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Abstract: Power plants remain major contributors to air pollution, and while their impact
on air quality and atmospheric chemistry have been extensively studied, there are still
uncertainties in quantifying their precise contributions to PM2.5 and O3 formation under
varying environmental conditions. This study employs the WRF/CMAQ modeling system
to quantify the impact of power plant emissions on PM2.5 and O3 levels across eastern
China in June 2019. We investigate the spatial and temporal patterns of pollutant forma-
tion, analyze contributions to secondary PM2.5 components, and assess process-specific
influences on O3 concentrations. Results show that power plant emissions contribute up
to 2.5–3.0 µg m−3 to PM2.5 levels in central and eastern regions, with lower impacts in
coastal and southern areas. O3 contributions exhibit a more complex pattern, ranging
from −4 to +4 ppb, reflecting regional variations in NOx saturation. Among secondary
PM2.5 components, nitrate formation is most significantly influenced by power plant emis-
sions, emphasizing the critical role of NOx. Diurnal O3 patterns reveal a transition from
widespread morning suppression to afternoon enhancement, particularly in southern
regions. Process analysis indicates that vertical transport is the primary mechanism enhanc-
ing surface O3 from power plant emissions, while dry deposition acts as the main removal
process. This comprehensive assessment provides crucial insights for developing targeted
air quality management strategies, highlighting the need for region-specific approaches
and prioritized NOx emission controls in the power sector. Our findings contribute to a
deeper understanding of the complex relationships between power plant emissions and
regional air quality, offering a foundation for more effective pollution mitigation policies.

Keywords: thermal power industry; PM2.5; O3; WRF/CMAQ

1. Introduction
China’s rapid economic growth over the past few decades has led to a dramatic

increase in energy demand, particularly in the power sector. China’s power system has
been dominated by thermal power generation. In 2019, the installed capacity of the thermal
power industry in China was 1.19 × 109 kW and it has continued to increase in recent
years [1]. The heavy reliance on coal has significant environmental implications, as these
plants are major sources of sulfur dioxide (SO2), nitrogen oxide (NOx), particulate matter
(PM), and other pollutants. In 2012, the power sector contributed 33% of NOx, 23% of
SO2, and 8% of PM emissions in China [2]. Beyond their direct effects, emissions from
power plants play a crucial role in the formation of secondary pollutants. SO2, NOx,
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and volatile organic compounds (VOCs) serve as precursors to ozone (O3) and secondary
PM components, including sulfate (SO4

2−) and nitrate (NO3
−). This surge in energy

consumption, predominantly met by coal, natural gas, and biomass, has resulted in severe
air pollution problems across the country [3,4], and these pollutants pose significant risks
to public health [5–9]. Moreover, the effects of power plant emissions are not confined
to local areas. Long-range transport of pollutants from East Asia has been observed to
impact air quality in regions as distant as the western United States [10,11]. Additionally,
PM emissions play a role in climate change by altering the earth’s radiation balance and
influencing cloud formation processes [12,13].

Recognizing these issues, the Chinese government has implemented stricter emission
standards for coal-fired power plants and set ambitious targets to reduce PM2.5 levels in
major metropolitan areas. In 2011, a new thermal power industry standard (GB13223-2011)
replaced the previous standard (GB13223-2003), which was deemed inadequate for effective
pollution control [14]. Subsequently, even more stringent “ultra-low emission limits” were
introduced nationwide, mandating that emission concentrations of SO2, NOx, and PM from
coal-fired power units must not exceed 35, 50, and 10 mg/m3, respectively [15]. Despite
these efforts and the installation of emission control technologies, challenges persist. While
emissions of SO2 and PM from power generation have shown declining trends, emissions
of NOx, CO, CO2, and VOCs continue to increase [2]. Understanding the impact of power
plant emissions on air quality is crucial for developing effective strategies to address this
pressing environmental challenge.

