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ABSTRACT 
 

To assess the effectiveness of nationwide ultralow emission policies for coal-fired power plants on air quality in China, 
we simulated several criteria pollutants concentrations using the Weather Research and Forecasting with Chemistry (WRF-
Chem) model for four one-month periods (January, April, July, and October). Two emissions scenarios were conducted 
with the BASE case having emissions of 2013 and the ER60 case decreasing coal-fired power plants emissions to the 
standards of gas power plants. Model results from the BASE case were first evaluated through a comparison with 
observational data collected at 47 urban sites across China, which showed mean fractional bias in the range of –27% to 
10% and mean fractional error in the range of 15% to 36% depending on chemical species, suggesting the reasonable 
performance of the modeling system. The ER60 simulation revealed potential decreases of 8%, 40% and 20% in annual 
concentrations of PM2.5, SO2 and NO2, respectively, in eastern China should the emissions from coal-fired power plants be 
reduced to the standards of gas power plants. Stringent control plans for coal-fired power plants as well as for other major 
emission sources are needed to improve urban air qualities across China. 
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INTRODUCTION 
 

China has experienced serious air pollution in the recent 
decades due to the rapid economic growth and urban 
expansion. Severe haze has been frequently formed in 
many regions of China, to which fine particulate matter 
(PM2.5) is a major contributor (Cheng et al., 2013; Wang et 
al., 2014). In addition to primary emissions, PM2.5 formed 
in the atmosphere from reactions between gaseous precursors 
such as SO2, NOx, NH3 and volatile organic compounds 
(VOCs) constitutes a large fraction of the total PM2.5 mass 
in Chinese megacities (Huang et al., 2014). 

The energy production sector, mainly including coal 
combustion from boilers and power plants in China, has 
attracted considerable attention because it contributes large 
proportions to the ambient concentrations of SO2 and NOx 
(Chen et al., 2014). In 2014, an energy-saving and 
environmental protection concept, called ultralow emission, 
was proposed for coal-fired power plants in China. Over 
99.7% of PM2.5 can be captured by available ultralow  
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emission techniques such as fuel gas desulfurization, 
retrofitted electrostatic precipitation, and wet electrostatic 
precipitation (Sui et al., 2016). These techniques are currently 
more economical to operate than new energy (gas, wind, 
and solar power) power plants (Shuai et al., 2015). The 
Chinese state council plans to fully upgrade coal-fired 
power plants nationwide with ultralow emission equipment. 
Coal-fired power plant emissions should achieve the level 
of gas power plant emissions before 2020 (National 
Development and Reform Commission et al., 2014). The 
efficacy of these policies has implications for both the 
government and the public. Quantitative assessment of the 
relationship between air quality benefits and emission 
reductions from coal-fired power plants has not been 
sufficiently investigated on a national scale.  

Chemical transport models are useful tools in quantifying 
atmospheric pollutants sources and fates and providing 
information for assessing the subsequent impacts of these 
pollutants on ecosystem and human health. These models 
are also useful in conducting sensitivity tests on different 
scenarios of emission controls (Kukkonen et al., 2012; 
Kheirbek et al., 2014). The Weather Research and 
Forecasting with Chemistry (WRF-Chem) model (Grell et 
al., 2005), a regional online coupled meteorological and 
chemical model, has been evaluated and applied extensively 
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in the scientific community (Baklanov et al., 2014). This 
model is also used in the present study to evaluate the 
potential air quality improvements from ultralow emission 
policies at the coal-fired power plants in China.  
 
METHODOLOGY 
 
The Modeling System 

The WRF-Chem model is an Eulerian model that 
simultaneously simulates air quality and meteorological 
components using the same transport scheme, grid setting, 
physics scheme, and time step for sub-grid transport. In 
this study, the gas mechanism CBMZ (Chemical Bond 
Mechanism Version Z) (Zaveri and Peters, 1999) and the 
aerosol mechanism MOSAIC (Model for Simulating Aerosol 
Interactions and Chemistry) (Zaveri et al., 2008) were 
chosen for model simulations. Detailed model configurations 
were described in our previous study (Ni et al., 2018). The 
computational domain (Fig. 1) covered the Chinese mainland 
(20–47°N, 98–125°E) with 90 (longitudinal) and 100 
(latitudinal) grid points at a horizontal resolution of 30 km 
on the Lambert projection, centered at 34°N, 111°E (central 
China). A total of 31 terrain-followed sigma vertical layers 
were selected with finer vertical resolutions near the 
surface and model top at 100 hPa. To reduce computational 
costs, four representative months (January, April, July, and 
October) were selected to reflect the seasonal characteristics. 
For each month, an extra of 7 days at the beginning of the 
simulations was used as the spinning-up period to alleviate 
the impact from the initial conditions.  

