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Abstract 33 

To evaluate the improved emission estimates from online monitoring, we applied the 34 

Models-3/CMAQ (Community Multi-scale Air Quality) system to simulate the air 35 

quality of the Yangtze River Delta (YRD) region using two emission inventories 36 

without/with incorporated data from continuous emission monitoring systems (CEMS) 37 

at coal-fired power plants (Cases 1 and 2), respectively. The normalized mean biases 38 

(NMBs) between the observed and simulated hourly concentrations of SO2, NO2, O3 39 

and PM2.5 in Case 2 were -3.1%, 56.3%, -19.5% and -1.4%, all smaller in absolute 40 

value than those in Case 1, at 8.2%, 68.9%, -24.6% and 7.6%, respectively. The 41 

results indicate that incorporation of CEMS data in the emission inventory reduced 42 

the biases between simulation and observation and could better reflect the actual 43 

sources of regional air pollution. Based on the CEMS data, the air quality changes and 44 

corresponding health impacts were quantified for different implementation levels of 45 

China’s recent “ultra-low” emission policy. If the coal-fired power sector met the 46 

requirement alone (Case 3), the differences in the simulated monthly SO2, NO2, O3 47 

and PM2.5 concentrations compared to those of Case 2, our base case for policy 48 

comparisons, were less than 7% for all pollutants. The result implies a minor benefit 49 

of ultra-low emission control if implemented in the power sector alone, attributed to 50 

its limited contribution to the total emissions in the YRD after years of pollution 51 

control (11%, 7% and 2% of SO2, NOX and primary particle matter (PM) in Case 2, 52 

respectively). If the ultra-low emission policy was enacted at both power plants and 53 

selected industrial sources including boilers, cement, and iron & steel factories (Case 54 

4), the simulated SO2, NO2 and PM2.5 concentrations compared to the base case were 55 

33%-64%, 16%-23% and 6%-22% lower respectively, depending on the month 56 

(January, April, July and October 2015). Combining CMAQ and the Integrated 57 

Exposure Response (IER) model, we further estimated that 305 deaths and 8744 years 58 

of life loss (YLL) attributable to PM2.5 exposure could be avoided with the 59 

implementation of the ultra-low emission policy in the power sector in the YRD 60 

region. The analogous values would be much higher, at 10,651 deaths and 316,562 61 

YLL avoided, if both power and industrial sectors met the ultra-low emission limits. 62 

In order to improve regional air quality and to reduce human health risk effectively, 63 

coordinated control of multiple sources should be implemented, and the ultra-low 64 
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emission policy should be substantially expanded to major emission sources in 65 

non-power industries. 66 

1. Introduction 67 

Due to swift economic development and associated growth in demand for 68 

electricity, coal-fired power plants have played an important role in energy 69 

consumption and air pollutant emissions for a long time in China. For example, Zhao 70 

et al. (2008) for the first time developed a “unit-based” emission inventory of primary 71 

air pollutants from the coal-fired power sector in China and found that the sector 72 

contributed 53% and 36% to the national total emissions of SO2 and NOX, 73 

respectively, in 2005. Subsequently, SO2 and NOX emissions from the power sector 74 

were estimated to account respectively for 28%-53% and 29%-31% of the total annual 75 

emissions in China during 2006-2010 according to the Multi-resolution Emission 76 

Inventory for China (MEIC: http://www.meicmodel.org). To reduce high emissions 77 

and improve air quality in China, advanced air pollutant control devices (APCDs) 78 

have been gradually applied in the power sector including flue gas desulfurization 79 

(FGD) for SO2 control, selective catalytic reduction (SCR) for NOX control, and 80 

high-efficiency dust collectors for primary particulate matter (PM) control. In recent 81 

years, moreover, an “ultra-low emission” retrofitting policy has been widely 82 

implemented, seeking to reduce the emission levels of coal-fired power plants to those 83 

of gas-fired ones (i.e., 35, 50, and 5 mg/m3 for SO2, NOX and PM concentrations in 84 

the flue gas). The expanded use of associated technologies has induced great changes 85 

in the magnitude and spatio-temporal distribution of emissions from the power sector, 86 

which have been analyzed and quantified by a series of studies (Y. Zhao et al., 2013; 87 

Zhang et al., 2018; Liu et al., 2019; Tang et al., 2019; Y. Zhang et al., 2019). With the 88 

updated unit-level information, for example, MEIC estimated that the power sector 89 

shares of national total emissions declined from 28% to 22% and from 29% to 21% 90 

for SO2 and NOX during 2010-2015, respectively. Incorporating data from continuous 91 

emission monitoring systems (CEMS), Tang et al. (2019) found that China’s annual 92 

power sector emissions of SO2, NOX and PM declined by 65%, 60% and 72% 93 

respectively during 2014-2017, due to the enhanced control measures. With a method 94 

of collecting, examining and applying CEMS data, similarly, our previous work 95 

indicated that the estimated emissions from the power sector would be 75%, 63% and 96 

http://www.meicmodel.org/
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76% smaller than those calculated without CEMS data for SO2, NOX and PM, 97 

respectively (Y. Zhang et al., 2019). 98 

Evaluations of emission estimates and the changed air quality from emission 99 

abatement provide useful information on the sources of air pollution and the 100 

effectiveness of pollution control measures. Air quality modeling is an important tool 101 

for evaluating emission inventories, by comparing simulation results with available 102 

observation data. Developed by the U.S. Environmental Protection Agency (USEPA), 103 

the Models-3/Community Multi-scale Air Quality (CMAQ) system has been widely 104 

used in China (Li et al., 2012; An et al., 2013; Wang et al., 2014; Han et al., 2015; 105 

Zheng et al., 2017; Zhou et al., 2017; Chang et al., 2019). Han et al. (2015) conducted 106 

CMAQ simulations with different emission inventories for East Asia, and found that 107 

the simulated NO2 columns using the emission inventory for the Intercontinental 108 

Chemical Transport Experiment-Phase B (INTEX-B, Zhang et al., 2009) agreed better 109 

with the satellite observations of the Ozone Monitoring Instrument (OMI) than the 110 

simulations using the Regional Emission Inventory in Asia (REAS v1.11, Ohara et al., 111 

2007). Zhou et al. (2017) applied CMAQ to evaluate the national, regional and 112 

provincial emission inventories for the Yangtze River Delta (YRD) region, and the 113 

best model performance with the provincial inventory confirmed that the emission 114 

estimate with more detailed information incorporated on individual power and 115 

industrial plants helped improve the air quality simulation at relatively high horizontal 116 

resolution. With air quality modeling, moreover, many studies have explored the 117 

environment benefits of emission control measures taken in recent years (B. Zhao et 118 

al., 2013; Huang et al., 2014; Li et al., 2015; Wang et al., 2015; Tan et al., 2017). 119 

Wang et al. (2015) found that the implementation of the new Emission Standard of Air 120 

Pollutants for Thermal Power Plants (GB13223-2011) could effectively reduce 121 

pollutant emissions in China, and the ambient concentrations of SO2, NO2 and PM2.5 122 

would decrease by 31.6%, 24.3% and 14.7% respectively in 2020 compared with a 123 

baseline scenario for 2010. Li et al. (2015) found that the simulated concentrations of 124 

PM2.5 in the YRD region would decrease by 8.7%, 15.9% and 24.3% from 2013 to 125 

2017 in three scenarios with weak, moderate and strong emission reduction 126 

assumptions in the Clean Air Action Plan, respectively.  127 

Besides air quality, the health risk caused by air pollution exposures in China is a 128 

major concern, especially to PM2.5, a dominant pollutant in haze conditions. Lim et al. 129 
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(2012) has identified air pollution as a primary cause of global burden of disease, 130 

especially in low- and middle-income countries, and PM2.5 pollution was ranked the 131 

fourth leading cause of death in China. Studies have shown that PM2.5 is closely 132 

related to several causes of death (Dockery et al., 1993; Hoek et al., 2013; Lelieved et 133 

al., 2015; Butt et al., 2017; Gao et al., 2018; Maji et al., 2018; Hong et al., 2019). For 134 

example, Lelieved et al. (2015) estimated that nearly 1.4 million people died each 135 

year due to PM2.5 exposure in China, 18% of which were related to the emissions from 136 

the power sector. Based on simulated PM2.5 using WRF-Chem and the Integrated 137 

Exposure Response (IER) model, Gao et al. (2018) estimated that emissions from the 138 

power sector results in 15 million years of life lost per year in China. In addition to 139 

assessment of health risk based on observations of actual air pollution levels, studies 140 

have also analyzed the health benefits of emission control policies (Lei et al., 2015; Li 141 

and Li, 2018; Dai et al., 2019; Q. Zhang et al., 2019; X. Zhang et al., 2019). 142 