Previous studies have employed a variety of methodologies, including receptor models
and chemical transport models (CTMs), to investigate the contribution of power generation
to air pollution in China [16–19]. In recent years, the environmental impacts of thermal
power plant emissions have been extensively studied using various atmospheric chemical
transport models in recent years. Chen et al. [20] conducted a comprehensive analysis of
thermal power industry emissions in the Fen-Wei Plain of China using the Comprehensive
Air Quality Model with extensions (CAMx), providing valuable insights into the regional
atmospheric environmental impacts of the thermal power sector. In eastern China, Long
et al. [21] employed a two-way coupled air quality model (WRF-Chem) to quantitatively
assess the effects of emission reductions from thermal power plants on both air quality and
atmospheric temperature. Their findings revealed that such reductions could effectively
improve air quality, leading to a significant 10.8% decrease in PM2.5 concentrations. More-
over, they observed that these emission reductions resulted in a decrease of 0.1 W·m−2 in
the net radiation flux at the top of the atmosphere, highlighting the complex interactions
between air pollutants and atmospheric radiation balance. Expanding the geographical
scope, Reddington et al. [22] utilized the WRF-Chem regional atmospheric model to inves-
tigate the potential air quality and human health benefits of eliminating emissions from
six different anthropogenic sectors, including electricity generation, across South and East
Asia in 2014. This study provided valuable insights into the broader regional impacts
of power plant emissions. In a more focused study on the Beijing–Tianjin–Hebei (BTH)
region, Wang et al. [23] employed the Community Multiscale Air Quality (CMAQ) model
to evaluate the effectiveness of proposed thermal power plant emission controls. Their
simulation results demonstrated that the hypothetical removal of all thermal power plants
in the BTH region could lead to substantial reductions in various air pollutants in Beijing,
specifically 38% for CO, 23% for both SO2 and NO2, and 24% for both PM2.5 and PM10 on
an annual mean basis. These findings underscore the significant contribution of thermal
power plants to regional air pollution. Furthermore, Wang et al. [24] conducted an inno-
vative study examining the implications of inter-provincial electricity transfer on PM2.5
pollution and associated health and economic losses across mainland China. Their analysis
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revealed a notable spatial redistribution of environmental impacts, where the transfer
of electricity generation resulted in improved air quality and reduced health burdens in
eastern and southern China, but simultaneously led to increased environmental and health
impacts in northern, western, and central regions. This study highlighted the importance of
considering the geographical redistribution of environmental impacts when implementing
energy policies.

However, these investigations have often been limited in scope, focusing on specific
regions or time periods, and primarily addressing the impacts on PM2.5 and SO2 concentra-
tions. This approach has left significant gaps in our understanding, particularly concerning
the effects on O3 formation and the broader implications of recently implemented ultra-low
emission standards on overall air quality. The limitations of existing research underscore
the need for a more comprehensive and up-to-date analysis. Notably, the lack of attention
to O3, a critical secondary pollutant with significant health and environmental impacts,
represents a substantial gap in the current literature. Moreover, the rapid evolution of
emission control technologies and regulations necessitates a reassessment of power plant
emissions’ impact on air quality under these new conditions. To address these shortcom-
ings, we employed the Weather Research and Forecast model and Community Multiscale
Air Quality (WRF/CMAQ) modeling system to quantify the contribution of power plant
emissions to both PM2.5 and O3 levels. The contribution to major secondary components
of PM2.5 was also investigated. In addition, process analysis was used to examine the
impact of power plant emissions on O3. Individual processes contributing to O3 concen-
trations caused by power plant emissions were further assessed. The results of this study
will support informed decision-making in energy policy and environmental management,
ultimately contributing to the goal of improving air quality and protecting public health
in China.

2. Data and Methods
2.1. Model Systems and Data

In this research, we utilized the WRF/CMAQ modeling system to assess the impact of
the power sector on air quality in June 2019. Our study employed a nested grid approach:
an outer domain covering China (27 km resolution) and an inner domain focusing on the
eastern part of China (9 km resolution) (Figure 1).

The WRF model, configured with 35 vertical layers and initialized using NCEP-
FNL data [25], generated meteorological inputs. Its physics schemes included: the New
Thompson et al. microphysics scheme [26], the Kain–Fritsch cumulus parameterization
scheme [27], the rapid radiative transfer model for general circulation models (RRTMG) for
short and long wave schemes [28], the Yonsei University (YSU) Planetary Boundary Layer
(PBL) physics scheme [29], and the Noah land-surface scheme.

