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Abstract 16 

Many studies have reported associations between ozone pollution and morbidity and 17 

mortality, but few studies focus on the health and economic effects at China's regional level. This 18 

study evaluates the ozone pollution-related health impacts on China's national and provincial 19 

economy and compares them with the impacts from PM2.5. We also explore the mitigation potential 20 

across 30 provinces of China. An integrated approach is developed that combines an air pollutant 21 

emission projection model (GAINS), an air quality model (GEOS-Chem), a health model using 22 

the latest exposure-response functions, medical prices and value of statistical life (VSL), and a 23 

general equilibrium model (CGE). Results show that lower income western provinces encounter 24 

severer health impacts and economic burdens due to high natural background levels of ozone 25 
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pollution, whereas the impact in southern and central provinces is relatively lower. Without a 26 

control policy, in 2030 China will experience a 4.24 billion USD Gross Domestic Production 27 

(GDP) loss (equivalent to 0.034%), and a 285 billion USD (equivalent to 2.34% of GDP) life loss. 28 

In contrast, with a control policy, the GDP and VSLs loss will be reduced to 3.72 (0.030%) and 29 

242 billion USD (1.99%), respectively. We conclude that health and economic impacts of ozone 30 

pollution are significantly lower than PM2.5, but are much more difficult to mitigate. The Chinese 31 

government should promote the air pollution control policies that jointly reduce both PM2.5 32 

pollution and ozone pollution, and the public should adjust their lifestyle according to the air 33 

quality information. 34 

Keyword: Ozone pollution; Health impact; Economic impact; GEOS-Chem model; CGE 35 

model 36 

1 Introduction 37 

Ozone is a common air pollutant all over the world, including in both developing and 38 

developed countries. Many studies have reported associations between outdoor ozone 39 

concentrations and morbidity and mortality(Cakmak, et al. 2016; Silva, et al. 2013). Ozone 40 

pollution has been associated with a series of health endpoints, respiratory-related hospital 41 

admissions, cardiovascular disease, lost school days, restricted activity days, asthma-related 42 

emergency department visits, and premature mortality(Hubbell, et al. 2005; Orru, et al. 2013; 43 

Rosenthal, et al. 2013; WHO 2013). Ozone exposure is also related to respiratory symptoms and 44 

the use of asthma medication for asthmatic school children using maintenance medication(Gent, 45 

et al. 2003). McDonnell et al.(McDonnell, et al. 1999) also found long-term exposure to ozone 46 

may be associated with the development of asthma in adult males. Berman et al.(Berman, et al. 47 
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2012) evaluated the health benefits from large-scale ozone reduction in the U.S. Fann et al(Fann, 48 

et al. 2012) estimated 4,700 ozone-related deaths resulted from 2005 air quality levels and 36,000 49 

life years were lost from ozone exposure in the United States. Fann et al.(Fann and Risley 2013) 50 

estimated that reductions in monitored PM2.5 and ozone from 2000 to 2007 were associated with 51 

22,000-60,000 PM2.5 and  880-4,100 ozone net avoided premature mortalities in the United States. 52 

Various studies have attempted to quantify the economic impact of air pollution. Selin et 53 

al.(Selin, et al. 2009)assessed the human health and economic impacts of projected changes in 54 

ozone pollution between 2000 and 2050. They estimated that health costs due to global ozone 55 

pollution above pre-industrial levels by 2050 will be $580 billion and mortalities from acute 56 

exposure will exceed 2 million. Matus et al.(Matus, et al. 2012) found that by improving ozone 57 

and PM pollution, the GDP in China would have increased by U.S. $112 billion (about 5% of 58 

GDP) in 2005. The report released by  OECD estimated the health and economic impacts of global 59 

outdoor air pollution up to 2060 and found that the impacts are especially substantial in Asian 60 

countries(OECD 2016). World Bank also investigated the cost of outdoor air pollution worldwide 61 

and called for action to mitigate air pollution(Worldbank 2016). 62 

With fast economic development and increasing use of fossil fuels, China is faced with 63 

serious air pollution accompanied by severe health problems. Most current studies about health 64 

impacts in China focused on PM10 and PM2.5 pollution, or ozone pollution in a single city, single 65 

province or at the national level(Zhang, et al. 2006). Few studies try to quantify economic impacts 66 

of ozone pollution at intra-national level. In this study, we focus on health and economic impacts 67 

from ozone pollution at the provincial level in China. Using the daily maximum 8-hour ozone 68 

concentration data provided by the GEOS-Chem model and the latest exposure-response functions 69 

(ERFs), the health-related damages are then integrated into a computable general equilibrium 70 
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(CGE) model. In this way, a picture could be drawn on how changes in ozone pollution will affect 71 

health expenditure, labor supply, and the macroeconomy in the Chinese provinces. 72 

2 Methods and scenario 73 

2.1 General framework 74 

This study develops an integrated approach to consider health and economic impacts of ozone 75 

pollution in China (Figure 1). The integrated framework combines the Asia-Pacific Integrated 76 

Assessment/Computable General Equilibrium (AIM/CGE)-China model, the Greenhouse Gas - 77 

Air Pollution Interactions and Synergies (GAINS)-China model that projects future air pollutant 78 

emissions, an air quality model (GEOS-Chem: version v 10-01; present day: 2008), and a health 79 

impact module. 80 

The AIM/CGE-China model applied in this study can be classified as a multi-sector, multi-81 

region, recursive dynamic CGE model that covers 22 economic commodities and corresponding 82 

sectors. It includes 30 provinces in China and is solved by the Mathematical Programming System 83 

for General Equilibrium under General Algebraic Modeling System (GAMS/MPSGE) at a one-84 

year time step(Dai, et al. 2016). The role of the CGE model is (1) to provide energy consumption 85 

data by province and sector to the GAINS model; and (2) to quantify the economic impacts of 86 

health damage. The GAINS-China model provides annual regional emissions data of primary air 87 

pollutants for 30 provinces in China. Note that both the CGE and GAINS models have been 88 

configured extensively to reflect the historical and future pathway of China in reference (Dong, et 89 

al. 2015). For instance, we adjusted the model assumptions to match the historical statistics of 90 
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population growth, GDP growth rate, energy (as shown in Figure A3), and air pollutant emissions 91 

(as shown in Figure A4-A8) in each province as much as possible. As for the future, China’s GDP 92 

growth and demographic evolution follow the SSP2 (Shared Socio-economic Pathways) scenario 93 

(O’Neill, et al. 2013), which is characterized by moderate economic growth, a fairly rapidly 94 

growing population and lessened inequalities between west, central and east China. An 95 

improvement from the previous study is that, instead of using the concentration results in the 96 

GAINS model, we used the GEOS-Chem model, which is an atmospheric transport and chemistry 97 

model and much better than the simple source-receptor matrix in the GAINS model, to calculate 98 

the daily-maximum-8-hour-average ozone concentration. GEOS-Chem model has been 99 

extensively evaluated and documented in over 100 refereed journal publications(Selin, et al. 2009). 100 

As used here, the model has a horizontal resolution of 0.5 degree latitude and 0.67 degree longitude, 101 

and the meteorological data in 2008 are used for 2030 simulations.  102 

The health module is extended from our previous work(Xie, et al. 2016a; Xie, et al. 2016c) 103 

to quantify the health impacts of ozone pollution and their monetary value. Exposure to 104 

incremental ozone results in health problems called health endpoints, including morbidity and 105 

mortality (all the mortality in this study means ozone-related long-term exposure mortality) (Table 106 

A1 in Supplementary material). The relative risk for the endpoint is believed to be in a linear 107 

relationship with the concentration level(Cakmak, et al. 2016; Kampa and Castanas 2008; Silva, 108 

et al. 2013). When the daily maximum 8-hour ozone concentration is below the threshold value of 109 

70ug/m3, ozone causes no health impacts(Berman, et al. 2012). The method to calculate work loss 110 

time and health expenditure has been described in our previous study(Xie, et al. 2016a). For ozone, 111 

different exposure-response functions from PM2.5 are used as shown in Table A1. Annual total 112 

medical expenditure and per capita work loss could be converted from the health impacts and used 113 
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as a variation of the household expenditure and labor participation rate in the CGE model that 114 

quantifies the macroeconomic impacts. Furthermore, we also monetize the non-market value of 115 

statistical life lost based on the method(West, et al. 2013; Xie 2011), in which VSLs in all 116 

provinces are calculated using their current GDP per capita values relative to the national average 117 

per capita GDP in 2010 and an income elasticity of 0.5(Viscusi and Aldy 2003). The value of life 118 

ranges from 8.2 to 31.1 million USD(Matus, et al. 2012) in the literature but here we adopt the 119 

latest value of statistical life of about $250,000 USD from empirical investigations using 120 

willingness to pay method in China(Xie 2011). 121 

A more detailed introduction to the health module, AIM/CGE China model, GAINS-China 122 

model and GEOS-Chem model is provided in the Supplemental Material. 123 

 124 

Figure 1: Integrated research framework of assessing health and economic impacts of 125 

air pollution. 126 
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2.2 Scenario 127 

Four scenarios are established in this study, namely the reference, woPol, wPol and wPol2 128 

scenarios. More details of the technology settings can be found in the appendix(GAINS-model). 129 

The reference scenario provides the economic results in the CGE model without coupling it 130 

with the health module, which means that ozone pollution related health impacts are ignored. In 131 

other words, ozone pollution causes no additional health service cost, premature death, or work 132 

loss days. The scenario is an ideal situation that does not exist, however, the role of this scenario 133 

is to compare with the other scenarios and evaluate the negative impacts of pollution and benefits 134 

of pollution control. 135 

On the other hand, the remaining three scenarios couple the health module with the CGE 136 

model by considering the health impacts in the CGE model. The woPol scenario assumes that the 137 

penetration rate of mitigation technology is fixed to the 2005 level, implying that the emissions 138 

from additional energy combustion will be uncontrolled in future. It is meant to show the impact 139 

of pollution control policies rather than represents the reality.  140 

By contrast, the wPol scenario takes China’s current air pollution policies into account. 141 

Furthermore, the sectoral and provincial differences in emission limit values and time of their 142 

introduction are considered as well. Therefore, various air-pollution-control technologies are used 143 

to reduce pollutant emissions and daily maximum 8-hour ozone concentration to levels below the 144 

woPol scenario. In addition, we also set up a scenario named wPol2, in which more aggressive air 145 

pollutant control technologies are adopted to further reduce the emissions in 2030 of NOx, VOC, 146 

CO by 50% and CH4 by 20% from the wPol scenario. 147 
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3 Results 148 

