind farm area. These differences are attributed to the fact 
that when the PM2.5 concentrations are high, the effects from meteo
rological perturbations tend to be amplified. 

The Action Plan of the “blue sky defense battle” vigorously promotes 
fuel shifting from coal to electricity or natural gas for rural household 
heating in Beijing. Thus, we further analyzed the indirect impacts of 
generated wind power on air quality improvement through the 
replacement of rural residents using coal for heating. The power outputs 
of wind farms were derived by WRF simulation, and the emission factors 
(Table S2) from an emission inventory developed by Tsinghua Univer
sity (Cai et al., 2017; Ding et al., 2019). Besides, we used the survey data 
of rural coal to electricity in Beijing by our research group. Results show 
that the wind power generated in the 16-GW scenario could meet 
electricity demand for 77% of the rural household heating in Beijing, 

Fig. 6. Monthly average direct, indirect, and comprehensive impacts on PM2.5 concentrations: the spatial distributions (A) and absolute values (B) of changes in 
PM2.5 concentrations for designated regions. Blue columns in (B) represent the monthly average effect in different regions, and red columns represent the percentage 
of the impacts compared to total average concentrations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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and reduce 64% of air pollutants and CO2 emissions by replacing 
coal-heating. The total reduced emissions are 1.56, 0.94, 3.15, 2.45 and 
1001.00 kt for SO2, NOx, primary PM10, primary PM2.5, and CO2, 
respectively. The indirect impacts to PM2.5 concentrations through 
substituting wind power for coal to provide rural heat in Beijing are 
evident, resulting in monthly average decreases of 5.709 μg/m3 (6.56%) 
in the Beijing area, 0.113 μg/m3 (0.57%) in the wind farm area and 
0.942 μg/m3 (2.16%) in the entire study domain. The combination of the 
indirect and direct (i.e., comprehensive) impacts leads to net increases 
of PM2.5 concentrations of only 0.147 μg/m3 (0.72%) in the wind farm 
area, but sizable reductions of 5.642 μg/m3 (6.49%) in the Beijing area 
and 0.881 μg/m3 (2.02%) in the study domain (Fig. 6B). 

4. Discussion 

We further considered the relationship between the direct air quality 
changes and the distribution of population. Fig. 7A and B indicate that 
areas directly impacting PM2.5 are concentrated mainly in lower popu
lation density regions in Beijing and wind farm areas, including an 
overall increase in PM2.5 in the wind farm area. To characterize the 
impacts on PM2.5 and exposed population, Fig. 7C depicts the changes in 
population-weighted exposure (PWE) (Zhao et al., 2018), which in
dicates that when considering the population density, the direct impacts 
on PM2.5 in the wind farm area (increased 0.563 μg/m3) are still larger 
than for Beijing (increased 0.059 μg/m3). 

The comprehensive impacts of the wind farm operation and electric 
replacement displayed in Fig. 6A illustrate an expected increase in PM2.5 
in the wind farm local area with a decrease in the Beijing region, which 
raises a concern about the unfairness of regional policies (Fang et al., 
2019): to achieve regional air quality goals, dispatch of wind power will 
lead to improvement of air quality in the more spacious target area but 
also change the local meteorology and increase air pollution concen
trations in the wind farm local area. These results imply that given the 
uneven distribution of urban agglomerations, investments in wind 
power resources and regional environmental policies may tend to sac
rifice the interests of residents in the wind farm area. To eliminate or 
reduce this unfairness, it is critical to coordinate regional policies, such 
as allocating wind power to rural residents using coal in the ZJK area. 

We realize that even with better knowledge of energy processes 
involved with flow of air over complex terrains and associated im
provements in the meteorological model, its ability to deal with the 
impact of complex orography will continue to have limitations as 
compared with the treatment of flow over plains regions (Serafin et al., 
2018). To ensure the accuracy of our mountain simulation, we compared 
our results for wind speed and temperature with data from radiosonde 
observations in the mountainous region (Fig. S3). The coefficients of 
determination of wind speed and temperature by fitting straight lines 
are 0.95 and 0.99 respectively, which meets statistical standards and 
indicates reasonable accuracy of our simulation. In terms of scenario 

design, we set up an idealized distribution of wind turbines which differs 
from the realistic placement of wind farms. Thus, there is still a gap 
between the potential impact of this research and operational reality. To 
explore the effect of different WF distributions and make our results 
more convincing, we present in Fig. S7 the trend projected due to a 
potential increase in deployment of wind power from 8 GW to 32 GW. 
These results also support our analysis of the impacts presented in this 
research. In addition, we realize that the assessment of wind power 
deployment of the air pollution impacts is still not comprehensive 
enough. Because, in the scenario design, we only choose the maximum 
benefits of electricity substitution sector to evaluate the indirect impacts 
of wind power (Wang et al., 2020). However, as the electrification 
process accelerates, the use of clean energy will more effectively 
improve the quality of the atmospheric environment from the source to 
the end-of-pipe. And the indirect benefits brought by the deployment 
and transmission of large-scale wind power will inevitably exceed the 
absolute impact of the simulation in this paper. 

5. Conclusion 

In our study, we linked meteorological changes from operated wind 
farms with air quality impacts, and we discussed for the first time the 
comprehensive effects of the deployment of wind power on air pollution 
in BTH in China. We find that the operating wind farms have almost 
negligible monthly average direct meteorological influences on the 
distribution of air pollutants in both the local and downstream regions. 
Moreover, the direct impacts of wind farms on PM2.5 can be attributed to 
the overall effects of decreased horizontal advection and increased 
vertical dispersion. However, at some specific moments, such as during 
heavy pollution periods, the direct impacts of PM2.5 can reach 6–8 μg/ 
m3, and the disturbance of the wind farms has brought both positive and 
negative states to the downwind region. Thus, wind farm maintenance is 
scheduled during the pollution periods to avoid the short-term non- 
negligible adverse influences. 

In terms of indirect energy substitution effects, the results suggest 
conspicuous benefits realized in coal-to-wind power substitution for 
residential energy in rural Beijing areas. These comprehensive results 
also remind us that we should consider the environmental unfairness 
brought by energy conversion and application and that even renewable 
energy might bring forth corresponding consequences on the local area. 
Therefore, it is necessary to coordinate feasible applications in green 
wind power with considerations of maximizing environmental benefits. 
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