Combining available observation and CMAQ modeling, Q. Zhang et al. (2019) 143 

identified improved emission controls on industrial and residential pollution sources 144 

as the main drivers of reductions in PM2.5 concentrations from 2013 to 2017 in China, 145 

and estimated an annual reduction of PM2.5-related deaths at 0.41 million. Lei et al. 146 

(2015) evaluated the health benefit of the Air Pollution Prevention and Control Action 147 

Plan of China, and found that full realization of the air quality goal in this plan could 148 

avoid 89 thousand premature deaths of urban residents, and reduce 120,000 inpatient 149 

cases and 9.4 million outpatient service and emergency cases. Focusing more 150 

regionally, X. Zhang et al. (2019) estimated the health impact of a "coal-to-electricity" 151 

policy for residential energy use in the Beijing-Tianjin-Hebei (BTH) region. They 152 

projected that the reduction in PM2.5 concentrations from the policy would avoid 153 

nearly 22,200 cases of premature death and 607,800 cases of disease in the region in 154 

2020. For areas with strong, industry-based economies, the impact of air quality on 155 

public health can be more significant, attributed both to relatively large and dense 156 

populations and to high pollution levels. Until now, however, there have been few 157 

studies focusing on air quality improvement and corresponding health benefits 158 

attributed to the implementation of the latest emission control policies, notably 159 

China’s ultra-low emission policy introduced above, at regional scale. 160 

As one of the most densely populated and economically developed regions, the 161 

YRD region encompassing Shanghai and Anhui, Jiangsu, and Zhejiang provinces is a 162 
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key area for air pollution prevention and control in China (Huang et al., 2011; Li et al., 163 

2011; Li et al., 2012). It is also one of the regions with the earliest implementation of 164 

the ultra-low emission policy on the power sector in the country. Quantification of 165 

emission reductions and subsequent changes in air quality is crucial for full 166 

understanding of the environmental benefits of the policy. To test the possible 167 

improvement in the regional emission inventory, this study evaluated the air quality 168 

modeling performance without and with CEMS data incorporated in the estimation of 169 

emissions of the coal-fired power sector for the YRD region. The changes in regional 170 

air quality and health risk resulting from the implementation of the ultra-low emission 171 

policy for key industries were quantified combining the air quality modeling and the 172 

health risk model. The results provide scientific support for incorporation of online 173 

monitoring data to improve the estimation of air pollutant emissions, and for better 174 

design of emission control policies based on their simulated environmental effects. 175 

 176 

2. Methodology and data 177 

2.1 Air quality modeling 178 

In this study, we adopted CMAQ version 4.7.1 (UNC, 2010) to conduct air 179 

quality simulations and to evaluate various emission inventories for the YRD region. 180 

The model has performed well in Asia (Zhang et al., 2006; Uno et al., 2007; Fu et al., 181 

2008; Wang et al., 2009). Two one-way nested domains were adopted for the 182 

simulations, and the horizontal resolutions were set at 27 and 9 km square grid cells 183 

respectively, as shown in Figure 1. The mother domain (D1, 177 × 127 cells) covered 184 

most of China and all or parts of surrounding countries in East, Southeast, and South 185 

Asia. The second modeling region (D2, 118×121 cells) covered the YRD region, 186 

including Jiangsu, Zhejiang, Shanghai, Anhui and parts of surrounding provinces. 187 

Lambert Conformal Conic Projection was applied for the entire simulation area 188 

centered at (110°E, 34°N) with two true latitudes, 40°N and 25°N. The simulated 189 

periods were January, April, July and October 2015, as representative of the four 190 

seasons. The first five days in each month were set as a spin-up period to provide 191 

initial conditions for later simulations. The carbon bond gas-phase mechanism (CB05) 192 

and AERO5 aerosol module were adopted in all the CMAQ modules, with details of 193 
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the model configuration found in Zhou et al. (2017). The initial concentrations and 194 

boundary conditions for the D1 mother domain were the default clean profile, while 195 

they were extracted from CMAQ outputs of D1 simulations for the nested D2 domain. 196 

Normalized mean bias (NMB), normalized mean error (NME), and the correlation 197 

coefficient (R) between the simulations and observations were selected to evaluate the 198 

performance of CMAQ modeling (Yu et al., 2006). The hourly concentrations of SO2, 199 

NO2, O3 and PM2.5 were observed at 230 state-operated ground stations of the national 200 

monitoring network in the YRD region and were collected from Qingyue Open 201 

Environmental Data Center (https://data.epmap.org). 202 

The Weather Research and Forecasting (WRF) Model version 3.4 203 

(http://www.wrf-model.org/index.php, Skamarock et al., 2008) was applied to provide 204 

meteorological fields for CMAQ. Terrain and land-use data were taken from global 205 

data of the U.S. Geological Survey (USGS), and the first-guess fields of 206 

meteorological modeling were obtained from the final operational global analysis data 207 

(ds083.2) by the National Center for Environmental Prediction (NCEP). Statistical 208 

indicators including bias, index of agreement (IOA), and root mean squared error 209 

(RMSE) were chosen to evaluate the performance of WRF modeling against 210 

observations (Baker et al., 2004; Zhang et al., 2006). Ground observations at 3-h 211 

intervals of four meteorological parameters including temperature at 2 m (T2), 212 

relative humidity at 2 m (RH2), and wind speed and direction at 10 m (WS10 and 213 

WD10) of 42 surface meteorological stations in the YRD region were downloaded 214 

from the National Climatic Data Center (NCDC). The statistical indicators for WS10, 215 

WD10, T2 and RH2 in the YRD region are summarized by month in Table S1 in the 216 

Supplement. The discrepancies between WRF simulations and observations of these 217 

meteorological parameters were generally acceptable (Emery et al., 2001). Better 218 

agreements were found for T2 and RH2 with their biases ranging -0.62 to +0.12℃ 219 

and -3.20% to +6.60% respectively, and their IOAs were all within the benchmarks 220 

(Emery et al., 2001). In general, WRF captured well the characteristics of main 221 

meteorological conditions for the region.  222 

2.2 Emission inventories and cases 223 

The anthropogenic emissions from industry, residential and transportation sectors 224 

for D1 and D2 were obtained from the national emission inventory developed in our 225 

https://data.epmap.org/
http://www.wrf-model.org/index.php
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previous work (Xia et al., 2016). The total emissions excluding those of the power 226 

sector of SO2, NOX and PM for the YRD region were estimated at 1501.0, 3468.4 and 227 

2711.2 Gg for 2015, respectively. The emission inventory in Xia et al. (2016) was 228 

developed using activity data at the provincial level, and the spatial distribution of 229 

emissions by sector was conducted according to that of MEIC with the original spatial 230 

resolution of 0.25° × 0.25° in this study. The gridded emissions were further 231 

downscaled to horizontal resolutions of 27 and 9 km in D1 and D2, respectively, 232 

based on the spatial distribution of population (for residential sources), industrial 233 

gross domestic product (for industrial sources), and the road network (for on-road 234 

vehicles). The monthly variations of emissions from each sector were assumed to be 235 

the same as in MEIC. Constrained by available ground observation, a larger monthly 236 

variation in the emissions of black carbon aerosols was found for the central YRD 237 

region than that in MEIC. Limited improvement in air quality model performance was 238 

consequently achieved, implying that the bias from the temporal variation was 239 

insignificant (Zhao et al., 2019). In addition, the Model Emissions of Gases and 240 

Aerosols from Nature developed under the Monitoring Atmospheric Composition and 241 

Climate project (MEGAN-MACC, Guenther et al., 2012; Sindelarova et al., 2014) 242 

were applied as the biogenic emission inventory, and the emissions of Cl, HCl and 243 

lightning NOX were obtained from the Global Emissions Initiative (GEIA, Price et al., 244 

1997). 245 

For the power sector in the YRD region specifically, we adopted the unit-level 246 

emission estimates from our previous study and allocated the emissions according to 247 

the actual locations of individual units (Y. Zhang et al., 2019). As described in that 248 

study, the detailed information at the power unit level was compiled based on official 249 

environmental statistics including the geographic location, installed capacity, fossil 250 

fuel consumption, combustion technology, and APCDs. Besides the commonly used 251 

method, Y. Zhang et al. (2019) developed a new method of examining, screening and 252 

applying CEMS data to improve the estimates of power sector emissions. CEMS data 253 

were collected for over 1000 power units, including operation condition, monitoring 254 

time, flue gas flow, and hourly concentrations of SO2, NOx and PM. The emissions of 255 

individual unit were calculated based on the hourly concentrations of air pollutants 256 

obtained from CEMS and the theoretical flue gas volume estimated based on the 257 

unit-level information mentioned above. Compared to MEIC, a larger monthly 258 
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variation in emissions was found based on the online emission monitoring. More 259 

details can be found in Y. Zhang et al. (2019). In this work, five emission cases were 260 

set for the air quality simulation. Cases 1 and 2 used estimates of power sector 261 

emissions without/with incorporation of CEMS data, and were compared against each 262 

other to evaluate the benefit of online emission monitoring information in air quality 263 

simulation. Note Case 2 was set as the base case for further analysis of the effects of 264 

emission controls. Based on the unit-level information from CEMS, Case 3 assumed 265 

that only power plants would meet the requirement of the ultra-low emission policy, 266 

while Case 4 assumed both power plants and selected industrial sources including 267 

boilers, cement, and iron & steel factories would meet the requirement. As 268 

summarized in Table S2 in the supplement, the ultra-low emission limits for the flue 269 

gas concentrations were obtained from the most recent national or local standards by 270 

sector (Yang et al., 2021). The model performances were compared with the base case 271 

to quantify the air quality improvements that result from the policy. Case 5 removed 272 

all the emissions from the power sector and thus helped to specify the contribution of 273 

the power sector to air pollution in the YRD region.  274 

The air pollutant emissions for all the cases are summarized by sector in Table 1. 275 