3.1 Daily maximum 8-hour ozone concentration 149 

The primary emissions of air pollutants (Figure A4 in Supplemental Material) are the same 150 

as used in(Xie, et al. 2016a). It can be seen that emissions in the wPol scenario are much lower 151 

than in the woPol scenario over all the periods, and emissions in the wPol2 scenario in 2030 are 152 

further reduced intentionally. Using these emission pathways as inputs for the GEOS-Chem model 153 

the daily maximum 8-hour mean ozone concentration is calculated in 30 provinces of China in 154 

both woPol and wPol scenarios in 2030 (Figure 2 (upper two panels)). It shows that ozone 155 

concentration is higher in the southwest and northwest i.e., Sichuan (129.1 ug/m3), Qinghai (128.1 156 

ug/m3), and Gansu (115.6 ug/m3) in the woPol scenario, and lower in the East China in both 157 

scenarios. 158 

Figure 2 (lower two panels) also shows the changes in daily maximum 8-hour ozone 159 

concentration under intensive air pollution control policy (we also show the daily maximum 24-160 

hour concentration in Figure A10). It can be seen that the relationship between reduction in ozone 161 

precursors emissions and concentration is not linear. In the wPol scenario, although air pollutants 162 

emission reduction is over 50%, daily maximum 8-hour ozone concentration doesn't decrease 163 

significantly. The ozone concentration reduction is the most significant in provinces such as Hunan, 164 

Anhui, but they only fall by less than 10%. Moreover, there is no significant reduction in Hebei, 165 

Shanxi or Inner Mongolia. Conversely, daily maximum 8-hour ozone concentration actually 166 

increases in Beijing, Shanghai, and Guangdong in the wPol scenario. Note that we are using the 167 

same meteorological data in 2008 and 2030 simulations. Therefore, all the changes are caused by 168 
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change in anthropogenic emissions. These patterns, especially the different signs of ozone 169 

concentration changes responding to anthropogenic emissions changes, are resulted from the 170 

different ozone formation regimes these provinces are located at. The great metropolitan regions 171 

such as Beijing, Shanghai, and Guangdong are generally VOC-controlled, and the decreased NOx 172 

emissions in wPol and wPol2 scenarios reduce the ozone destruction rate by reacting with NOx 173 

and thus increase ozone concentrations(Chou, et al. 2011; Xue, et al. 2014). 174 

We also evaluated the impact of anthropogenic emission changes on the 24-hour average 175 

ozone concentrations (Figure A10). The response of 24-hour average ozone concentrations are 176 

significantly different from the daily maximum 8-hour, with the former has percentage changes 177 

toward the positive axis. At regions with increased concentrations, the changes in concentrations 178 

are more prominent if we use a 24-hour average matric than the daily maximum 8-hour, however, 179 

at regions with decreased concentrations (such as Beijing, Shanghai, and Guangdong), the 180 

magnitude of changes becomes less significant. This pattern is largely associated with the diurnal 181 

cycles of ozone formation and removal. While the daily maximum 8-hour mainly represents the 182 

daytime when active ozone production is occurring, the 24-hour average is also influenced by the 183 

nighttime condition when photochemical ozone formation ceased, and anthropogenic NOx 184 

emissions efficiently destruct ozone. Therefore, decreasing anthropogenic emissions largely 185 

increase nighttime ozone concentrations(Zhang, et al. 2004). 186 

To elucidate the portion of natural contribution to ozone formation, we conducted an 187 

additional simplified experiment in the GEOS-Chem model by reducing the human-related 188 

emissions to zero and calculating the resulting daily maximum 8-hour ozone concentration. This 189 

concentration is defined as natural background in our case. Figure 3 shows that the provinces could 190 

be divided into three groups based on the percentage of ozone from natural sources in the wPol 191 
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scenario. The first group is natural source-dominated provinces where human activity source is 192 

lower than 20%, including Xinjiang, Hainan, Qinghai, Gansu, Tianjin, Shanghai and Inner 193 

Mongolia. In these provinces that are home to tens of millions of people, daily maximum 8-hour 194 

ozone concentration reduction in wPol scenario is not significant, implying that the health damage 195 

caused by ozone pollution is hard to mitigate by policy intervention. The second group is where 196 

the human activity source is between 20% to 40%, including Beijing, Hebei, Shanxi, Liaoning, 197 

Jilin, Jiangsu, Heilongjiang, Shandong, Henan, Guangdong, Guangxi, Sichuan, Yunnan, Shaanxi 198 

and Ningxia. In the third group, anthropogenic emissions dominate (>40%), including Zhejiang, 199 

Anhui, Fujian, Jiangxi, Hubei, Hunan, Chongqing and Guizhou. Daily maximum 8-hour ozone 200 

concentration could decrease a lot in these provinces by cutting the anthropogenic emissions in the 201 

wPol scenario(Zhang, et al. 2004). 202 

 203 
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 204 

Figure 2: Daily maximum 8-hour ozone concentration in woPol and wPol scenarios 205 

(upper) and change from woPol to wPol and wPol2 scenarios (lower). 206 
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 207 

Figure 3: Daily maximum 8-hour ozone concentration from natural background, 208 

anthropogenic emissions in the woPol and  wPol2 scenarios in 2030. 209 

3.2 Health impacts 210 

Health endpoints from ozone pollution include mortality, morbidity and work loss days. In 211 

this study, the morbidity consists of coughs, asthma, bronchodilator usage, lower respiratory 212 

symptoms, and respiratory-related hospital admissions (Table A1). As Figure 4 shows, we quantify 213 

the opportunities to obtain ozone-related diseases, premature death and payment for these kinds of 214 

illness for people exposed to two levels of daily maximum 8-hour ozone concentration in 30 215 

Chinese provinces. 216 

In the woPol scenario, the daily maximum 8-hour ozone concentration in most parts of China 217 

will be still above the standard level of 70 ug/m3 in 2030(Amann 2008; Bickel and Friedrich 2004). 218 
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Only Hainan (66 ug/m3) and Shanghai (66 ug/m3) would be able to meet the national standard, 219 

while in the populous regions like Beijing (96.1 ug/m3), Tianjin (77.8 ug/m3), and Jiangsu (75.1 220 

ug/m3), daily maximum 8-hour ozone concentration is high enough to cause various health impacts 221 

as shown in Figure 4 (left column), including mortality, per capita morbidity, per capita work loss, 222 

per capita health expenditure and value of life lost (VOLL). We also calculate the mitigation 223 

benefit (Figure 4 right) from air pollution control policy in the wPol scenario (Figure 4 right 224 

column). 225 

In 2030, the national total number of mortality is about 583.0 (95% confidence interval 230.8-226 

1189.5) thousand person in woPol scenario. In wPol and wPol2 scenario, mortality is 491.0 (209.2-227 

1078.4) and 335.3 (169.3-872.5) thousand persons. Air pollution control in the wPol scenario 228 

could lead to a decrease in mortality by 92.04 thousand persons. At the provincial level, Sichuan, 229 

Gansu, Shaanxi and Hunan encounter most of the ozone-related mortality in the woPol scenario, 230 

about 73.6 (24-123) 17.7 (5.8-30), 23.5 (7.6-39) and 47 (15-78) thousand person per year, 231 

respectively. In the wPol scenario, the majority reduction in mortality takes place in provinces in 232 

South China such as Hunan (12,000 people), Guangxi (9,000 people), Jiangxi (8,100 people) and 233 

Yunnan (7,100 people). However, even in this scenario, the total number of mortality in these four 234 

provinces is 140,100 people (46-235), accounting for 61.2% of national ozone-related mortality. 235 

As indicated by per capita morbidity, the provinces in the west and central China such as 236 

Sichuan, Qinghai, Jiangxi, Hunan and Chongqing, with higher daily maximum 8-hour ozone 237 

concentration, will be severely impacted. People in these provinces run a higher risk, about 4-5%, 238 

of suffering from health effects such as asthma attacks, respiratory hospital admission, coughs, 239 

and mortality from ozone exposure. In contrast, provinces in the east of China with lower daily 240 
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maximum 8-hour ozone concentration, such as Tianjin, Jiangsu, Beijing and Shandong, are at a 241 

lower risk, about 1-2 %, of suffering from such health effects from ozone exposure. 242 

Ozone exposure also leads to work loss days. Premature deaths among those aged between 243 

15 to 65 years old will reduce labor supply and total work time. However, there is no concentration-244 

response function about work loss days for ozone exposure in the literature. In this study, we 245 

converted minor restricted activity days of ozone into work loss days based on the relationship of 246 

PM2.5, e.g., minor restricted activity days are 2.78 times work loss days. Figure 4 shows the per 247 

capita work loss hours due to morbidity and cumulative mortality. In 2030, the national average 248 

per capita work loss is 1.24 (0.6-2.48), 1.06 (0.55-2.28) and 0.79 (0.46-1.92) hours respectively in 249 

the woPol, wPol and wPol2 scenarios in China. At the provincial level, Qinghai, Sichuan, Gansu 250 

and Xinjiang encounter more work loss hours, about 2.5 (0.97-4.05), 2.5 (0.97-4.03), 1.93 (0.75-251 

3.12) and 1.46 (0.57-2.23) hours respectively in the woPol scenario. The recovered work loss in 252 

the wPol scenario ranges from 0.39 hour in Yunnan Province to -0.24 (increase) hour in Beijing. 253 
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 254 

Figure 4: Health damage due to ozone pollution (left/red) and benefit of mitigation in 255 

2030 (right/green). 256 

3.3 Economic impacts 257 

Figure 4 (the bottom two rows) and Figure 5 show the economic loss due to ozone-related 258 

health impacts, including health expenditure, value of life lost, GDP loss and welfare loss. 259 
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Medical expenditure. The total health expenditure on ozone exposure-related morbidity in 260 

China in 2030 is estimated to be 38.25, 32.25 and 21.50 billion USD (2002 constant price) in the 261 

woPol, wPol and wPol2 scenarios, equivalent to per capita expenditure of 28.03, 23.64 and 15.75 262 

USD, respectively. The top five provinces account for most of the health expenditure in the woPol 263 

scenario, such as Sichuan (7.33 billion USD), Gansu (1.77 billion USD), Hunan (3.97 billion 264 

USD ), Jiangxi (2.56 billion USD ) and Shaanxi (1.33 billion USD). The top 3 provinces with 265 

highest per capita expenditure in the woPol scenario are different; the highest province is still 266 

Sichuan (84.1 USD), followed by the relatively poor provinces of Qinghai (56.4 USD), and Gansu 267 

(65.3 USD). This implies that ozone pollution could become a non-ignorable economic burden to 268 

the low-income residents in the west of China. Simultaneously, in the wPol scenario reduction 269 

rates of total expenditure are as follows in these five provinces: -8.67% (Sichuan), -6.9% (Gansu), 270 