The terrain and land-use data were obtained from the US 
Geological Survey database (Brown et al., 1993). The 
meteorological initial and boundary conditions were provided 
by the US National Centers for Environmental Prediction 

global objective final analysis data (http://rda.ucar.edu/data 
sets/ds083.2/). The chemical initial and boundary conditions 
were downscaled from the simulation results of MOZART4 
(model for ozone and related chemical tracers, version 4) 
(Emmons et al., 2010). 

Anthropogenic emissions were based on the Multi-
resolution Emission Inventory for China (MEIC; 0.5° × 
0.5° resolution, http://www.meicmodel.org). There are five 
sectors in MEIC emission inventory including power 
plants, industry, residence, transportation and agriculture. 
Available emission species include CO, NOx, SO2, VOCs, 
NH3, BC, OC and primary PM2.5. Power plant emission 
was used with a unit-based emission inventory including a 
majority of coal-fired power plants across China (validated 
by Liu et al., 2015). Annual total emissions were formatted 
into hourly model-ready emissions by applying temporal 
profiles based on Wang et al. (2011a). Biogenic emissions 
were estimated using MEGAN (model of emission of gases 
and aerosol from nature) (Guenther et al., 2006). Dust 
emissions were calculated on-line from land-use information 
(mainly soil moisture and erodible fraction) and 
meteorological fields. 
 
Simulation Scenarios 

The WRF-Chem modeling system was used to investigate 
air quality changes in response to emission reductions 
under various control scenarios. Model simulations were 
conducted for the BASE and the ER60 cases with the 
former representing the standard Chinese anthropogenic 
emissions in the year of 2013 and the latter representing 
designed reduced emissions as detailed below. Model 
performance was first evaluated in the BASE case using 
available measurements of PM2.5, SO2 and NO2 data 
collected at 47 national air quality monitoring sites  

 

 
Fig. 1. Topographic map of the study domain (black box) with air quality monitoring sites (black points) in China. The red 
triangle denotes the Hangzhou site. 
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(http://www.stats.gov.cn, Fig. 1). These sites are situated 
in metropolitan areas across China and are representative 
of fast growing urban areas, and thus were also chosen for 
air-quality analysis under the two emission scenarios. 
Pearson’s correlation coefficient (R), mean fractional bias 
(MFB) and mean fractional error (MFE) were calculated 
(Boylan and Russell, 2006). These two metrics can filter 
extreme fluctuations in PM2.5 and serve as less stringent 
criteria at low concentrations to account for high 
uncertainties near detection limits. 

The newly established coal-fired power plant emission 
standards of PM, SO2 and NOx are limited to 30 mg m–3, 
100 mg m–3 and 100 mg m–3, respectively (Ministry of 
Environmental Protection, 2011), and the proposed gas 
power plant emission standards are limited to 10 mg m–3, 
35 mg m–3 and 50 mg m–3, respectively (National 
Development and Reform Commission et al., 2014). To 
reach the national gas power plant emission standards, 
PM2.5, SO2 and NOx emissions from coal-fired plants 
should decrease by approximately 67%, 65% and 50%, 
respectively, which is referred to as the ER60 case in this 
study. Air quality benefits under the ER60 scenario were 
assessed in terms of seasonal and spatial reductions of air 
pollutants surface concentrations relative to those from the 
BASE scenario. 