With the CEMS data for the power sector incorporated, the total emissions of SO2, 276 

NOX and PM for the YRD region in Case 2 were estimated as 427, 618 and 331 Gg 277 

smaller than those in Case 1, with relative reductions of 20%, 14% and 11% 278 

respectively. Benefiting from the implementation of the ultra-low emission policy in 279 

the coal-fired power sector, the total emissions of anthropogenic SO2, NOX and PM in 280 

Case 3 would further decline 123, 135 and 36 Gg compared to Case 2, respectively. 281 

The analogous numbers for Case 4 were 1180, 1003, and 1315 Gg, and the reduction 282 

rates compared to Case 2 were 70%, 27%, and 48% for SO2, NOX and PM, 283 

respectively. The implementation of the ultra-low emission policy for both power and 284 

industry sectors would significantly reduce the primary pollutant emissions for the 285 

YRD region. In Case 5 where the emissions from power sector were set as zero, the 286 

total emissions of SO2, NOX and PM were estimated to decrease by 11%, 7% and 2% 287 

respectively compared to Case 2. 288 

2.3 Health effect analysis  289 

We applied the IER model of the Global Burden of Disease Study (GBD) 2015 290 
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(Cohen et al., 2017) and quantified the impact of emission control policy on the 291 

human health risk due to long-term exposure of PM2.5 in the YRD region. The model 292 

has been well developed and widely applied in quantifying the impact of air pollution 293 

control policies on health burden (Li et al. 2019; Yue et al. 2020; Zheng et al. 2019). 294 

Compared to another widely used model Global Exposure Mortality Model (GEMM; 295 

Burnett et al., 2018), IER was expected to provide relatively conservative estimates 296 

for China (Yang et al., 2021). The number of attributable deaths and years of life lost 297 

(YLL) caused by long-term PM2.5 exposure for selected emission cases were 298 

calculated for various diseases in this study. In particular, YLL represents the years of 299 

life lost because of premature death from a particular cause or disease. As the number 300 

of deaths alone could not provide a comprehensive picture of the burden that deaths 301 

impose on the population, we calculated YLL caused by PM2.5 exposure to help 302 

describe the extent to which the lives of people exposed to air pollution were cut short. 303 

We considered the four adult diseases of the GBD study, including ischemic heart 304 

disease (IHD), stroke (STK, including ischemic and hemorrhagic stroke), lung cancer 305 

(LC), and chronic obstructive pulmonary disease (COPD), and a common disease 306 

among young children, acute lower respiratory infection (LRI). 307 

The health risks in the different emission cases were estimated following Gao et 308 

al. (2018) with the updated information for 2015. First, the relative risk (RR) for each 309 

disease was calculated using eq. (1): 310 

𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘(Cl) = �
1 + 𝜕𝜕𝑖𝑖,𝑗𝑗,𝑘𝑘(1 − 𝑒𝑒−𝛽𝛽𝑖𝑖,𝑗𝑗,𝑘𝑘(𝐶𝐶𝐶𝐶−𝐶𝐶0)𝛾𝛾𝑖𝑖,𝑗𝑗,𝑘𝑘)，𝐶𝐶𝐶𝐶 ≥ 𝐶𝐶0
1，𝐶𝐶𝐶𝐶＜𝐶𝐶0

                     (1) 311 

where i, j, and k represent the age, gender and disease type, respectively; Cl is the 312 

annual average PM2.5 concentration simulated with WRF-CMAQ (the average of 313 

January, April, July and October in this work); C0 is the counterfactual concentration; 314 

and 𝜕𝜕, β and γ are the parameters that describe the IER functions, as reported by 315 

Cohen et al. (2017). 316 

Secondly, the population attributable fractions (PAF) were calculated with RR 317 

following eq. (2) by disease, age and gender subgroup: 318 

𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘(𝐶𝐶𝐶𝐶)−1
𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘(𝐶𝐶𝐶𝐶)

                                                  (2) 319 

Moreover, the mortality attributable to PM2.5 exposure (ΔM) was calculated 320 

using eq. (3), where y0 is the current age-gender-specific mortality rate, and Pop 321 
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represents the exposed population in the age-gender-specific group in grid cell l: 322 

△𝑀𝑀𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙 = 𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙 × 𝑦𝑦𝑜𝑜𝑜𝑜,𝑗𝑗,𝑘𝑘,𝑙𝑙 × 𝑃𝑃𝑃𝑃𝑝𝑝𝑖𝑖,𝑗𝑗,𝑙𝑙                                  (3) 323 

The population data of the four provinces and cities in the YRD region were 324 

obtained from statistical yearbooks (AHBS, 2016; JSBS, 2016; SHBS, 2016; ZJBS, 325 

2016), and the gender distribution by province is shown in Table S3 in the 326 

Supplement. As the high-resolution spatial pattern of age structure was unavailable, 327 

we assumed the same age structure for all the model grids according to Gao et al. 328 

(2018). The baseline age-gender-disease-specific mortality rates for the five diseases 329 

in China for 2015 were obtained from the Global Health Data Exchange database 330 

(GHDx, https://vizhub.healthdata.org), as shown in Table S4 in the Supplement, and 331 

those by province were calculated based on the provincial proportions in Xie et al. 332 

(2016). The national population with the spatial resolution at 1×1 km in 2015 was 333 

provided by the Landscan Global Demographic Dynamic Analysis Database 334 

developed by Oak Ridge National Laboratory (ORNL) of the U.S. Department of 335 

Energy. As shown in Figure S1 in the Supplement, the population densities in the 336 

YRD region are larger in Shanghai, southern Jiangsu and northern Zhejiang. 337 

Finally, the year of life lost (YLL) due to PM2.5 exposure was calculated from the 338 

number of deaths multiplied by a standard life expectancy at the age at which death 339 

occurs, as shown in eq. (4), where N represents the number of deaths in each 340 

age-gender-specific group, and L reflects the remaining life expectancy of the group: 341 

𝑌𝑌𝑌𝑌𝑌𝑌 = ∑ 𝑁𝑁𝑖𝑖,𝑗𝑗𝑖𝑖,𝑗𝑗 × 𝐿𝐿𝑖𝑖,𝑗𝑗                                                  (4) 342 

The remaining life expectancies by age were obtained from the life tables from 343 

the World Health Organization (WHO, https://www.who.int), as summarized in Table 344 

S5 in the Supplement. The life expectancies at birth of Chinese males and females in 345 

2015 were 74.8 and 77.7 years, respectively. 346 

3. Results and discussion 347 

3.1 Evaluation of emission estimates with air quality simulation 348 

3.1.1 Model performances without/with CEMS data 349 

Air quality simulations based on emission inventories without/with incorporation 350 

of CEMS data for the coal-fired power sector (Cases 1 and 2, respectively) were 351 

https://www.who.int/
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conducted to test the improvement of emission estimates. Because of the combined 352 

influences of regional transport and chemical reactions of air pollutants in the 353 

atmosphere, nonlinear relationships were found between the changes of primary 354 

emissions and ambient concentrations of air pollutants. Compared to Case 1, the 355 

simulated annual average concentrations of SO2, NO2 and PM2.5 in the YRD region 356 

were 10%, 7% and 6% lower respectively in Case 2, while that of O3 was 7% higher, 357 

due to combined effects of emissions of volatile organic compounds (VOCs) and NOX 358 

precursors (Gao et al., 2005; Yang et al., 2012). Previous studies have shown that O3 359 

formation in most of the YRD region is under the “VOCs-limited” regime, i.e., the 360 

generation and removal of O3 is more sensitive to VOCs and would be inhibited with 361 

high NOX concentrations in the atmosphere (Zhang et al., 2008; Liu et al., 2010; 362 

Wang et al., 2010; Xing et al., 2011). Therefore, the simulated reduced NO2 363 

concentrations from greater NOX emission control could elevate the O3 concentration. 364 