-8.26% (Hunan), -25.54% (Jiangxi), -27.62% (Shaanxi). 271 

GDP loss and welfare loss. Both labor supply loss and medical expenditure increase will 272 

affect macroeconomic indicators such as GDP and residential welfare. As indicated in Figure 5, in 273 

2030, China will experience a GDP loss of about 0.034% (0.028~0.062%) in the woPol scenario, 274 

0.030% (0.025~0.055%) in the wPol scenario and 0.024% (0.023~0.045%) in the wPol2 scenario. 275 

At the provincial level, provinces in the west and southwest will experience higher GDP losses, 276 

for example, Qinghai (0.084%, 0.080% and 0.074% respectively in the woPol, wPol and wPol2 277 

scenarios), Sichuan (0.082%, 0.076% and 0.060%), Gansu (0.067%, 0.062% and 0.51%), Ningxia 278 

(0.065%, 0.062% and 0.047%), and Hunan (0.066%, 0.051% and 0.028%). By contrast, Shanghai 279 

and Hainan will experience much lower GDP loss from ozone pollution, about 0.001% in the 280 

woPol (0.006% in the wPol scenario). GDP loss is 0.030% (0.038%) in Beijing, 0.006% (0.0038%) 281 

in Tianjin, and 0.013% (0.011%) in Jiangsu.  282 
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Provinces with larger GDP, population and high ozone concentration display the following 283 

absolute values of GDP loss. The higher absolute value of GDP loss is 430.5 (378.0~794.3) billion 284 

CNY in Guangdong, 315.1 (259.2~572.3) billion CNY in Sichuan, 257.7 (194.2~459.9) billion 285 

CNY in Zhejiang, 188.0 (143.1~335.8) billion CNY in Hunan, and 181.2 (167.8~338.9) billion 286 

CNY in Shandong.  287 

Welfare loss is defined as total consumption change, which is measured by Hicks' equivalent 288 

variation(Fujimori, et al. 2015). In China, welfare loss from ozone-related health impacts in 2030 289 

is about 0.048% and 0.042% and 0.033% respectively in the woPol, wPol and wPol2 scenarios. 290 

Welfare loss is higher in provinces such as Qinghai (0.15%, 0.14% and 0.13%), Ningxia (0.14%, 291 

0.13% and 0.11%), Sichuan (0.12%, 0.11% and 0.76%) in the woPol, wPol and wPol2 scenarios 292 

in 2030. These provinces are in the west of China, where ozone from natural sources is quite high. 293 

The difference between the two scenarios is not significant. 294 

Value of statistical life lost. Figure 5 also shows the willingness to pay for each health 295 

endpoint. The benefits of avoided air pollution mortality and morbidity are monetized using value 296 

of statistical life (VSLs). In 2030, the national value of statistical life lost is about 284.77 and 241.5 297 

billion USD respectively in the woPol and wPol scenarios, which is about 2.34% and 1.99% of 298 

GDP. At the provincial level, VSLs of Sichuan, which has the highest mortality and moderate per 299 

capita GDP, is the highest (34.44 billion USD, or 7.37 % of GDP in woPol), followed by the 300 

western provinces of Gansu (6.92 billion USD, or 5.72 % of GDP), Xinjiang 3.97 billion USD, or 301 

2.95 % of GDP), and Shaanxi 10.84 billion USD, or 4.88 % of GDP). 302 
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 303 

Figure 5: GDP loss, welfare loss and value of statistical life lost due to ozone pollution 304 

in 30 provinces in 2030. 305 
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4 Discussion 306 

Daily maximum 8-hour ozone concentrations within China vary by region and by season.  307 

The contribution of anthropogenic and biogenic emissions to regional-scale ozone concentration 308 

also varies by region. Ozone concentrations are higher in the west of China but lower in the east, 309 

and higher in summer (due to higher active reaction of photochemical production) but lower in 310 

winter in most provinces and cities, dominated by natural background ozone in some provinces 311 

while by anthropogenic sources elsewhere (Figure A9). When national and local governments 312 

launch new air pollution control policies, they should consider these features. 313 

In accordance with the features of ozone concentration distribution, ozone-related health 314 

impacts are more severe in the western provinces with higher daily maximum 8-hour ozone 315 

concentration and moderate population density. The provinces of Qinghai, Sichuan, Gansu and 316 

Jiangxi suffer from higher per capita morbidity, more work hour loss and higher economic impacts. 317 

In contrast, health impacts are lower in the east of China, where the population density is much 318 

higher than west. The provinces in the southwest and northwest experience higher GDP loss and 319 

welfare loss due to ozone pollution. At the same time, these provinces are relatively less developed 320 

and have less motivation to control ozone pollution. Considering this regional variation, the 321 

government should make specific ozone control strategies for different regions. Moreover, since 322 

ozone is long-range transboundary air pollution, to control ozone pollution effectively, 323 

collaboration among provinces is an imperative. 324 

We find that it is more difficult to reduce daily maximum 8-hour ozone concentration 325 

compared with PM2.5 (Figure A4) because the ozone generation process is not in a linear 326 

relationship with precursor emissions, implying that in the longer term, ozone pollution will be a 327 
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more persistent air pollution problem in China. Although ozone precursor emissions have been 328 

reduced a lot from the woPol to wPol and wPol2 scenarios (Figure A4), the daily maximum 8-329 

hour ozone concentration reduction is very limited (less than 10%) in the wPol scenario. Even 330 

more aggressive reduction efforts are made in the wPol2 scenario, in contrast to PM2.5 whose daily 331 

concentration could be reduced by over 70% in almost all provinces, reduction rates of daily 332 

maximum 8-hour ozone concentration are merely around 20% in most provinces. Conversely, in 333 

urban areas around Beijing, Shanghai and Guangzhou, it actually increases. A similar phenomenon 334 

has been reported in previous studies in China. For instance, Chou et al.(Chou, et al. 2011) found 335 

that the mixing ratio of ozone increased with the increasing NO2/NO ratio, whereas the NOz mixing 336 

ratio leveled off when NO2/NO> 8 (Chou, et al. 2011). Consequently, the ratio of ozone to NOz 337 

increased to above 10, indicating the shift from a VOC-sensitive regime to a NOx-sensitive regime. 338 

Xue et al. found varying and considerable impacts of ozone generation processes in different areas 339 

of China depending on the atmospheric abundances of aerosol and NOx(Xue, et al. 2014). This is 340 

partly owing to the fact that most of PM2.5 is from anthropogenic activities like industry and 341 

transportation, while relatively less is from natural sources, such as desert, farmland, forest burning 342 

and sea salt. But for ozone, a significant source is natural emissions, which are beyond the control 343 

of human activity. One study from WHO shows human exposure to ozone during the winter is 344 

reduced because more time is spent indoors. Building structures and slow rates of ventilation 345 

reduce ozone penetration indoors even during the summer(Amann 2008). Therefore, the 346 

government should provide daily public information about air quality, and the public should adjust 347 

their lifestyles according to the air quality information. 348 

As we know, China is suffering from extremely serious PM2.5 pollution. Air pollution control 349 

policy can reduce PM2.5 pollution as well as ozone pollution. Air pollution control policy that can 350 
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reduce primary emissions reduction such as NOx, SOx, VOC leads to reduce both PM2.5 pollution 351 

and ozone pollution. In such a case, controlling PM2.5 pollution also brings the benefit of reduction 352 

of ozone pollution. We also compared the national impacts of ozone and PM2.5 pollution in China 353 

(Figure 6, PM2.5 results are updated from(Xie, et al. 2016b)). Regarding exposure-response 354 

functions, ozone has smaller ERFs than PM2.5, including the mortality and most morbidity. For 355 

PM2.5, the World Health Organization (WHO) standard is 10 ug/m3, emissions above which will 356 

lead to health effects. For ozone, the threshold value is 35ppbv (equivalent to 70 ug/m3). PM2.5 357 

concentration is much higher in high population density areas, while daily maximum 8-hour ozone 358 

concentration is higher in relatively low populated western provinces. As a result, it is found that 359 

health and economic impacts from ozone are much smaller than PM2.5 pollution except for per 360 

capita morbidity and expenditure. Taking the wPol scenario in 2030 for example, total mortality 361 

is 0.49 million due to ozone whereas it is 2.43 million due to PM2.5. Per capita work loss is only 362 

1.1 hour from ozone while it is 11.4 hours due to PM2.5. Conversely, upper respiratory symptoms 363 

dominate PM-related endpoints while the overwhelming endpoints related to ozone are 364 

bronchodilator usage and weaker respiratory symptoms. Per capita morbidity caused by ozone (2.3 365 

times per capita per year) is more than 20 times higher than PM2.5 (0.1 times per capita per year) 366 

mainly due to bronchodilator usage, consequently, per capita expenditure due to ozone is 23.64 367 

USD, which is much higher than that caused by PM2.5 (4.82 USD). Furthermore, ozone causes less 368 

GDP loss (0.03%) than PM2.5 (0.36%-0.83% in the wPol scenario and 1.14-2.82% in the woPol 369 

scenario as reported in(Xie, et al. 2016a)). Moreover, the GDP loss due to both PM2.5 and ozone 370 

pollution in the woPol scenario in our study is comparable to that reported by the OECD14 (2.6% 371 

in 2060). Matus et al. used a CGE model to estimate the benefits of air pollution control in the 372 

USA, and found that the benefits rose steadily from 1975 to 2000 from 50 billion USD to 400 373 
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billion USD (from 2.1% to 7.6% of market consumption)(Matus, et al. 2008). This result is also 374 

comparable with our result. US EPA’s study also shows that the benefit from The Clean Air Act 375 

is higher than the cost in the US(Agency 1999). On the other hand, if the air quality is improved, 376 

fewer people die due to air pollution. The population projection and energy consumption will also 377 

be changed in the future. If considering this feedback in CGE model, the GDP loss and welfare 378 

loss would be different. 379 

Uncertainty within our framework could be classified into three sources. The first source is 380 

uncertainty of future economic development and energy consumption in the CGE model. The 381 

second source is estimation of future air pollutant emissions and ozone concentration, which is 382 

related to both technology selection and the behavior of the GEOS-Chem model. The last source 383 

is related to ERFs used in the health model. In terms of uncertainty of ERFs, the numbers in the 384 

parenthesis show 95% CI of ERFs. 385 

Despite our pioneering efforts in quantifying the health and economic impacts of ambient 386 

ozone and PM2.5 pollution, there are some limitations and uncertainties, which need further 387 

investigation. Many epidemiological studies show exposure to higher ozone concentration not only 388 

leads to health problem, but also leads to reductions in the amount of effective labor, which is 389 

measured in labor productivity(Brauer, et al. 1996; Korrick, et al. 1998). But the effects on 390 

productivity cannot be quantified in this study. If we consider these kinds of impacts, the economic 391 

impact from ozone pollution will be higher than current results. Besides, our results may be 392 

underestimated because we neglect mortality among those younger than 30, including effects on 393 

children and neonatal effects(West, et al. 2013). Furthermore, as noted in the supplementary 394 

information, there are no ERFs for work loss days for ozone, and as the second best approach we 395 

converted it from the restricted activity day, which leads to uncertainties concerning the 396 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-849
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 16 October 2017
c© Author(s) 2017. CC BY 4.0 License.