RESULTS 
 
Model Performance Evaluation 

Annual mean concentrations from the model output 
were calculated using the available four one-month 
simulation results and were compared with annual mean of 
measurements at the 47 sites. r-test (α = 0.05) was performed 
to test the statistical significance and *R indicates 
statistical significance at 95% confidence level (Fig. 2). 
The model reasonably reproduced the observed air 
pollutants concentrations during the study period, as seen 
from the statistically significant correlations. MFB and 
MFE of PM2.5 (Figs. 2(a) and 2(d)) were generally within 
the criteria (MFB: ± 30%, MFE: 50%) recommended by 
Boylan and Russell (2006). If the same criteria for PM2.5 
were also used for SO2 and NO2, these criteria were also 
met. Furthermore, the time series and statistical metrics for 
air pollutants (Figs. 2(d)–2(f)) were also generated for the 
urban site in the city of Hangzhou, which shows that the 
model simulations not only captured the seasonal and daily 
variations, but also yielded satisfactory statistical metrics 
(MFB and MFE). Comparable performance has also been 
found in previous studies (e.g., Zhang et al., 2014; Guo et 
al., 2016; Ni et al., 2018). 

 

 
Fig. 2. Comparison and linear regression of modeled air pollutants concentrations from the Base case against measurements: 
(a–c) annual concentration at 47 monitoring sites in 2013, and (d–f) daily concentration at the Hangzhou site during the 
four one-month periods.  
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Fig. 3. Modeled monthly concentrations (µg m−3) of air pollutants at ground level in 2013 across China. 

 

Characteristics of Air Pollutants Distributions 
Spatial distributions of air pollutants concentrations 

showed different seasonal patterns as shown in Fig. 3. 
Large city clusters in the North China Plain (NCP) and the 
Yangtze River Delta (YRD) were determined to be the 
most polluted regions during October and January. PM2.5, 
SO2 and NO2 followed similar distribution patterns. Stable 
weather conditions in winter (January) are conducive for 
pollutant accumulation of local emissions (Zhang et al., 
2014). By contrast, the relatively low concentrations of air 
pollutants in April and July are associated with the summer 
monsoon season (Zhao et al., 2010), which brings in clean 
marine air from the western Pacific and dilutes the 
pollution. Wet scavenging of PM2.5 and weak photochemical 
activity caused by associated clouds and precipitation can 
also reduce aerosol concentrations. PM2.5 concentration was 
notably high (> 200 µg m–3) in Mongolia regions, mostly 
because of natural dust aerosols from desert land-cover 
(Chen et al., 2003). 

Site-averaged PM2.5 components generated from model 
results are shown in Fig. 4. On annual average, secondary 
inorganic aerosols (sulfate, nitrate, and ammonium) were 
estimated to contribute 27% of the total PM2.5 mass. Such 

a result is within the range of the observations made in the 
past decade as reviewed in Tao et al. (2017), which showed 
25–48% contributions in various seasons and across China. 
Higher percentage contributions were found in polluted 
episodes such as the one occurred in January 2013 (Huang et 
al., 2014; Wang et al., 2014). In addition, PM2.5 components 
varied with season and region. Tao et al. (2017) summarized 
that the highest seasonal average contributions of secondary 
inorganic aerosols to PM2.5 were observed in summer (in 
most of the northern cities) and winter, which was mostly 
reproduced in model results of the present study. Thus, 
secondary chemical transformation from anthropogenic 
precursors is an important contributor to PM2.5 pollution in 
the atmosphere. Considering that the coal-fired power 
plants are important sources of the gaseous precursors 
(Chen et al., 2014), substantial emission reductions from 
these sources are needed in order to alleviate PM2.5 
pollution in many regions of China. 

 
Assessment of Air Quality Benefits 

The modeling results from the ER60 case simulations 
were compared with those from the BASE case simulation. 
Fig. 5 illustrates that substantial reductions of pollution can  
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Fig. 4. Fractions of major PM2.5 components averaged for the 47 monitoring sites in 2013 China. “Others” in the legend 
contains BC, OC, chlorine, sodium, salt, dust, etc.  

 

 
Fig. 5. Modeled monthly reductions in air pollutant concentrations (µg m−3) at ground level in 2013 across China after 
coal-fired power plant emissions being reduced to the level of gas power plant emissions (BASE minus ER60). 