The emissions dataset integrated the Multiresolution Emission Inventory for China
(MEIC) [30], biomass burning emissions by Zhou et al. [31], and biogenic sources from
MEGANv3.1 (https://bai.ess.uci.edu/megan/resources, accessed on 15 October 2024).
MEIC’s land-based anthropogenic emissions are from five main sectors, including agricul-
ture, industry, power, residential and transportation.

CMAQ simulations, using the CB06 gas-phase mechanism and AERO7 aerosol mod-
ule, compared scenarios with and without power emissions to isolate their impact on
air quality. We also implemented Integrated Process Rate (IPR) analysis to quantify con-
tributions of various processes to air pollution formation and distribution. The process
analysis technique in the CMAQ model is a method designed to quantify and evaluate
the contributions of various atmospheric physical and chemical processes to changes in
pollutant concentrations. By isolating the effects of individual processes, such as emissions,

https://bai.ess.uci.edu/megan/resources
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chemical reactions, and horizontal transport, this technique provides a detailed understand-
ing of how model predictions are generated and highlights the relative importance of each
process. This approach is valuable for identifying potential errors in model formulations or
input data, as well as for interpreting differences in model outputs caused by changes in
the model or its inputs. Furthermore, chemical process analysis can be used to assess the
characteristics of different chemical mechanisms under varying atmospheric conditions,
such as VOC- or NOx-limited regimes, offering critical insights for mechanism evaluation
and model improvement.
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2.2. Model Evaluation

In this study, the performance of the WRF and CMAQ models were evaluated for
model validation, we conducted a comprehensive comparison between simulated outputs
and observational data. The WRF model performance was assessed based on key meteoro-
logical parameters, including temperature at 2 m (T2); relative humidity at 2 m (RH2); wind
speed at 10 m (WS10); and wind direction at 10 m (WD10). Observational data were sourced
from 220 available meteorological stations in the study area, provided by the National
Climate Data Center. The model’s performance was evaluated using a suite of statistical
metrics, including mean bias (MB), normalized mean bias (NMB, %), normalized mean
error (NME, %), and correlative coefficient (R). The meteorological simulation accuracy
was evaluated using criteria established by Emery et al. [32]. Our results indicate that
the model’s performance meets acceptable standards, with mean biases for T2, WS10, and
WD10 falling within the prescribed limits (±0.5 K, ±0.5 m s−1, and ±10◦, respectively).
Detailed statistical analyses are presented in Table 1.
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Table 1. Model performance of meteorological factors.

Parameters MB 1 NMB (%) 2 NME (%) 3 R 4

T2 (◦C) 0.4 2.9 7.0 0.9
RH2 (%) −3.3 −4.6 11.7 0.9

WS10 (m/s) 0.5 26.4 54.0 0.5
WD10 (degree) −9.3 −7.5 37.7 0.4

1 MB: mean biases; 2 NMB: normalized mean biases; 3 NME, normalized mean errors; 4 R: correlation coefficients.

To further validate the model’s capacity to simulate air quality, we compared models
and observed hourly concentrations of O3 and PM2.5 at 1120 monitoring sites across the
study area. These observational data were obtained from China National Environmental
Monitoring Center. In addition to the statistical metrics used in the meteorology evaluation,
the mean fractional bias (MFB) and mean fractional error (MFE) were included. As illus-
trated in Table 2, high correlation coefficients for O3 and PM2.5 indicate good agreement
between modeled and measured concentrations. Notably, the statistical metrics align with
or surpass the benchmarks established by Boylan and Russell [33] for PM2.5, where MFB
should not exceed ±60% and MFE should remain within ±75%.

Table 2. Model performance of PM2.5 and O3 concentration.

Parameters MB 1 NMB (%) 2 NME (%) 3 MFB (%) 4 MFE (%) 5 R 6

PM2.5 (µg m−3) 0.3 −0.5 64.5 −1.21 61.9 0.6
O3 (µg m−3) −10.1 −11.1 46.0 −18.0 52.4 0.7

1 MB: mean biases; 2 NMB: normalized mean biases; 3 NME, normalized mean errors; 4 MFB, mean fractional
bias; 5 MFE, mean fractional error; 6 R: correlation coefficients.