 

Page 23 of 63 
 

quantifying of the market economic impacts in the CGE model. We expect future epidemic studies 397 

could fill this gap. 398 

 399 
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Figure 6: Comparing health impacts between PM2.5 and ozone. 400 
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6 Appendix 406 

6.1 The health assessment module 407 

Health endpoint 408 

The health module is extended from our previous work (Xie, et al. 2016a)to quantify the 409 

health impacts of ozone pollution and monetize the value of such health impacts. Exposure to 410 

incremental ozone leads to health problem called health endpoints, which are categorized into 411 

morbidity and chronic mortality (Table A1). This study follows the methodology that the relative 412 

risk (RR) for the endpoint is in a linear relationship with the concentration level(Cakmak, et al. 413 

2016; Kampa and Castanas 2008; Silva, et al. 2013). As showed in Health equation 1, when the 414 

concentration is lower than the threshold value of 70ug/m3 (Amann 2008; Bickel and Friedrich 415 

2004) RR is 1, there is no concentration-response function(CRF) to quantify health impacts of 416 

ozone. Linear function assumes that the CRF is a constant (Health equation 2). The number of 417 
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health endpoints is estimated by multiplying RR with population and reported cause-specific 418 

mortality rate. 419 

All results are region r, year y, scenario s, and uncertainty range g specific. For simplification, 420 

they are omitted in the following description. 421 

Health equation (1): 422 

𝑅𝑅𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣(𝐶) = {
1, if 𝐶𝑝,𝑟,𝑠,𝑦 ≤ 𝐶0𝑝

1 + 𝐶𝑅𝐹𝑚,𝑒,𝑣×(𝐶𝑝,𝑟,𝑠,𝑦 − 𝐶0𝑝), linear function, if 𝐶𝑝,𝑟,𝑠,𝑦 > 𝐶0𝑝
 423 

Health equation (2): 424 

𝐸𝑃𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣(𝐶)425 

= {
𝑃𝑟,𝑦,𝑚×(𝑅𝑅𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣(𝐶) − 1), for linear morbidity function 

𝑃𝑟,𝑦,𝑚×(𝑅𝑅𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣(𝐶) − 1)×𝐼𝑟,"all cause" , for linear mortality function 
 426 

where 427 

RR(C): Relative risk for endpoint at concentration C [case/person/year or day/person/year] 428 

EP: Health endpoint [case/year or day/year] 429 

C: Concentration level of pollutant 430 

C0: Threshold concentration that causes health impacts (10 ug/m3 for PM2.5 and 70 ug/m3 for 431 

ozone.) 432 

CRF: Concentration-response function 433 

P: Population, aged 15-65 for work loss day, age 25-65 for Ischemic heart disease and Stroke, 434 

and entire cohort for other endpoints 435 

�̂� : (cause-specific mortality rate 436 

I: Reported average annual disease incidence (mortality) rate for endpoint 437 

𝐼𝑟,"all cause": Reported average annual natural death rate for endpoint 438 

𝛼, 𝛾, 𝛿: Parameters that determine the shape of the non-linear concentration-response 439 

relationship for chronic mortality. 440 

Suffix p, r, s, y, m, e, v represent pollutant (PM2.5 and O3), region, scenario, year, endpoint 441 

category (morbidity or mortality), endpoint, value range (medium, low and high), respectively. 442 

 443 

Annual per capita work loss rate 444 
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Annual total work loss day (WLD) of a region is a summation of work loss day from 445 

morbidity and cumulative work loss day from chronic mortality aged from 15 to 65 years old 446 

(Health equation 3). Based on death rates for different age group and cause-specific mortality from 447 

China health statistics, we assume 4% of total chronic mortality is aged between 15 and 65 years 448 

old. Note that different from PM2.5 impact, in the literature there is no ERF for work loss day for 449 

ozone pollution. In this study, we converted minor restricted activity day of ozone into work loss 450 

day based on the relationship of PM2.5, e.g., minor restricted activity day is 2.78 times of work loss 451 

day. Annual per capita work loss rate (WLR) is obtained by dividing WLD with working 452 

population and annual working days (Health equation 4). In the CGE model, WLR is used to 453 

calculate the actual labor force after subtracting the work loss (Health equation 5). 454 

Health equation (3): 455 

𝑊𝐿𝐷𝑝,𝑟,𝑠,𝑦,𝑣 = ∑(

𝑚

𝐸𝑃𝑝,𝑟,𝑠,𝑦,𝑚,"wld",𝑣) + ∑ (

𝑒,𝑦′<𝑦

𝐸𝑃𝑝,𝑟,𝑠,𝑦′,"mt",𝑒,𝑣)×0.04×𝐷𝑃𝑌 456 

Health equation (4): 457 

𝑊𝐿𝑅𝑝,𝑟,𝑠,𝑦,𝑣 =
𝑊𝐿𝐷𝑝,𝑟,𝑠,𝑦,𝑣

𝐷𝑃𝑌×𝑃𝑟,𝑦,"15−65"
 458 

Health equation (5): 459 

𝐿𝐴𝐵𝑝,𝑟,𝑠,𝑦,𝑣 = 𝐿𝐴𝐵0𝑟,"ref",𝑦×(1 − 𝑊𝐿𝑅𝑝,𝑟,𝑠,𝑦,𝑣) 460 

Where 461 

WLD: Annual work loss day [day/year] 462 

WLR: Annual per capita work loss rate 463 

"wld": Subset "Work loss day" of e 464 

"mt": Subset "Chronic mortality" of m 465 

LAB: Labor force after considering work loss 466 
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LAB0: Labor force in the reference scenario 467 

DPY: Per capita annual working days (5 day/week * 52 week/year = 260 day/year) 468 

 469 

Health expenditure 470 

Additional health expenditure is obtained by multiplying outpatient and hospital admission 471 

price with total endpoints (Health equation 6). The price is a function of per capita GDP of each 472 

province (Health equation 7), and the parameters 𝛽, 𝜃 are estimated through regression analysis 473 

of statistical price by disease and GDP of each province from 2003 to 2012. Additional medical 474 

expenditure is regarded as household expenditure pattern change, which means as more money is 475 

spent on medical services, less is available on other commodities. 476 

Health equation (6): 477 

𝐻𝐸𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣 = 𝑃𝑅𝑟,𝑠,𝑦,𝑒,𝑣×𝐸𝑃𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣  478 

Health equation (7): 479 

𝑃𝑅𝑟,𝑠,𝑦,𝑒,𝑣 = 𝛽𝑟,𝑒×𝐺𝐷𝑃𝑃𝐶𝑟,𝑠,𝑦 + 𝜃𝑟,𝑒 480 

Where: 481 

HE: Total additional health expenditure [billion Yuan/year] 482 

PR: Price of medical service [Yuan/case] 483 

𝐺𝐷𝑃𝑃𝐶𝑟,𝑠,𝑦: Per capita Gross Domestic Production from CGE model 484 

𝛽𝑟,𝑒 , 𝜃𝑟,𝑒: Parameters derived from regression analysis of medical service price 485 

 486 

  487 
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Table A1: Concentration response functions from ozone related health endpoints. 488 

Category Endpoint Unit Medium 

C.I. 

(95%)  

Low 

C.I. 

(95%)  

High 

Morbidity Work loss day day/person/ug-m3 0.004126 0.001655 0.006627 

 

Minor restricted activity 

day day/person/ug-m3 0.0115 0.0044 0.0186 

 Asthma attacks case/person/ug-m3 0.00429 0.00033 0.00825 

 

Respiratory hospital 

admissions case/person/ug-m3 0.000004 0.000001 0.000006 

 Bronchodilator usage case/person/ug-m3 0.073 -0.0255 0.157 

 

Lower respiratory 

symptoms case/person/ug-m3 0.016 -0.043 0.081 

Mortality Chronic mortality case/person/ug-m3 0.002 0.00065 0.00335 

  Value of statistical life  million USD/life 0.25     

Source(Amann 2008; Apte, et al. 2015; Bickel and Friedrich 2004; Cao, et al. 2011) 489 

Value of statistical life 490 

As showed in Health equation 8, we also quantified the value of statistical life (VSL) using 491 

the willingness to pay approach following the method(West, et al. 2013). The national average 492 

willingness to pay for avoiding premature death is 250 thousand USD (Table A1)(Xie 2011). VSLs 493 

in all provinces are calculated using their current GDP per capita values relative the national 494 

average per capita GDP in 2010 and an income elasticity of 0.5(Viscusi and Aldy 2003). 495 

Health equation (8): 496 

𝑉𝑜𝐸𝑝,𝑟,𝑠,𝑦,𝑒 = 𝑊𝑇𝑃𝑟,𝑦,𝑒×𝐸𝑃𝑝,𝑟,𝑠,𝑦,𝑚,𝑒,𝑣×(
𝐺𝐷𝑃𝑟,𝑦

𝐺𝐷𝑃"China","2010"
)0.5 497 

Where: 498 

• 𝑉𝑜𝐸𝑝,𝑟,𝑠,𝑦,𝑒: Value of health endpoint; 499 

• 𝑊𝑇𝑃𝑟,𝑦,𝑒: Willingness to pay for avoiding premature death and morbidity. 500 
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6.2 The CGE model 501 

The global CGE model applied in this study can be classified as a multi-sector, multi-region, 502 

recursive dynamic CGE model that covers 22 economic commodities and corresponding sectors, 503 

and eight power generation technologies as detailed in Table A2. As a special model feature, the 504 

number of modelling regions, both international and within China is highly flexible to allow for a 505 

wide range of studies. In this regard 3, 7, or 30 provincial units of China and 1, 3, or 14 international 506 

regions could be analyzed consistently, as summarized in Table A3. This CGE model is solved by 507 

Mathematical Programming System for General Equilibrium under General Algebraic Modeling 508 

System (GAMS/MPSGE)(Rutherford 1999) at a one-year time step. The model includes a 509 

production block, a market block with domestic and international transactions, as well as 510 

government and household incomes and expenditures blocks. Activity output for each sector 511 

follows a nested constant elasticity of substitution (CES) production function. Inputs are 512 

categorized into material commodities, energy commodities, labor, capital and resources. 513 