The model performance was evaluated with available ground observation. The 365 

hourly concentrations were observed at 230 state-operated air quality monitoring 366 

stations within YRD, and the averages of hourly concentrations of those sites were 367 

compared with the simulations in Cases 1 and 2, as summarized in Table 2. Similar 368 

model performances were found for the two emission cases, with overestimation of 369 

SO2, NO2 and PM2.5 and underestimation of O3. The NMEs between the simulated 370 

and observed SO2, O3 and PM2.5 concentrations were all smaller than 50% for both 371 

cases, and slightly worse simulation performances were found in July compared to the 372 

other three months. In particular, the correlation coefficients (R) between the 373 

simulated and observed SO2 in July were only 0.17 and 0.14 for Cases 1 and 2, 374 

respectively, and the NMEs between the simulated and observed NO2 were larger than 375 

100%. In addition, greater overestimation of SO2 and PM2.5 by the model was found 376 

in July than other months, likely attributable to the bias of WRF modeling. On one 377 

hand, the simulated WS10 in the YRD region in July (2.67 m/s) was slightly lower 378 

than the observation (2.75 m/s). The underestimation in wind speed could weaken the 379 

horizontal diffusion and lead to overestimation in air pollutant concentrations. 380 

Compared with the results from the European Centre for Medium-range Weather 381 

Forecasts (ECMWF, https://apps.ecmwf.int/datasets), on the other hand, the simulated 382 

boundary layer height (BLH) was lower in WRF for all months. The NMBs of the 383 

WRF and ECMWF BLH in January, April and October were around -15%, while that 384 

https://apps.ecmwf.int/datasets
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in July reached -24%. The lower BLH would limit the vertical convection and 385 

diffusion of pollutants, and thereby increase the surface concentrations of air 386 

pollutants. Similar to previous studies (An et al., 2013; Liao et al., 2015; Tang et al., 387 

2015; Gao et al., 2016; Wang et al., 2016; Zhou et al., 2017), underestimation of O3 388 

was commonly found. The NMBs between the simulation and observation for the two 389 

cases ranged from -34.5% to -6.4%, and NMEs from 23.1% to 37.1%, respectively. 390 

The underestimation in O3 likely resulted from bias in the estimation of precursor 391 

emissions. Suggested by the positive NMBs of NO2 modeling in Table 2, the NOX 392 

emissions were expected to be overestimated in the two cases, even for Case 2 with 393 

the CEMS data incorporated (which reflect the emission control benefits in recent 394 

years, as discussed in Y. Zhang et al., 2019). In addition, underestimation of VOC 395 

emissions is likely due to incomplete accounting of emission sources, particularly for 396 

uncontrolled or fugitive leakage (Zhao et al, 2017). As most of YRD was identified as 397 

a VOC-limited region for O3 formation (Wang et al., 2019; Yang et al., 2021), the 398 

overestimation of NOX and underestimation of VOCs could contribute to the 399 

underestimation in O3 concentrations with air quality modeling. The simulations of 400 

both cases captured well the temporal variations of PM2.5 concentrations, with the R 401 

between the observed and simulated concentrations around 0.9. 402 

In general, better modeling performance in the YRD region was found in Case 2 403 

than Case 1. The NMBs between the simulated and observed concentrations of SO2, 404 

NO2, O3 and PM2.5 for the whole simulation period were -3.1%, 56.3%, -19.5% and 405 

-1.4% for Case 2, smaller in absolute value than those for Case 1 at 8.2%, 68.9%, 406 

-24.6% and 7.6%, respectively. The bootstrap sampling (Gleser et al., 1996; He et al., 407 

2017) was further applied to test the significance of the improvements of Case 2 over 408 

Case 1. (A significant difference is demonstrated if the confidence intervals of given 409 

statistical indices sampled from the two cases do not overlap.) As can be seen in Table 410 

2, the modeling performances of the concerned species in Case 2 were improved 411 

significantly in most instances compared to Case 1. For example, the improvement of 412 

NMB for the SO2 simulation was significant at the 99% confidence level for July and 413 

October, and 95% for January. The improvement of NMB and NME for NO2 was 414 

significant at confidence levels of 99% and 95% respectively for April. The 415 

improvement of NMB for O3 was significant at the 95% confidence level for January, 416 

and that of PM2.5 at 95% for April and 99% for July. The statistical test confirms that 417 
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incorporation of online monitoring data in the emission inventory can improve the 418 

regional air quality modeling for the YRD region. Besides the emission data, it should 419 

also be noted that the changes in model schemes would affect the model performance. 420 

For example, the newer version of CMAQ incorporated the chemistry schemes of 421 

bromine and iodine, and was expected to influence the O3 simulation importantly. 422 

According to our recent test in the YRD region (Lu et al., 2020), the impact of CMAQ 423 

version on the simulation of difference species was inconclusive, implying the 424 

necessity of further intercomparison and evaluation studies for the region. 425 

Figure 2 illustrates the spatial patterns of the simulated monthly SO2, NO2, O3 426 

and PM2.5 concentrations for Case 2. For a given species, similar patterns were found 427 

for different months. In general, the simulated concentrations of SO2, NO2 and PM2.5 428 

were larger in central and northern Anhui, southern Jiangsu, Shanghai and coastal 429 

areas in Zhejiang, where large power and industrial plants are concentrated, as shown 430 

in Figure S2 in the Supplement. In the highly populated cities (Shanghai, Nanjing, 431 

Hangzhou, and Hefei; see their locations in Figure 1), the simulated concentrations of 432 

pollutants were significantly larger than their surrounding areas. For example, the 433 

simulated SO2, NO2 and PM2.5 concentrations in Nanjing were 1.4, 1.3 and 1.2 times 434 

of those in its nearby cities. The analogous numbers for Hangzhou were 2.5, 1.5 and 435 

1.3. In contrast, the simulated O3 concentrations were smaller in urban areas and 436 

larger in suburban ones. For instance, the simulated O3 in Nanjing, Shanghai, Hefei 437 

and Hangzhou were 0.7, 0.4, 0.6 and 0.6 times of those in their surrounding areas, 438 

respectively. The spatial distributions of the simulated NO2 and O3 concentrations in 439 

Figure 2 also indicated that O3 concentrations were less in the regions with higher 440 

NO2 concentrations, such as the megacity of Shanghai. The simulated high 441 

concentrations of NO2 in urban areas promotes titration of O3, reducing its 442 

concentrations. In addition, O3 concentrations could remain relatively high after 443 

transport from urban to the suburban areas due to relatively small emissions of NOX 444 

in the latter.  445 

3.1.2 Benefits of the “ultra-low” emission controls on air quality 446 

Table 3 summarizes the absolute and relative changes of the simulated monthly 447 

concentrations of the concerned air pollutants in Cases 3-5 compared to the base case 448 

(Case 2). The average contributions of the power sector to the total ambient 449 
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concentrations of SO2, NO2 and PM2.5 for the four simulated months are estimated at 450 

10.0%, 4.7%, and 2.3%, respectively, based on comparison of Cases 2 and 5. The 451 

contributions to the concentrations were close to those of emissions at 10.7%, 6.6%, 452 

and 1.6% for the three species (as indicated in Table 1), respectively. The larger power 453 

sector contribution to the ambient PM2.5 concentrations than to primary PM emissions 454 

reflects high emissions of precursors of secondary sulfate and nitrate aerosols. In 455 

general, limited contributions from the power sector were found for all concerned 456 

species except SO2, attributed to the gradually improved controls in the sector. The 457 

further implementation of the ultra-low emission policy in the sector, therefore, is 458 

expected to result in limited additional benefits for air quality. As shown in Table 3, 459 

the absolute changes of the simulated SO2, NO2, O3 and PM2.5 concentrations in Case 460 

3 compared to Case 2 were all smaller than 1 µg/m3 for the four months. Larger 461 

changes were found for primary pollutants (SO2 and NO2) than those of secondary 462 

ones (O3 and PM2.5): the simulated monthly concentrations of SO2 and NO2 were 463 

2.7%-6.1% and 2.0%-2.9% lower, while PM2.5 was only 0.1%-1.3% lower and O3 464 

0.8%-2.2% higher, respectively. Much larger benefits were found when the ultra-low 465 

emission policy was broadened from the power sector to the industrial sector (Case 4), 466 

attributed to the dominant role of industry in air pollutant emissions in the YRD 467 

region (Table 1). The simulated monthly concentrations of SO2, NO2 and PM2.5 were 468 

1.5-2.0, 2.5-3.7, and 4.6-6.5 µg/m3 lower compared to the base case, respectively, or 469 

reduction rates of 32.9%-64.1%, 16.4%-22.8%, and 6.2%-21.6%. In contrast, the 470 

simulated O3 concentration was 0.8-4.8 µg/m3 higher, with growth rates ranging 471 