This comprehensive evaluation confirms the robustness of our modeling approach,
with errors remaining within acceptable ranges. Some discrepancies were noted, pri-
marily attributable to uncertainties in emission inventories and inherent limitations in
meteorological and air quality modeling processes.

3. Results
3.1. Emissions from Power Plants

According to the MEIC emission inventory, the emissions of NOx, SO2 and PM2.5 from
the power plants in June 2019 were 30.87 × 104, 10.44 × 104 and 1.79 × 104 tons, respectively.
Figure 2 illustrates the spatial distribution of these emissions, revealing significant regional
heterogeneity. North, East, and South China reflect the dense power demand and thermal
power plant distribution. Table 3 further compares power sector emissions with other
major anthropogenic sources. While the industrial sector dominates emissions across all
pollutants, the power sector’s contribution is non-negligible. Notably, in NOx emissions, the
power sector contributed 30.87 × 104 tons, second only to the industrial and transportation
sectors, accounting for approximately 17.5% of total anthropogenic NOx emissions. For
SO2, power sector emissions of 10.44 × 104 tons represent about 16.7% of the total, ranking
second after the industrial sector. Although the power sector’s direct contributions to
PM2.5 and PM10 emissions are relatively smaller, the sector’s significant emissions of SO2

and NOx, important precursors to secondary PM formation, suggest a substantial indirect
impact on air pollution.
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Table 3. Power plants emissions and other anthropogenic emissions of China in June 2019 (104 ton).

SO2 NOx PM2.5 PM10

Power 10.44 30.87 1.79 2.79
Industry 39.95 80.41 26.26 39.18

Residential 11.13 3.61 13.40 15.34
Transportation 0.99 61.81 3.66 3.76

3.2. Impact of the Power Plants on Air Quality

Figure 3 illustrates the spatial distribution of the contributions to PM2.5 and daily
maximum 8 h O3 concentrations due to power plant emission across eastern China in
June. The contribution to PM2.5 (Figure 3a) shows a distinct pattern with highest values
(2.5–3.0 µg m−3) concentrated in central and eastern regions, particularly in Henan, Anhui,
and parts of Shandong. In contrast, coastal areas and southern provinces exhibit lower
contributions (<1.0 µg m−3). The O3 distribution (Figure 3b) presents a more complex
pattern, with positive contributions (up to 4 ppb) dominating southern and southeastern
coastal regions, while negative values (down to −4 ppb) are observed in the northeast and
parts of central China. This inverse relationship in some areas suggests that power plant
NOx emissions may lead to O3 titration in NOx-saturated regions, while contributing to O3

formation in NOx-limited areas. The transition zones between positive and negative O3

contributions, particularly evident in central and eastern parts of the domain, highlight
the delicate balance in O3 chemistry and the potential for non-linear responses to emis-
sion changes. These areas may be particularly sensitive to shifts in NOx emissions from
power plants.

This spatial variability underscores the importance of region-specific strategies in air
quality management. While PM2.5 reductions from power plant emission controls might
be most effective in central and eastern regions, the impacts on O3 are more complex.
In southern coastal areas, NOx reductions could lead to O3 decreases, whereas in some
northern and central regions, the same reductions might potentially increase O3 levels, at
least in the short term.
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3.3. Impact of the Power Plants on PM2.5 Components

The composition of PM2.5 can vary significantly even when total mass concentrations
are similar. To unravel the complex relationship between emission sources and PM2.5

composition, we investigated the contribution of power plant emissions to major secondary
components of PM2.5, including NO3

−, SO4
2−, and NH4

+. As shown in Figure 4, the
impact of power plant emissions on these secondary pollutants exhibits distinct patterns
and magnitudes.