Technical descriptions have been introduced in(Dai, et al. 2015; Xie, et al. 2016a). It has been used 514 

widely for assessing China's climate mitigation at the national(Dai, et al. 2011; Dai, et al. 2012) 515 

and provincial level(Cheng, et al. 2016; Cheng, et al. 2015; Tian, et al. 2016; Wu, et al. 2016; Xie, 516 

et al. 2016a). The model has been configured extensively to reflect the historical and future 517 

pathway of China in reference (Dong, et al. 2015). For instance, we adjusted the model 518 

assumptions to match the historical statistics of population growth, GDP growth rate, energy (as 519 

shown in Figure A1) and air pollutant emissions (as shown in Figure A2) in each province as much 520 

as possible. As for the future, China’s GDP growth and demographic evolution follows SSP2 521 

(Shared Socio-economic Pathways) scenario (O’Neill, et al. 2013), which is characterized by 522 
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moderate economic growth, fairly rapid growing population and lessened inequalities between 523 

west, central and east China. 524 

  525 
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 526 

Table A2 Classification of sectors in the model 527 

Nr. Code Note Nr. Code Note 

1 Cagri Agriculture 16 COthManuf Other manufacturing 

2 Coal Coal 17 Celec     Power generation 

3 Coil Crude oil 18 CGas      Manufactured gas 

4 Cmin Other Mining 19 Cwater    Water production 

5 CFdTbc Food and Tabaco 20 CCnst     Construction 

6 CTxt      Textile 21 CTrsp     Transport 

7 Cpaper    Paper 22 Csvc      Service 

8 Cpet      Petrol oil ⅰ CoalP Coal power 

9 Cchem     Chemicals ⅱ CoilP Crude oil power  

10 CNonMPrd  NonMetal product ⅲ Cngs Natural gas power 

11 CMetSmlt  
Metal smelting and 

processing 
ⅳ Hydro Hydro power 

12 CMetPrd   Metal product ⅴ Nuclear Nuclear power 

13 CMchn     Machinery ⅵ Wind Wind power 

14 CTspEq    Transport equipment ⅶ Solar Solar power 

15 CElcEq    Electronic equipment ⅷ Biomass Biomass power 

 528 

 529 

 530 
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Table A3 Model regions defined in the CGE model 531 

 532 

 533 
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Production 534 

For each sector (j) in region (r), gross output 𝑄𝑟,𝑗 is produced using inputs of labor (𝐿𝑟,𝑗), 535 

capital (𝐾𝑟,𝑗), energy (𝐸𝑟,𝑗 𝐶𝑜𝑎𝑙𝑟,𝑗, 𝑜𝑖𝑙𝑟,𝑗, 𝑔𝑎𝑠𝑟,𝑗  and 𝑒𝑙𝑒𝑟,𝑗), and non-energy material (𝑀𝑟,𝑗). In 536 

some sectors (Cagri, Coal, Coil, Cmin), resource (𝑅𝐸𝑆𝑟,𝑗) is also input. A five-level nested function 537 

is used to characterize the production technologies as showed in Figure  and CGE Equation 2 538 

below. The producer maximizes its profit by choosing its output level and inputs use, depending 539 

on their relative prices (CGE Equation 1) subject to its technology (CGE Equation 2).  540 

CGE Equation (1):  541 

max 𝜋𝑟,𝑗 =  𝑝𝑟,𝑗 ∙ 𝑄𝑟,𝑗 − (∑ 𝑝𝑟,𝑖 ∙ 𝑋𝑟,𝑖,𝑗 +𝑁
𝑖=1 ∑ 𝜔𝑟,𝑣 ∙ 𝑉𝑟,𝑣,𝑗

𝑉
𝑣=1 ) − 𝑇𝑟,𝑗

𝑧   542 

Subject to the production technology: 543 

CGE Equation (2):  544 

𝑄𝑟,𝑗 =545 

 𝐿𝐸𝑂1𝑟𝑗{𝑀𝑟,𝑖,𝑗 , 𝑅𝐸𝑆𝑟,𝑗 , 𝐶𝐸𝑆2𝑣𝑎𝑒 (𝐶𝐸𝑆3𝑣𝑎(𝐾𝑟,𝑗 , 𝐿𝑟,𝑗 , 𝐶𝐸𝑆3𝑒(𝑒𝑙𝑒𝑟,𝑗 , 𝐶𝐸𝑆4𝑓𝑜𝑠⟨𝑐𝑜𝑎𝑙𝑟,𝑗 , 𝑔𝑎𝑠𝑟,𝑗 , 𝑜𝑖𝑙𝑟,𝑗 , 𝑝𝑒𝑡𝑟,𝑗⟩))}   546 

Where 547 

𝜋𝑟,𝑗 is the profit of j-th producers in region r; 548 

𝑄𝑟,𝑗 Output of j-th sector in region r; 549 

𝑋𝑟,𝑖,𝑗 Intermediate inputs of i-th goods in j-th sector in region r; As shown in Figure A1, 𝑋𝑟,𝑖,𝑗 550 

includes 𝑀𝑟,𝑖,𝑗 (non-energy material), 𝑒𝑙𝑒𝑟,𝑗  (electricity), 𝑐𝑜𝑎𝑙𝑟,𝑗  (coal), 𝑔𝑎𝑠𝑟,𝑗  ( natural gas or 551 

manufactured gas), 𝑜𝑖𝑙𝑟,𝑗 (crude oil), 𝑝𝑒𝑡𝑟,𝑗 (refined oil) and 𝑅𝐸𝑆𝑟,𝑗  ( resource which is originated from 552 

the natural resource endowment); 553 

𝑉𝑟,𝑣,𝑗 v-th primary factor inputs in j-th sector in region r; 554 

𝑝𝑟,𝑗 Price of the j-th composite commodity; 555 

𝜔𝑟,𝑣 v-th factor price in region r; 556 

𝐾𝑟,𝑗  is capital input in sector j; 557 

𝐿𝑟,𝑗  is labor force in sector j; 558 

𝑇𝑟,𝑗
𝑧  is production tax in sector j; 𝑇𝑟,𝑗

𝑧 = 𝑝𝑟,𝑗 ∙ 𝑄𝑟,𝑗 ∙ 𝜏𝑟,𝑗, where 𝜏𝑟,𝑗 is the production tax 559 

rate; 560 
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𝐶𝐸𝑆𝑘𝑟𝑗  is the CES function at the k-th nesting level, the first level, 𝐿𝐸𝑂1𝑟𝑗 , is Leontief 561 

function, the second level (𝐶𝐸𝑆2𝑣𝑎𝑒) is aggregation of value added and energy composite, the 562 

third level 𝐶𝐸𝑆3𝑣𝑎  is aggregation of value added, and 𝐶𝐸𝑆3𝑒  is aggregation of energy 563 

composite, the fourth level 𝐶𝐸𝑆4𝑓𝑜𝑠  is aggregation of fossil energy inputs. 564 

The following conditions apply in this regard: 565 

Land inputs are considered only for agriculture sector (Cagr), other resources are considered 566 

for crude oil and natural gas extraction (Coil), coal mining (Coal) and other mining (Cmin) sectors; 567 

Within energy transformation sectors such as oil refining (Cpet), gas manufacturing (Cgas), 568 

primary energy commodities are considered as material inputs; 569 

The power sector is modelled by three fossil-fired (coal, gas and oil) and five non-fossil 570 

(nuclear, hydro, wind, solar and biomass) technologies( Figure b). The energy bundle is not 571 

combined with capital for fossil-fired technologies, but linked directly to activity output. This 572 

means that electricity output is in a linear relationship with energy inputs. 573 

Labor is assumed to be fully mobile across industries within a region but immobile across 574 

regions. The mobility feature of capital follows a putty-clay approach, which means that vintage 575 

capital is immobile across either regions or industries while new investment is fully mobile across 576 

industries within a region. 577 

 578 

 579 

Figure A1 Nesting of production structure 580 

σ va=0.6

CES3va

CES4fos

LEO1rj

CES2vae

a b

Qr,j

σklem=0

VAEr,jMr,i,jMr,i,1 …

σeva=0.4

VAr,j

Kr,j Lr,j

Er,j

Eler,j FOSr,j

Coalr,j Gasr,j Oilr,j

σfe=0.7

σff=1.5

Petr,j

Qr,nfos

σklm=0

Mri,nfos Var,nfos

σ va=0.6

Kr,nfos Lr,nfos

Qr,fos

σklem=0

Mri,fos VAr,fos

σ va=0.6

Kr,fos Lr,fos

Er,fos

eler,fos FOSr,fos

Coalr,fos Gasr,fos Petr,fos

σfe=0.7

σff=1.5

σpower = ∞

Qr,ele

RESr,j

CES3e CES3e

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-849
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 16 October 2017
c© Author(s) 2017. CC BY 4.0 License.



 

Page 35 of 63 
 

a, except for electricity sector; b, electricity sector. 𝜎 is elasticity of substitution for inputs. 581 

𝑉𝐴𝐸𝑟,𝑗 , 𝑉𝐴𝑟,𝑗 , 𝐸𝑟,𝑗 , 𝐹𝑂𝑆𝑟,𝑗  are CES composites of value added & energy, value added, 582 

energy and fossil energy, respectively. 583 

Final demand 584 

Household and government sectors are represented as two different final demand sectors. As 585 

CGE Equation 3 shows, the representative household receives income from the rental of primary 586 

factors ( ∑ (𝑉
𝑣=1 𝜔𝑟,𝑣 ⋅ 𝑉𝑟,𝑣) + ∑ (𝑗 𝑝𝑙𝑑𝑟 ⋅ 𝑄𝐿𝐴𝑁𝐷𝑟,𝑗) + ∑ (𝑠,𝑗 𝑝𝑟

𝑟𝑒𝑠 ⋅ 𝑄𝑅𝐸𝑆𝑟,𝑗,𝑠) ) and lump-sum 587 

transfer from the government. The income is used for either investment (or saving, 𝑇𝑟
𝑝
) or final 588 

consumption (∑ 𝑝𝑟,𝑖
𝑞

𝑖 ⋅ 𝑋𝑟,𝑖
𝑝

). Households maximize their utility by choosing the levels of final 589 

consumption of commodities, subject to the constraints of their income and commodity prices (see 590 

the income balance in CGE Equation 3). Total investment is assumed exogenously by CGE 591 