2.6%-14.0%. As mentioned earlier, the YRD was identified as a VOC-limited region, 472 

and reducing NOX emissions without any VOC controls would enhance O3 473 

concentrations. Currently, CEMS does not report VOCs concentration in the flue gas, 474 

and the “ultra-low emission” policy does not include VOC limit, either. In order to 475 

alleviate regional air pollution including O3, coordinated controls of NOX and VOC 476 

emissions are urgently required. These would include measures to reduce large 477 

sources of VOCs, notably in non-power industries such as chemicals and refining and 478 

in solvent use (Zhao et al., 2017).  479 

The relative changes in the simulated pollutant concentrations varied by month, 480 

due to the combined influences of meteorology and secondary chemistry, and larger 481 

relative changes were found for SO2 and PM2.5 in summer. As shown in Table 3, for 482 
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example, the average simulated PM2.5 concentrations in July were 0.4 and 6.5 µg/m3 483 

lower respectively under Cases 3 and 4 compared to Case 2, with the larger reduction 484 

than other three months. This could result partly from the faster response of ambient 485 

concentrations to the changed emissions of air pollutants with shorter lifetimes in 486 

summer. The formation of secondary pollutants like PM2.5 would be enhanced in 487 

summer, with more oxidative atmospheric conditions under high temperature and 488 

strong sunlight. Moreover, the relatively low concentrations in summer also 489 

contributed to the largest percentage changes in SO2 and PM2.5 simulation for the 490 

season. 491 

Figures 3 and 4 illustrate the spatial distributions of the relative changes of 492 

simulated pollutant concentrations in Cases 3 and 4 compared to Case 2, respectively. 493 

As shown in Figure 3, the overall changes across the region due to ultra-low emission 494 

controls in the power sector only were less than 10% for primary pollutants SO2 and 495 

NO2, and 5% for secondary pollutants PM2.5 and O3. Larger changes in simulated SO2 496 

concentrations were found in central and northern Anhui as well as central and 497 

southern Jiangsu, with relatively concentrated distribution of coal-fired power plants. 498 

The changes of simulated SO2 and NO2 in Shanghai were tiny, due to few remaining 499 

power plants subject to the ultra-low emission policy and thus few emission 500 

reductions. Compared to Case 2, the SO2 and NOX emissions in Case 3 were 501 

estimated to be 2.2% and 0.8% lower respectively for Shanghai, much smaller than 502 

for other provinces (6.1% and 2.5% for Anhui, 9.5% and 4.4% for Jiangsu, 5.5% and 503 

2.7% for Zhejiang). The results suggest that the potential of emission reduction and 504 

air quality improvement is limited from implementation of more stringent control 505 

measures in the power sector alone, particularly in highly developed cities where air 506 

pollution controls have already reached a relatively high level.  507 

In Case 4, where both power plants and selected industrial sources meet the 508 

ultra-low emission requirement, the average reduction rates of simulated SO2 and NO2 509 

concentrations compared to Case 2 were above 40% and 25% respectively for the 510 

whole region, and the changes of secondary pollutants O3 and PM2.5 were also 511 

significantly larger than those of Case 3 in most of the region. The relative changes of 512 

SO2 were found to be more significant than other species, as the SO2 concentrations 513 

are greatly affected by primary emissions. Due to the large number and wide 514 

distribution of industrial plants throughout the YRD, moreover, there was little 515 
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regional disparity in the changed ambient SO2 levels. Compared to other areas, the 516 

relatively less reduction in the simulated NO2 in central YRD resulted in significant 517 

enhancement of O3 concentrations (note that much more reduction in NO2 resulted in 518 

similar enhancement of O3 in southern Anhui for October). The comparison implies 519 

that the O3 formation in central YRD was more sensitive to NOX emission abatement 520 

than other VOC-limited regions in YRD. The result suggests particularly great 521 

challenge of O3 pollution control in central YRD, and more efforts on VOC emission 522 

abatement would be required for those developed areas. 523 

3.2 Evaluation of health benefits 524 

3.2.1 PM2.5 exposures in the YRD region 525 

Figure 5 illustrates the spatial distributions of PM2.5 concentrations for the base 526 

case (Case 2) and the differences of Cases 3 and 4 compared to the base case. The 527 

reduction of PM2.5 concentrations from the implementation of the ultra-low emission 528 

policy in the power sector was less than 1 μg/m3 over the YRD region (Figure 5b). 529 

Larger reductions (above 0.4 μg/m3) were found in northern Anhui and northern and 530 

southern Jiangsu provinces, as those regions are the energy base of eastern China, 531 

with abundant coal mines and power plants with large installed capacities. With the 532 

policy expanded to certain industrial sectors, the simulated average PM2.5 533 

concentrations were 5.8 μg/m3 lower for the whole region (Figure 5c). In particular, 534 

the difference was greater than 10 μg/m3 along the Yangtze River, as there are many 535 

industrial parks located along the river containing a large number of big cement, iron 536 

& steel, and chemical industry plants. Stringent emission controls at those plants 537 

would result in significant benefits in air quality for local residents. 538 

We further calculated the fractions of the population with different annual 539 

average PM2.5 exposure levels in Cases 2-4, as shown in Figure 6. Compared to Case 540 

2, slight differences in the population distribution by exposure level were found in 541 

Case 3, while the differences were much more significant in Case 4. The population 542 

fractions exposed to the average annual concentrations of PM2.5 smaller than 35 μg/m3, 543 

35-45 μg/m3 and 45-55 μg/m3 were estimated to grow from 14% in Case 2 to 21% in 544 

Case 4, from 11% to 16%, and from 16% to 30%, respectively (note 35 μg/m3 is the 545 

annual PM2.5 concentration limit in the current National Ambient Air Quality Standard 546 
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for China). Accordingly, the fraction exposed to PM2.5 concentrations larger than 55 547 

μg/m3 declined from 59% to 33%. The implementation of ultra-low emission policy 548 

on both power plants and industry sources thus proved an effective way in limiting the 549 

population exposed to high PM2.5 levels. 550 

3.2.2 Human health risk with base case emissions 551 

The mortality and YLL caused by atmospheric PM2.5 exposure with the base case 552 

emissions (Case 2) in the YRD region are shown in Table 4. The values in brackets 553 

represent the 95% confidence interval (CI) attributed to the uncertainty of IER curves 554 

(i.e., uncertainties from other sources were excluded in the 95% CI estimation such as 555 

air quality model mechanisms, emission inventories, and population data). With the 556 

base case emissions, the NMB of the simulated and observed annual PM2.5 557 

concentrations (based on the four representative months) was calculated at -1.4% for 558 

the YRD region. Therefore, the influence of the biases between the simulations and 559 

observations on the estimated health risks was negligible and thus not considered in 560 

this study. The total attributable deaths due to all diseases caused by PM2.5 exposure in 561 

the YRD region were estimated at 194,000 (114,000-282,000), with STK, IHD and 562 

COPD causing the most deaths, accounting for 29%, 32% and 22% of the total 563 

respectively. With larger populations in Anhui and Jiangsu (32% and 37% of the 564 

regional total respectively), more deaths caused by PM2.5 exposure were found in 565 

these two provinces, at 34% and 41% of the total deaths respectively. Among all the 566 

diseases, STK was found to cause the largest number of mortalities (19,600) in Anhui 567 

with PM2.5 exposure, IHD in Jiangsu (31,300), and COPD in Shanghai (4,400) and 568 

Zhejiang (10,800). The total YLL caused by PM2.5 exposure in the YRD region was 569 

5.11 million years (3.16 - 7.18 million years). More YLL caused by PM2.5 exposure 570 

was found in Anhui and Jiangsu, accounting for 34% and 37% of the total in the YRD 571 

region respectively. YLL caused by COPD were the largest in all the provinces, with 572 

0.66, 0.19, 0.56 and 0.47 million years estimated for Anhui, Shanghai, Jiangsu and 573 

Zhejiang, respectively. The spatial distribution of attributable deaths and YLL caused 574 

by PM2.5 exposure was basically consistent with that of population in the YRD region, 575 

with correlation coefficients of 0.94 and 0.96 respectively. As shown in Figure 7, 576 

higher health risks attributed to PM2.5 pollution in the base case (Case 2) were 577 

commonly found in the areas with larger population densities, including the areas 578 
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along the Yangtze River, central Shanghai and some urban areas in Anhui. We further 579 

compared the population deaths attributable to PM2.5 exposure calculated in this study 580 

with the reported total deaths in provincial statistical yearbooks (AHBS, 2016; JSBS, 581 

2016; SHBS, 2016; ZJBS, 2016), and found that the deaths caused by PM2.5 exposure 582 

accounted for 18%, 14%, 15% and 11% of the total deaths in Anhui, Jiangsu, 583 

Shanghai and Zhejiang respectively for 2015. The numbers were larger than the 584 

estimate (6.9%) by Maji et al. (2018), which focused on 161 cities in China. As one of 585 

the most developed and industrialized regions in China, YRD suffered higher PM2.5 586 

pollution level than the national average, leading to the larger fraction of premature 587 

death due to PM2.5 exposure. Moreover, the baseline disease-specific mortality rates 588 

applied in this study (from GHDx) were commonly higher than those in Maji et al. 589 