NO3
− (Figure 4a) shows the most pronounced contribution, with peak values exceed-

ing 2.0 µg m−3 in central and eastern regions, particularly in parts of Henan, Anhui, and
Shandong provinces. This pattern likely reflects the significant NOx emissions from coal-
fired power plants and subsequent nitrate formation through photochemical processes. The
contribution gradually decreases towards coastal and southern areas, with values below
0.5 µg m−3. SO4

2− contributions (Figure 4b) present a more uniform distribution across
the region, with most areas showing values between 0.5 and 1.0 µg m−3. This relatively
homogeneous pattern may be attributed to the widespread implementation of flue gas
desulfurization technologies in power plants, resulting in reduced SO2 emissions and sub-
sequent sulfate formation. NH4

+ contributions (Figure 4c) exhibit a spatial pattern similar
to that of SO4

2−, but with slightly lower magnitudes, generally below 0.5 µg m−3 across
most of the domain. The contrasting spatial patterns among these secondary components
highlight the complex interplay between power plant emissions, atmospheric chemistry,
and regional transport processes. The significantly higher contribution to NO3

− compared
to SO4

2− and NH4
+ suggests that NOx emissions from power plants play a dominant

role in secondary PM2.5 formation in this region during the study period. These findings
underscore the importance of targeted emission control strategies, particularly for NOx, in
mitigating the impact of power plant emissions on regional air quality.

3.4. Diurnal Impact of the Power Plants on O3

The temporal dynamics of O3 formation are driven by complex photochemical pro-
cesses that vary throughout the day, influenced by factors such as solar radiation, tem-
perature, and precursor emissions. To elucidate these processes, we analyzed the hourly
changes in O3 concentrations attributable to power plant emissions across eastern China.
Figure 5 illustrates the diurnal variation of O3 concentration changes due to power plant
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emissions at four time points: 8:00, 12:00, 16:00, and 20:00 local time (LT), revealing dis-
tinct spatiotemporal patterns. At 8:00 LT (Figure 5a), negative O3 changes (up to −4 ppb)
dominate most of the region, particularly in the northeast and central areas, indicating O3

titration by NOx emissions from power plants. As the solar radiation intensifies, positive
O3 changes emerge and strengthen, especially in the southern and coastal regions. By
12:00 LT (Figure 5b), a clear north–south divide becomes evident, with persistent negative
changes in the northeast contrasting with increasing positive changes (up to 4 ppb) in
the south. The positive O3 contribution due to power plant emission peaks at 16:00 LT
(Figure 5c), with extensive areas in the south and southeast experiencing increases of over 4
ppb, likely due to enhanced photochemical reactions. By 20:00 LT (Figure 5d), the positive
O3 changes begin to diminish, though they remain significant in the southern regions.
Throughout the day, the northeast consistently shows negative O3 changes, suggesting a
NOx-saturated regime where power plant emissions suppress O3 formation.

Sustainability 2025, 17, x FOR PEER REVIEW 7 of 13 
 

northern and central regions, the same reductions might potentially increase O3 levels, at 
least in the short term. 

 

Figure 3. Monthly average contribution of power plant emission. (a) Monthly average contribution 
of power plant emission to PM2.5, and (b) monthly average contribution of power plant emission to 
daily maximum 8 h O3 in June 2019. 

3.3. Impact of the Power Plants on PM2.5 Components 

The composition of PM2.5 can vary significantly even when total mass concentrations 
are similar. To unravel the complex relationship between emission sources and PM2.5 com-
position, we investigated the contribution of power plant emissions to major secondary 
components of PM2.5, including NO3−, SO42−, and NH4+. As shown in Figure 4, the impact 
of power plant emissions on these secondary pollutants exhibits distinct patterns and 
magnitudes. 

 

Figure 4. Contribution of power plant emission to the concentration of secondary components of 
PM2.5, including (a) contribution of power plant emission to the concentration of NO3−, (b) 
Figure 4. Contribution of power plant emission to the concentration of secondary components
of PM2.5, including (a) contribution of power plant emission to the concentration of NO3

−, (b)
contribution of power plant emission to the concentration of SO4

2− and (c) contribution of power
plant emission to the concentration of NH4

+ in June 2019.

Sustainability 2025, 17, x FOR PEER REVIEW 9 of 13 
 

 

Figure 5. Monthly average diurnal variation of O3 concentration due to power plant emissions at 
four time points: (a) for morning (8:00), (b) for noon (12:00), (c) for afternoon (16:00), and (d) for 
evening (20:00) local time (LT). 