Equation 12. On the other hand, the government collects taxes (𝑇𝑟
𝑑 + ∑ 𝑇𝑟,𝑗

𝑧
𝑗 + ∑ 𝑇𝑟,𝑗

𝑚
𝑗 ) and 592 

spends the tax revenue in providing public services (𝑝𝑟
𝑖 ⋅ 𝑥𝑟,𝑖

𝑔
) as explained in CGE Equation 4. The 593 

demands (𝐷𝐸𝑀𝑟
𝑑) of household consumption, investment goods and government are specified 594 

using Cobb-Douglas utility or demand functions (CGE Equation 5). 595 

CGE Equation (3): income balance of the representative household 596 

∑(

𝑉

𝑣=1

𝜔𝑟,𝑣 ⋅ 𝑉𝑟,𝑣) + ∑(

𝑗

𝑝𝑙𝑑𝑟 ⋅ 𝑄𝐿𝐴𝑁𝐷𝑟,𝑗) + ∑(

𝑠,𝑗

𝑝𝑟,𝑠
𝑟𝑒𝑠 ⋅ 𝑄𝑅𝐸𝑆𝑟,𝑗,𝑠) − 𝑇𝑟

𝑑 = ∑ 𝑝𝑟,𝑖
𝑞

𝑖

⋅ 𝑋𝑟,𝑖
𝑝

+ 𝑆𝑟
𝑝

 597 

CGE Equation (4): income balance of the government 598 

𝑇𝑟
𝑑 + ∑ 𝑇𝑟,𝑗

𝑧

𝑗

+ ∑ 𝑇𝑟,𝑗
𝑚

𝑗

= ∑ 𝑝𝑟,𝑖

𝑖

⋅ 𝑋𝑟,𝑖
𝑔

+ 𝑆𝑟
𝑔

 599 

CGE Equation (5): Cobb-Douglas representation of demand of household, investment 600 

and government 601 

𝐷𝐸𝑀𝑟
𝑑 = 𝐴𝑟

𝑑 ⋅ ∏(

𝑁

𝑖=1

𝑋𝑟,𝑖
𝑑 )𝛼𝑟,𝑖

𝑑
 602 

 603 
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The first-order conditions for the optimality of the above problem imply the following 604 

demand functions for household, government and investment, respectively: 605 

CGE Equation (6): demand function for household 606 

𝑋𝑟,𝑖
𝑝

=
𝛼𝑟

𝑝

𝑝𝑟,𝑖
⋅ (∑(

𝑉

𝑣=1

𝜔𝑟,𝑣 ⋅ 𝑉𝑟,𝑣) + ∑(

𝑗

𝑝𝑙𝑑𝑟 ⋅ 𝑄𝐿𝐴𝑁𝐷𝑟,𝑗) + ∑(

𝑠,𝑗

𝑝𝑟,𝑠
𝑟𝑒𝑠 ⋅ 𝑄𝑅𝐸𝑆𝑟,𝑗,𝑠) − 𝑇𝑟

𝑑 − 𝑆𝑟
𝑝

) 607 

CGE Equation (7): demand function for government 608 

𝑋𝑟,𝑖
𝑔

=
𝛼𝑟

𝑔

𝑝𝑟,𝑖
⋅ (𝑇𝑟

𝑑 + ∑ 𝑇𝑟,𝑗
𝑧

𝑗

+ ∑ 𝑇𝑟,𝑗
𝑚

𝑗

− 𝑆𝑟
𝑔

) 609 

CGE Equation (8): demand function for investment 610 

𝑋𝑟,𝑖
𝑛 =

𝛼𝑟
𝑛

𝑝𝑟,𝑖
⋅ (𝑆𝑟

𝑝
+ 𝑆𝑟

𝑔
+ 𝜀 ⋅ 𝑆𝑟

𝑓
) 611 

Where 612 

𝐷𝐸𝑀𝑟
𝑑 is final demand of households - p, investment - n and government - g; 613 

𝜔𝑟,𝑣 is price of the vth primary factor; 614 

𝑉𝑟,𝑣 is vth primary factor endowment by household; 615 

𝑝𝑙𝑑𝑟 is land price; 616 

𝑄𝐿𝐴𝑁𝐷𝑟,𝑗 is land in sector j; 617 

𝑝𝑟,𝑠
𝑟𝑒𝑠 is price of resource s; 618 

𝑄𝑅𝐸𝑆𝑟,𝑗,𝑠 is quantity of resource s in sector j; 619 

𝑇𝑟
𝑑 is direct tax; 620 

𝑆𝑟
𝑝
 is household savings; 621 

𝑇𝑟,𝑗
𝑧  is production tax in sector j; 622 

𝑇𝑟,𝑗
𝑚  is import tariff of commodity j; 623 

𝑆𝑟
𝑔

 is government savings; 624 

𝑆𝑟
𝑓
 is current account deficits in foreign currency terms (or alternatively foreign savings); 625 

𝜀 is foreign exchange rate; 626 

𝑝𝑟,𝑖 is commodity price; 627 

𝑋𝑟,𝑖
𝑑  is final consumption of commodity i by agent d (d ∈ households - p, investment - n and 628 

government - g). 629 

𝐴𝑟
𝑑 is the scaling parameter in Cobb-Douglas function by agent d (d ∈ households - p, investment 630 

- n and government - g); 631 

𝛼𝑟,𝑖
𝑑  is the share parameter in Cobb-Douglas function by agent d (d ∈ households - p, investment 632 

- n and government - g); 633 
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Commodity supply and inter-regional trade 634 

Supply of commodity adopts Armington assumption(Armington 1969), assuming that goods 635 

produced from other provinces and abroad are imperfectly substitutable for domestically and 636 

locally produced goods. This approach is shown in Figure  and CGE Equation 9 and 10 below. 637 

Supply to international region (f) 638 

CGE Equation (9): Armington representation of domestically produced and imported 639 

commodity 640 

𝑋𝑓𝑖 = 𝐶𝐸𝑆𝑠1{𝐷𝑓𝑓𝑖 , 𝐶𝐸𝑆𝑠2(𝑃1𝑓𝑖,⋅⋅⋅, 𝑃𝑝𝑓𝑖)} 641 

Where 642 

𝐷𝑓𝑓𝑖 is commodity produced in the rest of world; 643 

𝑃𝑝𝑓𝑖 is commodity produced in China’s provinces and exported to the rest of world; 644 

• Supply to China province (p) 645 

CGE Equation (10): representation of commodity produced locally and produced in 646 

other provinces 647 

𝑋𝑝𝑖 = 𝐶𝐸𝑆𝑠1{𝐹f𝑝𝑖 , 𝐶𝐸𝑆𝑠2(𝐷𝑝𝑝𝑖, 𝐶𝐸𝑆𝑠3(𝑃1𝑝𝑖 ,⋅⋅⋅, 𝑃𝑝′𝑝𝑖 ))} 648 

Where 649 

𝐹𝑓𝑝𝑖 is commodity produced in the rest of world and imported by China’s province; 650 

𝐷𝑝𝑝𝑖 is commodity produced in the province and supplied to the same province; 651 

𝑃𝑝′𝑝𝑖  is commodity produced in the other provinces. 652 

 653 

 654 
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  655 

 656 

Figure A2 Aggregation of local, domestic and foreign varieties of good 657 

a, international regions; b, China provinces. 𝜎 is elasticity of substitution for inputs 658 

 659 

Two types of price variables are distinguished. One is prices in terms of the domestic currency 660 

𝑝𝑖
𝑒 and 𝑝𝑖

𝑚; the other is prices in terms of the foreign currency 𝑝𝑖
𝑊𝑒and 𝑝𝑖

𝑊𝑚 . They are linked with 661 

each other as follows: 662 

CGE Equation (11)  663 

𝑝𝑖
𝑒 =  𝜀 ∙ 𝑝𝑖

𝑊𝑒           664 

CGE Equation (12) 665 

𝑝𝑖
𝑚 =  𝜀 ∙ 𝑝𝑖

𝑊𝑚          666 

Furthermore, it is assumed that the economy faces balance of payments constraints, which is 667 

described with export and import prices in foreign currency terms: 668 

CGE Equation (13) 669 

∑ 𝑝𝑖
𝑊𝑒 ∙ 𝐸𝑟,𝑖𝑖 + 𝑆𝑟

𝑓
= ∑ 𝑝𝑖

𝑊𝑚 ∙ 𝑀𝑖𝑖      670 

Where 671 
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𝐸𝑟,𝑖 Export of i-th commodity in region r, 672 

𝑀𝑟,𝑖 Import of i-th commodity in region r, 673 

𝑝𝑖
𝑊𝑒  Export price in terms of foreign currency,  674 

𝑝𝑖
𝑒 Export price in terms of domestic currency, 675 

𝑝𝑖
𝑊𝑚  Import price in terms of foreign currency,  676 

𝑝𝑖
𝑚 Import price in terms of domestic currency. 677 

 678 

Market clearance 679 

The market-clearing conditions hold for both commodity and factor markets. 680 

For the commodity markets described in CGE Equation 14, output 𝑄𝑟𝑖 in the corresponding 681 

sector j (i=j) is equal to the total demand of intermediate inputs, household, investment and 682 

government ( ∑ 𝑋𝑟,𝑖
𝑑

𝑑 ), plus export to other international regions ( ∑ 𝐹𝑟,𝑓,𝑖𝑓  ) and provinces 683 

(∑ 𝑃𝑟,𝑝,𝑖𝑝  ), minus import from other international regions ∑ 𝐹𝑓,𝑟,𝑖𝑓  and provinces (∑ 𝑃𝑝,𝑟,𝑖𝑝  ), and 684 

plus net stock change (𝑆𝑇𝐾𝑟𝑖): 685 

CGE Equation (14): market clearance of commodity and services 686 

𝑄𝑟𝑖 = ∑ 𝑋𝑟,𝑖
𝑑

𝑑

+ ∑ 𝐹𝑟,𝑓,𝑖

𝑓

+ ∑ 𝑃𝑟,𝑝,𝑖

𝑝

− ∑ 𝐹𝑓,𝑟,𝑖

𝑓

− ∑ 𝑃𝑝,𝑟,𝑖

𝑝

+ 𝑆𝑇𝐾𝑟,𝑖 687 

For the factor markets described in CGE Equation 15, supply of total factor (𝑉𝑟,𝑣) is equal to 688 

factor inputs in all sectors (𝑣𝑟,𝑣,𝑗): 689 

 690 

CGE Equation (15): market clearance of production factor 691 

𝑉𝑟,𝑣 = ∑ 𝑣𝑟,𝑣,𝑗

𝑗

 692 

Macro closure 693 
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In a CGE model, the issue of macro closure is the choice of exogenous variables, including 694 

macro closure of investment-saving balance and current account balance. In this CGE model, 695 

government savings (𝑆𝑟
𝑔

), total investment and balanced of payment are fixed exogenously, and 696 

foreign exchange rate is an endogenous variable. 697 

Dynamic process 698 

The model is solved at one-year time step in a recursive dynamic manner, in which the 699 

parameters of capital stock (CGE Equation 16 and 17), labor force (CGE Equation 18), land, 700 

natural resource, efficiency (CGE Equation 19), and extraction cost of fossil fuels are updated 701 

based on the modelling of inter-temporal behavior and results of previous periods. 702 