(2018) except for LRI, resulting in the larger estimate of death rates exposed to PM2.5. 590 

Many studies have focused on the human health risks attributable to air pollution 591 

in China, with considerable disparities between them due to different estimation 592 

methods and health endpoints selected. Figure 8 compares the estimates of premature 593 

deaths caused by PM2.5 exposure in the YRD region in this and previous studies. 594 

Relatively close results are found between studies for the same regions and periods. 595 

For example, Hu et al. (2017) and Liu et al. (2016) estimated that the premature 596 

deaths of adults (>30 years old) due to PM2.5 exposure were 223,000 and 245,000 597 

respectively in 2013 in the YRD region. However, the health endpoints in these two 598 

studies were not completely consistent. COPD, LC, IHD and CEV (cerebrovascular 599 

disease) were selected in Hu et al. (2017), while COPD, LC, IHD and STK were 600 

chosen by Liu et al. (2016). The deaths caused by PM2.5 exposure in Shanghai were 601 

estimated at 19,000, 15,000, and 16,000 respectively in Maji et al. (2018), Song et al. 602 

(2017) and this study, respectively. The IER model and the same health endpoints 603 

were adopted in all three studies, while the PM2.5 concentrations were derived from 604 

ground observations in the former two studies instead of air quality simulation in this 605 

study. The premature deaths attributable to PM2.5 exposure in the YRD region in 2015 606 

were estimated at 122,000 in Maji et al. (2018) and 194,000 in this study respectively. 607 

Besides the different baseline mortality rates adopted in the two studies as mentioned 608 

earlier, the smaller estimate by Maji et al. (2018) could also result partly from 609 

inclusion of only typical cities instead of all cities in the YRD region. There are clear 610 

disparities in estimates of premature deaths for different years. For example, the death 611 
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estimates caused by PM2.5 exposure in 2015 were generally smaller than those in 2013. 612 

As the population and age distributions remained relatively stable over the two years 613 

(AHBS, 2016; JSBS, 2016; SHBS, 2016; ZJBS, 2016), the reduced estimated 614 

premature deaths result to some extent from emission abatement and air quality 615 

improvement. According to relevant studies of Shanghai in particular (Lelieveld et al., 616 

2013; 2015; Liu et al., 2016; Xie et al., 2016; Hu et al., 2017; Song et al., 2017; Maji 617 

et al., 2018), the premature deaths attributable to PM2.5 exposure increased from 2005 618 

to 2013 and then declined afterwards, reflecting the health benefit of air pollution 619 

control measures in Shanghai in recent years. 620 

3.2.3 Benefits of emission controls on human health 621 

Tables 5 and 6 respectively summarize the avoided premature deaths and YLL by 622 

disease and region that would result from implementation of the ultra-low emission 623 

control policy and thereby reduced PM2.5 pollution in the YRD region. If only the 624 

coal-fired power sector meet the ultra-low emission limits (Case 3), nearly 305 625 

premature deaths would be avoided compared to the base case emissions in 2015, 626 

with a tiny reduction rate of only 0.16%. If the policy is strictly implemented for 627 

selected industrial sectors as well (Case 4), 10,651 premature deaths could be avoided 628 

with a reduction rate at 5.50%. The largest numbers of avoided premature deaths were 629 

found in Anhui and Jiangsu, accounting collectively for 88.2% and 68.7% of the total 630 

avoided deaths in Cases 3 and 4 respectively. The greatest impacts from reduced 631 

PM2.5 concentrations were found for STK, of which the avoided deaths were 632 

calculated at 85 and 2848 in Cases 3 and 4, respectively. The health effects of 633 

emission control policies in the YRD region have been investigated in previous 634 

studies. Using the IER model, Dai et al. (2019) chose the premature deaths from IHD, 635 

CEV, COPD and LC as health endpoints, and found that the Clean Air Action Plan 636 

would avoid 3,439 deaths caused by PM2.5 exposure in Shanghai, more than those in 637 

both Case 3 and Case 4 in this study (5 and 1,185 respectively). Applying 638 

environmental health risk and valuation methods, Li and Li (2018) found that 15,709 639 

premature deaths attributable to air pollution could be avoided in 2015 if the PM2.5 640 

concentrations in Jiangsu province were assumed to meet the National Ambient Air 641 

Quality Standard (GB3095-2012, 35 µg/m3 as the annual average). The estimate is 642 

much more than those calculated in Case 3 and Case 4 (177 and 4,114 deaths 643 
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respectively). The larger health benefits estimated in those two studies result from 644 

their assumption of emission control measures covering a much wider range of sectors 645 

including energy, industry, transportation, construction, and agriculture, while only the 646 

ultra-low emission policy was assumed for the power and industry sectors in this 647 

study. The comparisons illustrate that the health benefits from emission control in the 648 

power sector alone is limited, and that controls in other sectors are essential. In 649 

addition, the different methods and inconsistent data sources partly led to the 650 

discrepancies. For the particle exposure estimation, as an example, Dai et al. (2019) 651 

adopted the BENMAP-CE model (Environmental Benefits Mapping and Analysis 652 

Program-Community Edition, Yang et al. (2013)) to simulate the ambient PM2.5 653 

concentrations, while Li and Li (2018) used the average of monitored PM2.5 654 

concentrations. As shown in Table 6, the avoided YLL for Case 3 and Case 4 were 655 

estimated at 8744 and 316,562 years respectively compared to the base case, 656 

confirming again the greatly improved health benefits from implementation of 657 

ultra-low emission policy for the industry sector in addition to the power sector. The 658 

largest avoided YLL were found in Anhui and Jiangsu in the YRD region, accounting 659 

collectively for 86% and 65% of the total avoided YLL in Cases 3 and 4 respectively. 660 

Compared to Case 3, the fractions of Shanghai and Zhejiang to total YRD for both 661 

avoided deaths (Table 5) and YLL (Table 6) were clearly higher in Case 4, implying a 662 

greater health benefit of emission controls at industry sources in these relatively 663 

industrialized urban regions. The reduced PM2.5 concentrations led to the largest 664 

avoided YLL of COPD in both cases (3,118 and 119,300 years in Cases 3 and 4, 665 

respectively). 666 

Figure 9 illustrates the spatial distributions of the avoided deaths and YLL from 667 

the ultra-low emission policy in the YRD region. When the policy was implemented 668 

only for coal-fired power plants, the health benefits were small and the regional 669 

differences relatively insignificant, with the avoided deaths and YLL smaller than 10 670 

persons and 100 years respectively for all of the grid cells (Figure 9a and 9b). When 671 

the policy was implemented both in power and industry sectors, more avoided deaths 672 

(>40 person/grid cell) and YLL (>400 years/grid cell) were found in northern Anhui, 673 

southern Jiangsu, central Shanghai and northern Zhejiang (Figure 9c and 9d). The 674 

spatial correlation coefficient between the avoided YLL in Case 4 and population was 675 

0.93, indicating that the implementation of the emission control policy would lead to 676 
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greater health benefits for areas with intensive economic activity and dense 677 

populations. 678 

 679 

4. Conclusions 680 

We evaluated the improvement of emission estimation by incorporating CEMS 681 

data for the power sector, and explored the air quality and health benefits from the 682 

ultra-low emission control policy for the YRD region through air quality modeling. In 683 

general, the bias between ground observations and simulations based on the emission 684 

inventory with CEMS data incorporated was smaller than that without, suggesting that 685 

appropriate use of online monitoring information helped improve the emission 686 

estimation and model performance. Compared to the base case in which CEMS data 687 

were incorporated in emission estimation, the simulated monthly concentrations of all 688 

the concerned species (SO2, NO2, O3, and PM2.5) differed less than 7% when the 689 

ultra-low emission policy was enacted only in the coal-fired power sector, given its 690 

small fraction of total emissions. When the policy was implemented for selected 691 

industrial sectors as well, larger differences in air quality from the base case were 692 

found, with the simulated concentrations of SO2, NO2 and PM2.5 respectively 693 

33%-64%, 16%-23% and 6%-22% lower and O3 3%-14% higher, depending on the 694 

month.  695 

Nearly 305 premature deaths and 8,744 years of YLL would be avoided if the 696 

policy was implemented for the power sector alone, and benefits would reach 10,651 697 

premature deaths and 316,562 YLL avoided with the policy enacted for both power 698 

and industrial sectors. The study revealed the limited potential for further emission 699 

reduction and air quality improvement via controls in the power sector alone. Along 700 

with stringent emission control in that sector, the coordinated control of emissions 701 

from non-power industrial sources would be essential to effectively improve air 702 

quality and reduce associated human health risks. Moreover, more attention needs to 703 

be paid to control of VOC to limit O3 formation resulting from reduction of NOX in 704 

the region. 705 

 706 
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Figure captions 1010 

Figure 1. The modeling domain and the locations of the concerned provinces and their 1011 

capital cities. The numbers 1-4 represent the cities of Nanjing, Hefei, Shanghai and 1012 