3.5. Process Analysis of Power Plant Impacts on O3 

Given the pronounced impact of power plant emissions on O3 concentrations at 16:00 
LT, we conducted a detailed analysis of the contributions from various atmospheric pro-
cesses. Figure 6 illustrates the process-specific contributions to surface O3 concentrations 
due to power plant emissions at 16:00 LT, as simulated using the Process Analysis (PA) 
module in the CMAQ model. 

The chemical process (CHEM, Figure 6a) exhibits a complex spatial distribution. 
Negative contributions (blue areas) dominate in most coastal regions and some inland 
areas, suggesting O3 depletion due to power plant emissions, likely attributed to the NOx 
titration effect in NOx-rich environments [34–36]. Conversely, positive contributions (red 
areas) are observed in southern coastal and certain inland locations, indicating that power 
plant emissions promote net O3 production, possibly due to optimal VOCs/NOx ratios for 
O3 formation in these areas. Dry deposition (DDEP, Figure 6b) predominantly shows neg-
ative contributions across the domain, particularly pronounced in the southeastern coastal 
areas. This indicates that a significant portion of O3 produced or influenced by power 
plant emissions is removed through dry deposition. Cloud processes (CLDS, Figure 6c) 
demonstrate minimal impact on O3 concentrations derived from power plant emissions, 
with most areas showing near-neutral effects. This suggests that during the study period, 
cloud interactions had little influence on the fate of O3 produced from power plant emis-
sions. Vertical transport (VERT, Figure 6d) emerges as the dominant positive contributor, 
with significant positive values across almost the entire study area. This indicates sub-
stantial downward mixing of O3 or its precursors originating from power plant emissions 
at higher altitudes, enhancing surface O3 concentrations. The effect is particularly pro-
nounced in coastal regions and certain inland areas, possibly due to the interaction be-
tween power plant plume heights and local atmospheric dynamics. Horizontal transport 
(HORT, Figure 6e) presents a complex spatial pattern with both positive and negative 
contributions. Negative contributions in coastal areas suggest that O3, or its precursors 
from power plants, are being transported away from these regions. Positive contributions 
in some inland areas, particularly around major urban clusters, likely indicate the regional 
transport of power plant-derived O3 or its precursors into these areas. 

These results reveal the intricate mechanisms by which power plant emissions influ-
ence O3 concentrations through various atmospheric processes. Vertical transport 
emerges as the primary process increasing surface O3 levels from power plant emissions, 
while dry deposition acts as the main removal mechanism. The roles of chemical processes 

Figure 5. Monthly average diurnal variation of O3 concentration due to power plant emissions at
four time points: (a) for morning (8:00), (b) for noon (12:00), (c) for afternoon (16:00), and (d) for
evening (20:00) local time (LT).



Sustainability 2025, 17, 441 9 of 13

3.5. Process Analysis of Power Plant Impacts on O3

Given the pronounced impact of power plant emissions on O3 concentrations at
16:00 LT, we conducted a detailed analysis of the contributions from various atmospheric
processes. Figure 6 illustrates the process-specific contributions to surface O3 concentrations
due to power plant emissions at 16:00 LT, as simulated using the Process Analysis (PA)
module in the CMAQ model.
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LT. (a) for chemical process contributions to O3, (b) for dry deposition contributions to O3, (c) for
cloud processes contributions to O3, (d) for vertical transport processes contributions to O3, and (e)
for horizontal transport for processes contributions to O3.