 
 
 

Ni et al., Aerosol and Air Quality Research, 18: 1944–1951, 2018 1949

 
Fig. 6. Percentage reductions in air pollutants concentrations from the BASE to the ER scenarios averaged at 47 monitoring 
sites. 

 

be achieved over the North China Plain and Yangtze River 
Delta regions if the nationwide emission standards of coal-
fired power plants meet those of gas power plants. Although 
such level of air pollutant reductions can ease severe haze 
pollution to some extent, annual PM2.5 concentrations in 
many regions were determined to remain far above the 
national standard of 35 µg m–3. More comprehensive 
emission control measures such as industrial upgrading, 
vehicle limiting, or cleaner energy transferring are required 
(Tao et al., 2017).  

Fig. 6 summarizes the site-averaged air pollutant 
changes from the BASE scenario to the ER60 scenario. 
Pollutant reductions varied by season and chemical species. 
Annual average PM2.5, SO2, and NO2 surface concentrations 
in China were reduced by 8%, 40% and 20%, respectively. 
SO2 and NO2 were reduced more than PM2.5, because coal 
combustion from coal-fired power plants contributes more 
SO2 and NO2 than PM2.5. Secondary inorganic aerosols 
(sulfate, nitrate, ammonium), which are formed primarily 
through atmospheric oxidation of SO2 and NO2, were reduced 
more than the other aerosols. This is consistent with low 
pollutant reductions during winter (January) than summer 
(July) because low temperatures reduced the formation of 
secondary aerosols. Although ultralow emission techniques 
do not apply to NH3 emissions, ammonium decreased by 
14% as well due to its association with sulfate and nitrate 
through secondary aerosol formation (Wang et al., 2011b).  
 
CONCLUSIONS 
 

This study provides some insights into the potential air 
quality benefits of national ultralow emission policy at 
coal-fired power plants. If primary emissions of PM2.5, SO2 
and NOx were reduced by 67%, 65% and 50%, respectively, 
annual average PM2.5, SO2 and NO2 surface concentrations 
in China would be reduced by 8%, 40% and 20%, 
respectively, suggesting that ultralow emission techniques 

at coal-fired power plants may improve the air quality in 
China. The emission policy is most efficient for SO2 due to 
the large SO2 emissions from power plants. A 67% 
reduction in gas power plants SO2 emissions would yield a 
40% reduction in the large-scale annual SO2 concentration. 
More reductions were found for secondary inorganic aerosols 
(sulfate, nitrate, ammonium) than the other aerosols. More 
reductions were also found in summer than in the other 
seasons for secondary inorganic aerosols. This study suggests 
that only reducing emissions from coal-fired power plants 
is not enough in alleviating serious PM2.5 pollution across 
China. Multiple emission control policies are needed, for 
example, providing cleaner energy for rural areas for daily 
life needs, controlling biomass burning activities, reducing 
traffic emission in urban centers, controlling agricultural 
emissions, and abating soil dust events especially those 
originated from the Mongolia regions. 
 
ACKNOWLEDGMENTS 
 

This study is financially supported by the special funds 
of the Ministry of Environmental Protection of China (No. 
201409008-4) and the Zhejiang Provincial Key Science 
and Technology Project for Social Development (No. 
2014C03025). Technical support from the US National 
Oceanic and Atmospheric Administration in running 
WRF-Chem modeling is greatly appreciated.  
 
REFERENCES 
 
Baklanov, A., Schlünzen, K., Suppan, P., Baldasano, J., 

Brunner, D., Aksoyoglu, S., Carmichael, G., Douros, J., 
Flemming, J., Forkel, R., Galmarini, S., Gauss, M., 
Grell, G., Hirtl, M., Joffre, S., Jorba, O., Kaas, E., 
Kaasik, M., Kallos, G., Kong, X., Korsholm, U., 
Kurganskiy, A., Kushta, J., Lohmann, U., Mahura, A., 
Manders-Groot, A., Maurizi, A., Moussiopoulos, N., 



 
 
 

Ni et al., Aerosol and Air Quality Research, 18: 1944–1951, 2018 1950

Rao, S.T., Savage, N., Seigneur, C., Sokhi, R.S., Solazzo, 
E., Solomos, S., Sørensen, B., Tsegas, G., Vignati, E., 
Vogel, B. and Zhang, Y. (2014). Online coupled regional 
meteorology chemistry models in Europe: Current status 
and prospects. Atmos. Chem. Phys. 14: 317–398. 