• Capital accumulation process: 703 

CGE Equation (16): total investment demand 704 

𝑇𝐼𝑟,𝑡+1 = ∑ 𝐶𝐴𝑃𝑆𝑇𝐾𝑟,𝑗,𝑡

𝑗

⋅ [(1 + 𝑔𝑟,𝑡+1)𝑇 − (1 − 𝑑𝑟)𝑇] 705 

CGE Equation (17): capital accumulation process 706 

𝐶𝐴𝑃𝑆𝑇𝐾𝑟,𝑗,𝑡 = (1 − 𝑑𝑟)𝑇 ⋅ 𝐶𝐴𝑃𝑆𝑇𝐾𝑟,𝑗,𝑡−1 + 𝑇 ⋅ 𝐼𝑟,𝑗,𝑡−1 707 

Where total investment (𝑇𝐼𝑟,𝑡) is given exogenously, investment in sector j in the previous 708 

period (𝐼𝑟,𝑗,𝑡−1) is determined by the model depending on the rate of return to capital, capital stock 709 

accumulation (𝐶𝐴𝑃𝑆𝑇𝐾𝑟,𝑗,𝑡) follows CGE Equation 18, 𝑑𝑟  is the depreciation rate (5% for all 710 

regions), and T is time step (1 year). 711 

 712 

Supply of total labor, land and resource: 713 

CGE Equation (18): factor growth pattern 714 

𝑉𝑟,𝑣
𝑡 = 𝑉𝑟,𝑣

𝑡−1 ⋅ (1 + 𝑔𝑟𝑟,𝑣
𝑡 ) 715 

Where 𝑉𝑟,𝑣
𝑡  is primary factor (v) of labor force, land and resource, and 𝑔𝑟𝑟,𝑣

𝑡  is the 716 

corresponding exogenous growth rate. 717 

Efficiency parameters: 718 
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The CGE model distinguishes technological efficiency improvement of new investments 719 

from that of existing capital stock. 720 

For new investments, sectoral efficiencies of energy, land productivity and total factor 721 

productivity are given as exogenous scenarios, while for existing capital stock, efficiency of par 722 

(par efficiency of energy and capital) in time t ( 𝐸𝐹𝐹𝑟,𝑝𝑎𝑟,𝑗
𝑒𝑥𝑡,𝑡

) is the average of capital stock 723 

(𝐸𝐹𝐹𝑟,𝑝𝑎𝑟,𝑗
𝑒𝑥𝑡,𝑡−1

) and new investments (𝐸𝐹𝐹𝑟,𝑝𝑎𝑟,𝑗
𝑛𝑒𝑤,𝑡−1

) in the previous period, as per CGE Equation 19 724 

here: 725 

CGE Equation (19): updating of efficiency parameters 726 

𝐸𝐹𝐹𝑟,𝑝𝑎𝑟,𝑗
𝑒𝑥𝑡,𝑡 =

(𝐸𝐹𝐹𝑟,𝑝𝑎𝑟,𝑗
𝑒𝑥𝑡,𝑡−1 ⋅ 𝐶𝐴𝑃𝑆𝑇𝐾𝑟,𝑗,𝑡−1 + 𝐸𝐹𝐹𝑟,𝑝𝑎𝑟,𝑗

𝑛𝑒𝑤,𝑡−1 ⋅ 𝐼𝑟,𝑗,𝑡−1) ⋅ (1 − 𝑑𝑟)𝑇

𝐶𝐴𝑃𝑆𝑇𝐾𝑟,𝑗,𝑡
 727 

Data 728 

Most of the global data in the CGE model are based on GTAP 6 Dimaranan (Dimaranan and 729 

V. 2006) and IEA(IEA 2009). China-specific provincial data sources are the 2002 inter-regional 730 

input-output tables (IOT)(Li 2010) and the 2002 energy balance tables (EBT)(National Bureau of 731 

Statistics of China (NBS) 2003). In addition, carbon emission factors; energy prices for coal, oil 732 

and gas(National Bureau of Statistics of China (NBS) 2013) and renewable energy technology 733 

costs (China National Renewable Energy Centre(China National Renewable Energy Centre 734 

(CNREC) 2014) are also required. All the datasets are currently converted to the base year of 2002. 735 

Moreover, it is well known that IOT and EBT are inconsistent when it comes to energy 736 

consumption across sectors, and the energy data from EBT is regarded as more reliable than IOT. 737 

A novel characteristic of this CGE model is that the IOT of China is consistent with the sectoral 738 

energy consumption from China's EBT. To achieve this consistency, this study used the linear least 739 

square method, as described in CGE Equation 20 - 23 below. 740 

Minimizing: 741 

CGE Equation (20): 742 

𝜀 = ∑(

𝑒𝑛,𝑗

𝑆ℎ𝑟𝑒𝑛,𝑗
𝐼𝑂𝑇 − 𝑆ℎ𝑟𝑒𝑛,𝑗

𝐸𝐵𝑇)2 743 

Subject to: 744 
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CGE Equation (21): 745 

𝑆ℎ𝑟𝑒𝑛,𝑗
𝐼𝑂𝑇 =

𝐸𝑁𝑒𝑛,𝑗
𝐼𝑂𝑇

𝑇𝐶𝑂𝑁𝑒𝑛
𝐼𝑂𝑇 746 

CGE Equation (22): 747 

𝑆ℎ𝑟𝑒𝑛,𝑗
𝐸𝐵𝑇 =

𝐸𝑁𝑒𝑛,𝑗
𝐸𝐵𝑇)

𝑇𝐶𝑂𝑁𝑒𝑛
𝐸𝐵𝑇

 748 

CGE Equation (23): 749 

∑ 𝐸

𝑗

𝑁𝑒𝑛,𝑗
𝐼𝑂𝑇 = ∑ 𝐸

𝑗

𝑁𝑒𝑛,𝑗
𝐸𝐵𝑇 ⋅ 𝑃𝑒𝑛 750 

Where 751 

𝜀: Error to be minimized 752 

en: Energy commodities (coal, gas, oil, electricity) 753 

j: Sector classification in Table A2.  754 

𝑆ℎ𝑟𝑒𝑛,𝑗
𝐼𝑂𝑇 : Share of energy consumption across sectors in IOT (%) 755 

𝑆ℎ𝑟𝑒𝑛,𝑗
𝐸𝐵𝑇 : Share of energy consumption across sectors in EBT (%) according to (National 756 

Bureau of Statistics of China (NBS) 2008) 757 

𝐸𝑁𝑒𝑛,𝑗
𝐼𝑂𝑇: Energy consumption of en in sector j in IOT (USD) 758 

𝐸𝑁𝑒𝑛,𝑗
𝐸𝐵𝑇: Energy consumption of en in sector j in EBT (PJ) 759 

𝑇𝐶𝑂𝑁𝑒𝑛
𝐼𝑂𝑇: Total energy consumption of en in IOT (USD) 760 

𝑇𝐶𝑂𝑁𝑒𝑛
𝐸𝐵𝑇: Total energy consumption of en in EBT (PJ) 761 

𝑃𝑒𝑛: Price of energy en (USD/PJ) 762 

6.3 GEOS-Chem model 763 

General introduction 764 
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The Chinese air quality is simulated in the global chemical transport model, GEOS-Chem 765 

version v10-01(Atmospheric transport and chemistry model)(1) . Simulations are performed at 1/2 766 

degree latitude by 2/3 degree longitude horizontal resolution over China region embedded in a 4 767 

degree latitude by 5 degree longitude global simulation( 2 ). The model is driven by the 768 

meteorological data from the Goddard Earth Observing System (GEOS, version 5) of the NASA 769 

Global Modeling Assimilation Office (GMAO). The model contains 47 vertical layers up to 0.01 770 

hPa. GEOS-Chem uses the same advection algorithm with the GEOS general circulation model(3) . 771 

Convective transport in GEOS-Chem is computed from the convective mass fluxes in the 772 

meteorological archive. Boundary layer mixing in GEOS-Chem is calculated by a non-local 773 

scheme(4) . The wet deposition by rain is considered for both water-soluble aerosols and gases, 774 

and the scavenging by snow and cold/mixed precipitation is also considered for aerosol. Dry 775 

deposition is calculated based on the resistance-in-series scheme for all the species with 776 

gravitational settling for dust and coarse sea salt(5) . 777 

Model chemistry 778 

                                                

1 : http://acmg.seas.harvard.edu/geos/ 

2 : The global model provides initial and boundary conditions for the China domain. 

3 : http://gmao.gsfc.nasa.gov/GEOS/ 

4 :The non-local scheme takes into account the large eddy transport under unstable boundary layer 

condition, which is not well represented by a "local" scheme. 