The chemical process (CHEM, Figure 6a) exhibits a complex spatial distribution. Neg-
ative contributions (blue areas) dominate in most coastal regions and some inland areas,
suggesting O3 depletion due to power plant emissions, likely attributed to the NOx titration
effect in NOx-rich environments [34–36]. Conversely, positive contributions (red areas)
are observed in southern coastal and certain inland locations, indicating that power plant
emissions promote net O3 production, possibly due to optimal VOCs/NOx ratios for O3

formation in these areas. Dry deposition (DDEP, Figure 6b) predominantly shows negative
contributions across the domain, particularly pronounced in the southeastern coastal areas.
This indicates that a significant portion of O3 produced or influenced by power plant emis-
sions is removed through dry deposition. Cloud processes (CLDS, Figure 6c) demonstrate
minimal impact on O3 concentrations derived from power plant emissions, with most areas
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showing near-neutral effects. This suggests that during the study period, cloud interac-
tions had little influence on the fate of O3 produced from power plant emissions. Vertical
transport (VERT, Figure 6d) emerges as the dominant positive contributor, with significant
positive values across almost the entire study area. This indicates substantial downward
mixing of O3 or its precursors originating from power plant emissions at higher altitudes,
enhancing surface O3 concentrations. The effect is particularly pronounced in coastal
regions and certain inland areas, possibly due to the interaction between power plant
plume heights and local atmospheric dynamics. Horizontal transport (HORT, Figure 6e)
presents a complex spatial pattern with both positive and negative contributions. Negative
contributions in coastal areas suggest that O3, or its precursors from power plants, are
being transported away from these regions. Positive contributions in some inland areas,
particularly around major urban clusters, likely indicate the regional transport of power
plant-derived O3 or its precursors into these areas.

These results reveal the intricate mechanisms by which power plant emissions influ-
ence O3 concentrations through various atmospheric processes. Vertical transport emerges
as the primary process increasing surface O3 levels from power plant emissions, while
dry deposition acts as the main removal mechanism. The roles of chemical processes and
horizontal transport vary spatially, reflecting the complex interactions between power plant
emissions, local atmospheric conditions, and regional transport patterns.

4. Conclusions
This study employed the WRF/CMAQ modeling system to quantify the contribution

of power plant emissions to PM2.5 and O3 levels across eastern China in June 2019, with a
focus on secondary PM2.5 components and process-specific contributions to O3 formation.
Our comprehensive analysis reveals complex spatial and temporal patterns in the impact of
power plant emissions on regional air quality. Our findings demonstrate that power plant
emissions significantly influence PM2.5 concentrations, with the most pronounced effects
observed in central and eastern regions, where contributions reach 2.5–3.0 µg m−3. The
impact on O3 exhibits a more intricate distribution, characterized by positive contributions
(up to 4 ppb) in southern and southeastern coastal regions and negative values (down to
−4 ppb) in the northeast and parts of central China. This pattern underscores the nuanced
relationship between power plant NOx emissions and O3 formation, reflecting varying
NOx saturation levels across the region. Analysis of secondary PM2.5 components reveals
that power plant emissions contribute most significantly to NO3

− formation, with smaller
impacts on SO4

2− and NH4
+. This finding highlights the critical role of NOx emissions in

secondary PM2.5 formation and emphasizes the need for targeted NOx control strategies
in the power sector. The diurnal analysis of O3 changes due to power plant emissions
uncovers a complex spatiotemporal pattern. We observe a transition from widespread
O3 suppression in the early morning to significant O3 enhancement in southern regions
during peak sunlight hours, while the northeast consistently exhibits O3 reduction. This
temporal variability underscores the region-specific and time-dependent nature of power
plant emissions’ impact on O3 formation. Process-specific analysis at 16:00 LT reveals that
vertical transport is the dominant mechanism enhancing surface O3 levels from power
plant emissions, while dry deposition acts as the primary removal process.

This study provides insights into the role of power plant emissions in shaping regional
air quality, which has significant implications for sustainable development. By quantifying
the contributions of power plant emissions to PM2.5 and O3 levels, our findings highlight
the critical need for targeted emission control strategies, particularly focusing on NOx
reductions, to mitigate air pollution and its associated health and environmental impacts.
These results support the development of region-specific air quality management policies
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that balance economic growth with environmental protection, aligning with the principles
of sustainable development. Furthermore, the study underscores the importance of integrat-
ing advanced modeling tools, such as WRF/CMAQ, into sustainability planning to better
understand the complex interactions between industrial emissions and atmospheric chem-
istry. By addressing the environmental challenges posed by the thermal power industry,
this research contributes to the broader goal of achieving cleaner air, healthier ecosystems,
and improved quality of life, which are essential components of a sustainable future.
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