Boylan, J.W. and Russell, A.G. (2006). PM and light 
extinction model performance metrics, goals, and 
criteria for three-dimensional air quality models. Atmos. 
Environ. 40: 4946–4959. 

Chen, L., Sun, Y., Wu, X., Zhang, Y., Zheng, C., Gao, X. 
and Cen, K. (2014). Unit-based emission inventory and 
uncertainty assessment of coal-fired power plants. 
Atmos. Environ. 99: 527–535.  

Chen, Y., Cai, Q. and Tang, H. (2003). Dust storm as an 
environmental problem in north China. Environ. Manage. 
32: 413–417. 

Cheng, Z., Wang, S., Jiang, J., Fu, Q., Chen, C., Xu, B., 
Yu, J., Fu, X. and Hao, J. (2013). Long-term trend of 
haze pollution and impact of particulate matter in the 
Yangtze River Delta, China. Environ. Pollut. 182: 101–
110. 

Emmons, L.K., Walters, S., Hess, P.G., Lamarque, J.F., 
Pfister, G.G., Fillmore, D., Granier, C., Guenther, A., 
Kinnison, D., Laepple, T., Orlando, J., Tie, X., Tyndall, 
G., Wiedinmyer, C., Baughcum, S.L. and Kloster, S. 
(2010). Description and evaluation of the Model for 
Ozone and Related chemical Tracers, version 4 
(MOZART-4). Geosci. Model Dev. 3: 43–67.  

Grell, G.A., Peckham, S.E., Schmitz, R., McKeen, S.A., 
Frost, G., Skamarock, W.C. and Eder, B. (2005). Fully 
coupled “online” chemistry within the WRF model. 
Atmos. Environ. 39: 6957–6975. 

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, 
P.I. and Geron, C. (2006). Estimates of global terrestrial 
isoprene emissions using MEGAN (Model of Emissions 
of Gases and Aerosols from Nature). Atmos. Chem. 
Phys. 6: 3181–3210.  

Guo, J., He, J., Liu, H., Miao, Y., Liu, H. and Zhai, P. 
(2016). Impact of various emission control schemes on 
air quality using WRF-Chem during APEC China 2014. 
Atmos. Environ. 140: 311–319.  

Huang, R.J., Zhang, Y., Bozzetti, C., Ho, K.F., Cao, J.J., 
Han, Y., Daellenbach, K.R., Slowik, J.G., Platt, S.M., 
Canonaco, F., Zotter, P., Wolf, R., Pieber, S.M., Bruns, 
E.A., Crippa, M., Ciarelli, G., Piazzalunga, A., 
Schwikowski, M., Abbaszade, G., Schnelle-Kreis, J., 
Zimmermann, R., An, Z., Szidat, S., Baltensperger, U., 
El Haddad, I. and Prevot, A.S. (2014). High secondary 
aerosol contribution to particulate pollution during haze 
events in China. Nature 514: 218–222. 

Kheirbek, I., Haney, J., Douglas, S., Ito, K., Caputo, S. and 
Matte, T. (2014). The public health benefits of reducing 
fine particulate matter through conversion to cleaner 
heating fuels in New York city. Environ. Sci. Technol. 
48: 13573–13582.  

Kukkonen, J., Olsson, T., Schultz, D.M., Baklanov, A., 
Klein, T., Miranda, A.I., Monteiro, A., Hirtl, M., 
Tarvainen, V., Boy, M., Peuch, V.H., Poupkou, A., 
Kioutsioukis, I., Finardi, S., Sofiev, M., Sokhi, R., 

Lehtinen, K.E.J., Karatzas, K., San José, R., Astitha, M., 
Kallos, G., Schaap, M., Reimer, E., Jakobs, H. and 
Eben, K. (2012). A review of operational, regional-
scale, chemical weather forecasting models in Europe. 
Atmos. Chem. Phys. 12: 1–87. 