5: The resistance-in-series scheme considers the aerodynamic, boundary resistance and canopy 

surface resistances during dry deposition process. 
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GEOS-Chem includes a detailed chemistry for 156 gas phase and aerosol phase species and 779 

479 chemical reactions. The simulation contains a gas phase HOx-NOx-VOC-ozone-BrOx 780 

chemistry, which considers the production and loss of ozone through reacting with HOx, NOx, 781 

VOC and BrOx. GEOS-Chem also includes a detailed sulfate-nitrate-ammonium-carbonaceous-782 

dust-seasalt aerosol chemistry, which is coupled to gas phase chemistry. GEOS-Chem also 783 

includes a detailed sulfate-nitrate-ammonium-carbonaceous-dust-seasalt aerosol chemistry, which 784 

is coupled to gas phase chemistry. The ozone chemistry was first presented by Bey et al. with 785 

additional oxidant-aerosol coupled simulation conducted by Park et al.(Park, et al. 2004). Recent 786 

update includes the inclusion of bromine chemistry by Parrella et al. (Parrella, et al. 2012) . 787 

Besides the anthropogenic emissions of ozone precursors as described in section X, we also 788 

consider the contribution of natural sources. Biofuel emissions are based on Yevich and Logan’s 789 

study (Yevich and Logan 2003). Biogenic VOC emissions follow the MEGAN inventory 790 

(Guenther 2006). The GFED version 3 is used to characterize biomass burning 791 

emissions(Randerson, et al. 2007). We consider the lighting NO emissions based on the scheme 792 

of Price and Rind with vertical distribution following Pickering et al.(Pickering, et al. 1998). For 793 

the stratosphere, we use the linearized stratospheric O3 chemistry scheme(McLinden, et al. 2000). 794 

About the methane, we assume the same methane concentrations as the other scenarios(Zhang, et 795 

al. 2011). 796 

6.4 GAINS model 797 

Model description 798 

GAINS model was developed by the International Institute for Applied Systems Analysis 799 

(IIASA) in Austria, originally as the Regional Air Pollution Information and Simulation (RAINS) 800 
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model to estimate air pollutant emissions and design abatement strategies in Europe. It provides a 801 

consistent framework for estimating emissions, mitigation potentials, and costs for air pollutants 802 

(SO2, NOx, PM, NH3, NMVOC) and greenhouse gases (GHGs) included in the Kyoto protocol26–803 

28. GAINS-China is an application of the GAINS model for East Asia. Documentation on the 804 

model and access to principal data, assumptions, and results are freely available online. Various 805 

air-pollutant-mitigation technologies were considered in GAINS-China model. However, energy 806 

and climate policies targeting carbon dioxide emissions were reflected implicitly through 807 

alternative exogenous scenarios. The GAINS-China model provides annual air pollutant emissions 808 

and pollution control costs data for China. 809 

The basic principles of calculating emissions and emission control costs in the model present 810 

in Equation 9 and 10. Components appearing on the right side of the equations are organized into 811 

three different data categories: activity pathways, emission vectors, and control strategies. Each 812 

emission scenario in GAINS is created through a combination of these three data categories. 813 

Emissions-generating economic Activities are organized into activity pathways which are divided 814 

into five groups: Agriculture (AGR), Energy (ENE), Mobile (MOB), Process (PROC), and VOC 815 

sources (VOCP). This study mainly focuses on Energy and Mobile sources activity. 816 

Table A4 Mitigation technologies adapted in this paper 817 

Air pollutant Abbreviation Name Application sector 

SO2 1 LINJ  Limestone injection Industry, power plants 

2 WFGD  Wet flue gas desulfurization Industry, power plants 

NOx 1 PHCCM Combustion modification on existing 

hard coal power plants 

Power plants 

2 HDSE Stage control on heavy duty vehicles 

with spark ignition engines 

Transport 

3 CAGEU Stage control on construction and 

agriculture mobile sources 

Transport 
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4 HDEU(I-VI) EURO I-VI on heavy duty diesel road 

vehicles 

Transport 

5 MMO2(1-3) Stage control on motorcycles and 

mopeds (2-stroke engines) 

Transport 

6 LFEU(I-VI) EURO I-VI on light duty spark ignition 

road vehicles (4-stroke engines) 

Transport 

7 MDEU(I-VI) EURO I-VI on light duty diesel road 

vehicles 

Transport 

PM 1 CYC Cyclone Industry, power plants 

2 ESP Electrostatic precipitator Industry, power plants, 

industrial process 

3 HED High efficiency deduster Industrial process 

4 GP Good practice Industrial process 

VOC 1 HDSE Stage control on heavy duty vehicles 

with spark ignition engines 

Transport 

2 CAGEU Stage control on construction and 

agriculture mobile sources 

Transport 

3 HDEU(I-VI) EURO I-VI on heavy duty diesel road 

vehicles 

Transport 

4 MMO2(1-3) Stage control on motorcycles and 

mopeds (2-stroke engines) 

Transport 

CH4 1 BC_DEGAS Brown Coal pre-mining degasification Industry, power plants, 

industrial process 

2 CH4_REC Upgraded mine gas recovery and 

utilization 

Industry, power plants, 

industrial process 

3 CH4_USE Mining gas recovery and utilization of 

gas for energy purposes 

Industry, power plants, 

industrial process 

4 FP_IMP Fireplace improved power plants, industrial 

process 

5 FP_NEW Fireplace new power plants, industrial 

process 

 818 

GAINS Equation (1): 819 
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𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = ∑ 𝐴

𝑖,𝑡

𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖×𝐹𝑡,𝑖×(1 − 𝑅𝑡,𝑖)×𝐶𝑡,𝑖 820 

GAINS Equation (2): 821 

𝐶𝑜𝑠𝑡𝑠 = ∑ 𝐴

𝑖,𝑡

𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖×𝑈𝑡,𝑖×𝐶𝑡,𝑖 822 

Where 823 

Ft,i:: emission factors of activities, 824 

Rt,i: removal efficiencies of control technology t in activity i, 825 

Ut,i: unit cost of control technology t in activity i, together with all background information, 826 

form the so-called emission vectors. 827 

Ct,i: control technology for each activity specified in control strategies. 828 

•  829 

 830 

Conversion tables are developed to make the database of the CGE and GAINS models match each 831 

other. There are two types of conversion tables, namely conversion table for sector integration and 832 

for fuel type integration. Each type of conversion tables are given in Table A5 by taking Beijing 833 

2005 as an example. 834 

  835 
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• Table A5 Conversion table for sector match (BEIJ 2005 as an example). 836 

•  837 

 838 

Air pollution control technology penetration rate 839 

The technology penetration rates are given according to sectors, fuel types, regions and air 840 

pollutants (SO2, NOx, PM). Mitigation technology and penetration rate are different in different 841 

sectors, process and provinces. GAINS-China model can provide very detailed data for 30 842 

provinces. Hence, it is difficult to list all the penetration rates. Table A shows the SO2 mitigation 843 

technology penetration rate in different scenario years by taking Beijing as an example. 844 

  845 
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 846 

Table A6 SO2 mitigation technology and penetration rate (%) in Beijing under wPol scenario. 847 
Sector-Fuel-Technology Region 2005 2010 2015 2020 2030 

CON_COMB-HC1-IWFGD BEIJ 9 15 15 15 15 

CON_COMB-HC1-LINJ BEIJ 10 14 24 34 53 

CON_COMB-HC2-IWFGD BEIJ 9 15 15 15 15 

CON_COMB-HC2-LINJ BEIJ 10 14 24 34 53 

IN_BO_OTH_S-HC1-IWFGD BEIJ 9 15 15 15 15 

IN_BO_OTH_S-HC1-LINJ BEIJ 10 14 24 34 53 

IN_BO_OTH_S-HC2-IWFGD BEIJ 9 15 15 15 15 

IN_BO_OTH_S-HC2-LINJ BEIJ 10 14 24 34 53 

IN_BO_OTH_S-HC3-IWFGD BEIJ 16.25 25 30 35 50 

IN_BO_OTH_S-HC3-LINJ BEIJ 10 10 10 10 10 

IN_OC-HC1-IWFGD BEIJ 9 15 15 15 15 

IN_OC-HC1-LINJ BEIJ 10 14 24 34 53 

IN_OC-HC2-IWFGD BEIJ 9 15 15 15 15 

IN_OC-HC2-LINJ BEIJ 10 14 24 34 53 

IN_OC-HC3-IWFGD BEIJ 16.25 25 30 35 50 

IN_OC-HC3-LINJ BEIJ 10 10 10 10 10 

PP_EX_L-HC1-LINJ BEIJ 0 0 40 40 40 

PP_EX_L-HC1-PRWFGD BEIJ 18 60 60 60 60 

PP_EX_L-HC2-LINJ BEIJ 0 0 40 40 40 

PP_EX_L-HC2-PRWFGD BEIJ 18 60 60 60 60 

PP_EX_L-HC3-LINJ BEIJ 0 0 20 30 40 

PP_EX_L-HC3-PWFGD BEIJ 38.89 60 60 60 60 

PP_EX_S-HC1-LINJ BEIJ 0 0 40 40 40 

PP_EX_S-HC1-PRWFGD BEIJ 18 60 60 60 60 

PP_EX_S-HC2-LINJ BEIJ 0 0 40 40 40 

PP_EX_S-HC2-PRWFGD BEIJ 18 60 60 60 60 

PP_EX_S-HC3-LINJ BEIJ 0 0 20 30 40 

PP_EX_S-HC3-PWFGD BEIJ 38.89 60 60 60 60 

PP_MOD-HC1-LINJ BEIJ 0 0 30 30 30 

PP_MOD-HC1-PWFGD BEIJ 18 60 70 70 70 

PP_MOD-HC2-LINJ BEIJ 0 0 30 30 30 
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PP_MOD-HC2-PWFGD BEIJ 18 60 70 70 70 

PP_MOD-HC3-LINJ BEIJ 0 0 25 25 30 

PP_MOD-HC3-PWFGD BEIJ 38.89 60 65 70 70 

PP_NEW_L-HC1-LINJ BEIJ 0 0 30 30 30 

PP_NEW_L-HC1-PWFGD BEIJ 18 60 70 70 70 

PP_NEW_L-HC2-LINJ BEIJ 0 0 30 30 30 

PP_NEW_L-HC2-PWFGD BEIJ 18 60 70 70 70 

PP_NEW_L-HC3-LINJ BEIJ 0 0 25 25 30 

PP_NEW_L-HC3-PWFGD BEIJ 38.89 60 65 70 70 

 848 

Note: HC1, HC2 and HC3 represent hard coal grade 1, grade 2 and grade 3, respectively. CON_COMB 849 

represents other energy sector-combustion. IN_BO_OTH_S, IN_OC represent Industry: other sectors; 850 

combustion of brown coal/lignite and hard coal in small boilers (<20 MWth) and Industry: other combustion, 851 

respectively. PP_EX_L, PP_EX_S, PP_MOD and PP_NEW_L represent Exist large scale power plants, 852 

Exist small scale power plants, Modern power plants (supercritical, ultra-supercritical) and New large scale 853 

power plants, respectively. 854 

 855 

6.5 Additional results 856 

Energy consumption 857 

AIM/CGE-China model provides energy consumption data of 30 provinces to GAINS-China 858 

model. 859 
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 860 

FigureA3 Energy consumption from 2005 to 2030 in 30 provinces in China. 861 

Primary emissions 862 
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 863 

Figure A4: National primary emissions [a] and regional average concentration of ozone and PM2.5 864 

[b]. 865 
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 866 

 867 

Figure A5: Provincial primary emissions of CO. 868 
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 869 

Figure A6: Provincial primary emissions of CH4. 870 
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 871 

Figure A7: Provincial primary emissions of VOC. 872 
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 873 

Figure A8: Provincial primary emissions of NOx. 874 

 875 

Seasonal average concentration 876 
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 877 

Figure A9: Seasonal variation of daily maximum 8-hour mean concentration of ozone in 2030. 878 

 879 
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 880 
Figure A10: Daily maximum 24-hour ozone concentration in woPol and wPol scenarios (upper) 881 

and change from woPol to wPol and wPol2 scenarios (lower). 882 

  883 
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