Hangzhou, respectively. The map data provided by Resource and Environment Data 1013 

Cloud Platform are freely available for academic use 1014 

(http://www.resdc.cn/data.aspx?DATAID=201), © Institute of Geographic Sciences & 1015 

Natural Resources Research, Chinese Academy of Sciences. 1016 

Figure 2. The spatial distributions of the simulated monthly SO2, NO2, O3 and PM2.5 1017 

concentrations for Case 2 in D2 (unit: µg/m3). 1018 

Figure 3. The spatial distributions of the relative changes (%) in the simulated 1019 

monthly SO2, NO2, O3 and PM2.5 concentrations between Cases 2 and 3 in D2 ((Case 1020 

3-Case 2)/Case 2).  1021 

Figure 4. The spatial distributions of the relative changes (%) in the simulated 1022 

monthly SO2, NO2, O3 and PM2.5 concentrations between Cases 2 and 4 in D2 ((Case 1023 

4-Case 2)/Case 2). 1024 

Figure 5. The spatial distributions of the annual PM2.5 concentrations (average of 1025 

January, April, July and October) for Case 2 (a) and the reduced annual PM2.5 1026 

concentrations for Cases 3 (b) and 4 (c) in the YRD region (unit: µg/m3). Note the 1027 

different color ranges in the panels for easier visualization. 1028 

Figure 6. The population fractions exposed to different levels of PM2.5 in the YRD 1029 

region for Cases 2 (a), 3 (b), and 4 (c). 1030 

Figure 7. The spatial distributions of the mortality (a) and YLL (b) attributable to 1031 

PM2.5 exposure in Case 2 at a horizontal resolution of 9 km. 1032 

Figure 8. Comparisons of the estimated mortality attributable to PM2.5 exposure in 1033 

various studies for the YRD region. 1034 

Figure 9. The spatial distributions of the avoided deaths and YLL attributable to the 1035 

reduced PM2.5 exposure with ultra-low emission policy implementation at a horizontal 1036 

resolution of 9 km. Note the different color ranges in the panels for easier 1037 

visualization. 1038 
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Tables 

Table 1 The air pollutant emissions by sector for Cases 1-5 in YRD (Unit: Gg). 

Case 
Power Industry Residential  Transportation Total 

SO2 NOx PM SO2 NOx PM SO2 NOx PM SO2 NOx PM SO2 NOx PM 

Case 1 606.8  863.4  376.2  1305.5  1294.6  1817.9  133.5  326.6  787.5  62.0  1847.1  105.9  2107.8  4331.7  3087.4  

Case 2 179.4  245.5  45.1  1305.5  1294.6  1817.9  133.5  326.6  787.5  62.0  1847.1  105.9  1680.5  3713.8  2756.4  

Case 3 56.0  110.0  8.8  1305.5  1294.6  1817.9  133.5  326.6  787.5  62.0  1847.1  105.9  1557.0  3578.4  2720.0  

Case 4 56.0  110.0  8.8  249.4  426.8  539.6  133.5  326.6  787.5  62.0  1847.1  105.9  500.9  2710.6  1441.7  

Case 5 0.0  0.0  0.0  1305.5  1294.6  1817.9  133.5  326.6  787.5  62.0  1847.1  105.9  1501.0  3468.4  2711.2  

Note: Case 1: The emissions of coal-fired power sector were estimated based on the emission factor method without CEMS data. Case 2: The 

emissions of coal-fired power sector were estimated based on the improved method by Y. Zhang et al. (2019), with CEMS data incorporated. 

Case 3: All the coal-fired power plants in the YRD region were assumed to meet the requirement of the ultra-low emission policy. Case 4: All the 

coal-fired power plants and certain industrial sources including boilers, cement, and iron & steel factories in the YRD region were assumed to 

meet the requirement of the ultra-low emission policy. Case 5: The emissions of all coal-fired power plants were set at zero.



35 
 

Table 2 Comparison of the observed and simulated hourly SO2, NO2, O3 and 

PM2.5 concentrations by month for Cases 1 and 2 in the YRD region. Totally 230 

state-operated observation sites were included in the comparison. 

Pollutant 
R NMB (%) NME (%) 

Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 

SO2 

Jan 0.72 0.89↑ 11.44 0.52↑** 26.83 24.22↑ 

Apr 0.36 0.45↑ -18.45 -22.62 31.65 34.81 

Jul 0.17 0.14 36.84 15.72↑*** 58.69 48.44↑ 

Oct 0.59 0.57 14.59 1.15↑*** 32.49 29.22↑* 

NO2 

Jan 0.72 0.73↑ 42.74 34.92↑* 44.25 37.88↑ 

Apr 0.64 0.69↑ 69.24 48.72↑*** 70.24 51.81↑** 

Jul 0.71 0.71 145.42 131.65↑* 145.42 131.65↑* 

Oct 0.70 0.69 58.15 47.73↑* 58.86 49.41↑* 

O3 

Jan 0.74 0.75↑ -16.90 -6.40↑** 30.53 28.60↑ 

Apr 0.78 0.67 -14.88 -9.89↑ 23.14 27.48 

Jul 0.78 0.79↑ -34.49 -28.46↑ 37.11 32.77↑ 

Oct 0.80 0.78 -30.37 -28.28↑ 34.32 33.60↑ 

PM2.5 

Jan 0.89 0.90↑ -0.28 1.63 16.27 15.21↑ 

Apr 0.76 0.76 9.94 2.57↑** 21.30 19.26↑ 

Jul 0.64 0.63 30.44 24.08↑*** 37.66 34.29↑* 

Oct 0.75 0.75 5.40 -11.80 23.34 22.28 

Note: The arrows represent that the simulation in Case 2 were improved compared to 
Case 1. *, **, and *** indicate the improvements are statistically significant with 
confidence levels of 90%, 95%, and 99 %, respectively. The R, NMB and NME were 
calculated using the following equations (P, O, P

 —

, and O
 —

 represent the simulation, 
observation, averaged simulation and averaged observation values, respectively):  

𝑁𝑁𝑀𝑀𝐵 = ∑ (𝑃𝑃𝑖𝑖−𝑂𝑂𝑖𝑖)𝑛𝑛
𝑖𝑖=1
∑ 𝑂𝑂𝑖𝑖𝑛𝑛
𝑖𝑖=1

× 100% ; 𝑁𝑁𝑀𝑀𝐸 = ∑ |𝑃𝑃𝑖𝑖−𝑂𝑂𝑖𝑖|𝑛𝑛
𝑖𝑖=1
∑ 𝑂𝑂𝑖𝑖𝑛𝑛
𝑖𝑖=1

× 100% ; 

𝑅𝑅 = ∑ (𝑃𝑃𝑖𝑖−𝑃𝑃
__

)𝑛𝑛
𝑖𝑖=1 (𝑂𝑂𝑖𝑖−𝑂𝑂

__
)

�∑ (𝑃𝑃𝑖𝑖−𝑃𝑃
__

)2𝑛𝑛
𝑖𝑖=1 ∑ (𝑂𝑂𝑖𝑖−𝑂𝑂

__
)2𝑛𝑛

𝑖𝑖=1
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Table 3 The relative (%) and absolute changes (µg/m3, in parentheses) of the simulated monthly pollutant concentrations in 

different cases relative to Case 2 in the YRD region. 

Pollutant 
(Case 3 - Case 2) / Case 2 (Case 4 - Case 2) / Case 2 (Case 5 - Case 2) / Case 2 

Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct 

SO2 
-2.7 

(-0.2) 

-4.8 

(-0.2) 

-6.1 

(-0.1) 

-4.3 

(-0.2) 

-32.9 

(-2.0) 

-57.3 

(-1.8) 

-64.1 

(-1.5) 

-55.1 

(-2.4) 

-4.3 

(-0.3) 

-11.4 

(-0.4) 

-12.1 

(-0.3) 

-12.1 

(-0.5) 

NO2 
-2.0 

(-0.4) 

-2.9 

(-0.4) 

-2.0 

(-0.3) 

-2.5 

(-0.4) 

-16.4 

(-3.2) 

-21.9 

(-3.0) 

-17.1 

(-2.5) 

-22.8 

(-3.7) 

-2.6 

(-0.5) 

-5.9 

(-0.8) 

-4.1 

(-0.6) 

-6.2 

(-1.0) 

O3 
1.7 

(0.4) 

2.2 

(0.9) 

0.8 

(0.3) 

2.2 

(0.8) 

10.4 

(2.6) 

9.7 

(4.1) 

2.6 

(0.8) 

14.0 

(4.8) 

-2.0 

(-0.5) 

2.7 

(1.2) 

-1.6 

(-0.5) 

4.5 

(1.5) 

PM2.5 
-0.1 

(-0.1) 

-0.5 

(-0.2) 

-1.3 

(-0.4) 

-0.5 

(-0.2) 

-6.2 

(-4.6) 

-14.6 

(-6.0) 

-21.6 

(-6.5) 

-14.3 

(-6.3) 

-1.7 

(-1.3) 

-2.4 

(-1.0) 

-4.3 

(-1.3) 

-0.9 

(-0.4) 
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Table 4 The estimated mortality and YLL attributable to PM2.5 exposures in Case 2 over the YRD region. 