Liu, F., Zhang, Q., Tong, D., Zheng, B., Li, M., Huo, H. 
and He, K.B. (2015). High-resolution inventory of 
technologies, activities, and emissions of coal-fired 
power plants in China from 1990 to 2010. Atmos. Chem. 
Phys. 15: 13299–13317. 

Ministry of Environmental Protection (2011). Emission 
standard of air pollutants for thermal power plants. 
GB/T 13223-2011, China. 

National development and Reform Commission, Ministry 
of Environmental Protection, National Energy Agency, 
(2014). Reformation and upgrading action plan for coal 
energy conservation and emission reduction. China. 

Ni, Z.Z., Luo, K., Zhang, J.X., Feng, R., Zheng, H.X., Zhu, 
H.R., Wang, J.F., Fan, J.R., Gao, X. And Cen, K.F. 
(2018). Assessment of winter air pollution episodes 
using long-range transport modeling in Hangzhou, 
China, during World Internet Conference, 2015. 
Environ. Pollut. 236: 550–561. 

Shuai, W., Li, L. and Cui, Z. (2015). Analysis of primary 
air pollutant emission characteristics and reduction 
efficiency for ultra-low emission coal-fired power plants 
based on actual measurement. Electr. Power 48: 131–
137. 

Sui, Z., Zhang, Y., Peng, Y., Norris, P., Cao, Y. and Pan, 
W.P. (2016). Fine particulate matter emission and size 
distribution characteristics in an ultra-low emission 
power plant. Fuel 185: 863–871.  

Tao, J., Zhang, L., Cao, J. and Zhang, R. (2017). A review 
of current knowledge concerning PM2.5 chemical 
composition, aerosol optical properties and their 
relationships across China. Atmos. Chem. Phys. 17: 9485–
9518. 

Wang, S., Xing, J., Chatani, S., Hao, J., Klimont, Z., Cofala, 
J. and Amann, M. (2011a). Verification of anthropogenic 
emissions of China by satellite and ground observations. 
Atmos. Environ. 45: 6347–6358. 

Wang, S., Xing, J., Jang, C., Zhu, Y., Fu, J.S. and Hao, J. 
(2011b). Impact assessment of ammonia emissions on 
inorganic aerosols in East China using response surface 
modeling technique. Environ. Sci. Technol. 45: 9293–300.  

Wang, Y.S., Yao, L., Wang, L.L., Liu, Z.R., Ji, D.S., Tang, 
G.Q., Zhang, J.K., Sun, Y., Hu, B. and Xin, J.Y. (2014). 
Mechanism for the formation of the January 2013 heavy 
haze pollution episode over central and eastern China. 
Sci. China Earth Sci. 57: 14–25. 

Zaveri, R.A. and Peters, L.K. (1999). A new lumped 
structure photochemical mechanism for large-scale 
applications. J. Geophys. Res. 104: 30387. 

Zaveri, R.A., Easter, R.C., Fast, J.D. and Peters, L.K. 
(2008). Model for Simulating Aerosol Interactions and 
Chemistry (MOSAIC). J. Geophys. Res. 113: D13204. 

Zhang, H., Chen, G., Hu, J., Chen, S.H., Wiedinmyer, C., 
Kleeman, M. and Ying, Q. (2014). Evaluation of a seven-
year air quality simulation using the Weather Research 



 
 
 

Ni et al., Aerosol and Air Quality Research, 18: 1944–1951, 2018 1951

and Forecasting (WRF)/Community Multiscale Air 
Quality (CMAQ) models in the eastern United States. 
Sci. Total Environ. 473–474: 275–285. 

Zhang, R.H., Li, Q. and Zhang, R.N. (2014). Meteorological 
conditions for the persistent severe fog and haze event 
over eastern China in January 2013. Sci. China Earth 
Sci. 57: 26–35.  

Zhao, C., Wang, Y., Yang, Q., Fu, R., Cunnold, D. and 

Choi, Y. (2010). Impact of East Asian summer monsoon 
on the air quality over China: View from space. J. 
Geophys. Res. 115: D09301. 

 
 

Received for review, December 7, 2017 
Revised, March 21, 2018 

Accepted, May 8, 2018
 