 STK IHD COPD LC LRI Total 

Deaths (×103 person) 

Anhui 19.6 (10.7-29.0) 19.1 (11.0-29.8) 15.2 (9.8-21.0) 8.0 (5.5-10.3) 3.1 (2.4-3.8) 65.0 (39.4-93.9) 

Shanghai 4.3 (2.3-6.5) 4.2 (2.4-6.6) 4.4 (2.7-6.1) 2.6 (1.7-3.3) 0.8 (0.6-1.0) 16.3 (9.8-23.4) 

Jiangsu 23.6 (12.7-35.0) 31.3 (17.8-48.8) 12.8 (8.1-17.7) 8.1 (5.5-10.5) 3.7 (2.8-4.5) 79.5 (46.8-116.5) 

Zhejiang 8.7 (4.2-13.4) 6.8 (3.6-10.4) 10.8 (6.2-15.4) 5.0 (3.1-6.9) 1.6 (1.1-2.0) 32.9 (18.2-48.2) 

YRD 56.2 (29.9-83.8) 61.4 (34.7-95.5) 43.3 (26.8-60.2) 23.6 (15.8-31.0) 9.2 (7.0-11.3) 193.8 (114.2-281.9) 

YLL (×104 year) 

Anhui 30.1 (16.6-44.0) 29.6 (17.3-45.6) 66.0 (42.3-91.1) 34.5 (23.7-44.4) 13.6 (10.4-16.4) 173.7 (110.3-241.5) 

Shanghai 6.7 (3.6-9.8) 6.5 (3.8-10.0) 19.0 (11.9-26.2) 11.0 (7.4-14.4) 3.5 (2.7-4.3) 46.7 (29.4-64.8) 

Jiangsu 36.2 (19.7-53.1) 48.6 (28.0-74.7) 55.6 (35.0-76.7) 35.0 (23.6-45.6) 16.0 (12.3-19.4) 191.4 (118.5-269.5) 

Zhejiang 13.3 (6.5-20.5) 10.6 (5.7-16.0) 46.9 (26.7-66.6) 21.8 (13.6-30.0) 6.8 (4.8-8.9) 99.4 (57.2-141.9) 

YRD 86.3 (46.3-127.4) 95.3 (54.7-146.4) 187.4 (115.9-260.6) 102.3 (68.3-.134.4) 40.0 (30.1-48.9) 511.3 (315.5-717.7) 

 

  



38 
 

Table 5 The reduced attributable deaths (person) and rates (in parentheses) resulting from implementation of the ultra-low 

emission policy in the YRD region. 

 STK IHD COPD LC LRI Total 

Case 3 

Anhui 26 (0.13%) 19 (0.10%) 24 (0.16%) 18 (0.22%) 6 (0.18%) 92 (0.14%) 

Shanghai 1 (0.03%) 1 (0.02%) 1 (0.03%) 1 (0.04%) 0 (0.04%) 5 (0.03%) 

Jiangsu 51 (0.22%) 51 (0.16%) 34 (0.27%) 30 (0.37%) 11 (0.31%) 177 (0.22%) 

Zhejiang 7 (0.08%) 4 (0.06%) 11 (0.10%) 7 (0.14%) 2 (0.13%) 31 (0.10%) 

YRD 85 (0.15%) 74 (0.12%) 71 (0.16%) 55 (0.23%) 19 (0.21%) 305 (0.16%) 

Case 4 

Anhui 901 (4.59%) 650 (3.41%) 848 (5.56%) 605 (7.60%) 196 (6.23%) 3200 (4.92%) 

Shanghai 281 (6.46%) 204 (4.84%) 348 (7.95%) 277 (10.86%) 75 (9.20%) 1185 (7.26%) 

Jiangsu 1192 (5.05%) 1179 (3.76%) 794 (6.19%) 684 (8.47%) 264 (7.14%) 4114 (5.17%) 

Zhejiang 475 (5.49%) 283 (4.16%) 765 (7.06%) 491 (9.77%) 138 (8.72%) 2152 (6.54%) 

YRD 2848 (5.06%) 2316 (3.77%) 2755 (6.37%) 2058 (8.71%) 673 (7.28%) 10651 (5.50%) 
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Table 6 The reduced cases and rates (in parentheses) of YLL resulting from implementation of the ultra-low emission policy in 

the YRD region. 

 STK IHD COPD LC LRI Total 

Case 3 

Anhui 396 (0.13%) 285 (0.10%) 1058 (0.16%) 760 (0.22%) 243 (0.18%) 2743 (0.16%) 

Shanghai 17 (0.03%) 13 (0.02%) 60 (0.03%) 45 (0.04%) 13 (0.04%) 148 (0.03%) 

Jiangsu 783 (0.22%) 774 (0.16%) 1480 (0.27%) 1282 (0.37%) 491 (0.31%) 4809 (0.25%) 

Zhejiang 107 (0.08%) 66 (0.06%) 483 (0.10%) 301 (0.14%) 87 (0.13%) 1044 (0.11%) 

YRD 1303 (0.15%) 1138 (0.12%) 3118 (0.16%) 2388 (0.23%) 834 (0.21%) 8744 (0.17%) 

Case 4 

Anhui 13733 (4.56%) 9946 (3.36%) 36709 (5.56%) 26218 (7.60%) 8480 (6.23%) 95086 (5.47%) 

Shanghai 4284 (6.43%) 3127 (4.78%) 15083 (7.95%) 11993 (10.86%) 3233 (9.20%) 37719 (8.07%) 

Jiangsu 18192 (5.02%) 18066 (3.72%) 34393 (6.19%) 29638 (8.47%) 11451 (7.14%) 111740 (5.84%) 

Zhejiang 7297 (5.49%) 4380 (4.13%) 33115 (7.06%) 21255 (9.77%) 5972 (8.72%) 72018 (7.25%) 

YRD 43506 (5.04%) 35518 (3.73%) 119300 (6.37%) 89104 (8.71%) 29135 (7.28%) 316562 (6.19%) 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 
(a) Case 2 

 
(b) Case 2 - Case 3 

 
(c) Case 2 - Case 4 
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Figure 6 

 
(a) Case 2 

 
(b) Case 3 

 
(c) Case 4 
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Figure 7 

 
(a) Deaths (unit: person) 

 
(b) YLL (unit: year) 
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Figure 8 
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Figure 9 

 
(a) Avoided deaths in Case 3 (unit: person) 
 

 
(b) Avoided YLL in Case 3 (unit: year) 

 

 
(c) Avoided deaths in Case 4 (unit: person) 

 
(d) Avoided YLL in Case 4 (unit: year) 

 


	Abstract
	1. Introduction
	2. Methodology and data
	2.1 Air quality modeling
	2.2 Emission inventories and cases
	2.3 Health effect analysis

	3. Results and discussion
	3.1 Evaluation of emission estimates with air quality simulation
	3.1.1 Model performances without/with CEMS data
	3.1.2 Benefits of the “ultra-low” emission controls on air quality

	3.2 Evaluation of health benefits
	3.2.1 PM2.5 exposures in the YRD region
	3.2.2 Human health risk with base case emissions
	3.2.3 Benefits of emission controls on human health


	4. Conclusions
	Data availability
	Author contributions
	Competing interests
	Acknowledgments
	References
	Figure captions
	Tables
	Table 1 The air pollutant emissions by sector for Cases 1-5 in YRD (Unit: Gg).
	Table 2 Comparison of the observed and simulated hourly SO2, NO2, O3 and PM2.5 concentrations by month for Cases 1 and 2 in the YRD region. Totally 230 state-operated observation sites were included in the comparison.
	Table 3 The relative (%) and absolute changes (µg/m3, in parentheses) of the simulated monthly pollutant concentrations in different cases relative to Case 2 in the YRD region.
	Table 4 The estimated mortality and YLL attributable to PM2.5 exposures in Case 2 over the YRD region.
	Table 5 The reduced attributable deaths (person) and rates (in parentheses) resulting from implementation of the ultra-low emission policy in the YRD region.
	Table 6 The reduced cases and rates (in parentheses) of YLL resulting from implementation of the ultra-low emission policy in the YRD region.
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9


