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[bookmark: figures-for-the-main-text][bookmark: additional-results][bookmark: model][bookmark: the-health-module][bookmark: health-endpoint]The IMED/HEL model
The IMED/HEL model is extended from our previous work (Xie, Dai et al. 2016) to quantify the health impacts of ozone pollution and monetize the value of such health impacts. The up-to-date technical introduction is available at http://scholar.pku.edu.cn/hanchengdai/imedhel.

Health endpoint
[bookmark: _Hlk501456279][bookmark: _Hlk503962165]Exposure to incremental ozone leads to health problem called health endpoints, which are categorized into morbidity and chronic mortality (Table A1). This study follows the methodology that the relative risk (RR) for the endpoint is in a linear relationship with the concentration level(Kampa and Castanas 2008, Jerrett, Burnett et al. 2009, Silva, West et al. 2013, Cakmak, Hebbern et al. 2016, Turner, Jerrett et al. 2016). As showed in Health equation 1, when the concentration is lower than the threshold value of 70ug/m3(Bickel and Friedrich 2004, Amann 2008) RR is 1, there is no concentration-response function(CRF) to quantify health impacts of ozone. Linear function assumes that the CRF is a constant (Health equation 2). The number of health endpoints is estimated by multiplying RR with population and reported all-cause mortality rate. This study uses the age-structured population projection from SSP2 in the future (Samir and Lutz 2014).
All results are region r, year y, scenario s, and uncertainty range g specific. For simplification, they are omitted in the following description.
Health equation (1):

Health equation (2):

where
RR(C): Relative risk for endpoint at concentration C [case/person/year or day/person/year]
EP: Health endpoint [case/year or day/year]
C: Concentration level of pollutant
C0: Threshold concentration that causes health impacts (10 ug/m3 for PM2.5 and 70 ug/m3 for ozone.)
CRF: Concentration-response function
P: Population, aged 15-65 for work loss day
: Reported average annual natural death rate for endpoint
Suffix p, r, s, y, m, e, v represent pollutant (PM2.5 and O3), region, scenario, year, endpoint category (morbidity or mortality), endpoint, value range (medium, low and high), respectively.

[bookmark: annual-per-capita-work-loss-rate]Annual per capita work loss rate
[bookmark: _Hlk503973944][bookmark: _Hlk504121272]Annual total work loss day (WLD) of a region is a summation of work loss day from morbidity and cumulative work loss day from chronic mortality aged from 15 to 65 years old (Health equation 3). Based on age-specific all-cause mortality from Global Burden of Disease Study 2010, We assume 27% of total chronic mortality is aged between 30 and 65 years old, which is average assumption of the Global Burden of Disease Study 2010(Wang, Dwyer-Lindgren et al. 2012). Note that different from PM2.5 impact, in the literature there is no ERF for work loss day for ozone pollution. In this study, we converted minor restricted activity day of ozone into work loss day based on the relationship of PM2.5, e.g., minor restricted activity day is 2.78 times of work loss day. Annual per capita work loss rate (WLR) is obtained by dividing WLD with working population and annual working days (Health equation 4). In the CGE model, WLR is used to calculate the actual labor force after subtracting the work loss (Health equation 5).
Health equation (3):

Health equation (4):

Health equation (5):

Where
WLD: Annual work loss day [day/year];
WLR: Annual per capita work loss rate;
"wld": Subset "Work loss day" of e;
: Share of mortality between 15 and 65 years old due to ambient air pollution, equal to 0.27 based on (Wang, Dwyer-Lindgren et al. 2012) ;
"mt": Subset "Chronic mortality" of m;
LAB: Labor force after considering work loss;
LAB0: Labor force in the reference scenario;
DPY: Per capita annual working days (5 day/week * 52 week/year = 260 day/year).
[bookmark: health-expenditure]Health expenditure
Additional health expenditure is obtained by multiplying outpatient and hospital admission price with total endpoints (Health equation 6). The price is a function of per capita GDP of each province (Health equation 7), and the parameters ,  are estimated through regression analysis of statistical price by disease and GDP of each province from 2003 to 2012. Additional medical expenditure is regarded as household expenditure pattern change, which means as more money is spent on medical services, less is available on other commodities.
Health equation (6):

Health equation (7):

Where:
HE: Total additional health expenditure [billion Yuan/year]
PR: Price of medical service [Yuan/case]
: Per capita Gross Domestic Production from CGE model
, : Parameters derived from regression analysis of medical service price

Table A1: Concentration response functions for ozone-related health endpoints.
	Endpoint
	Population
	Impact category
	ERF
	C.I.95% low
	C.I.95% high

	Morbidity
	Entire age groups
	Respiratory hospital admissions<65
	3.54E-06
	6.12E-07
	6.47E-06

	
	Adults
	Respiratory hospital admissions 65+
	1.25E-05
	-5.00E-06
	3.00E-05

	
	Adults
	Bronchodilator usage
	1.04E-02
	-3.64E-03
	2.24E-02

	
	Adults
	Lower respiratory symptoms
	2.29E-03
	-6.14E-03
	1.16E-02

	
	Adults
	Asthma
	4.29E-03
	3.30E-04
	8.25E-03

	
	Adults
	Minor restricted activity day
	1.15E-02
	4.40E-03
	1.86E-02

	
	Adults
	Consultation for allergic rhinitis
	1.60E-04
	1.22E-04
	2.03E-04

	
	Children
	Consultation for allergic rhinitis
	3.03E-04
	1.89E-04
	4.29E-04

	
	Children
	Cough
	9.30E-02
	-1.90E-02
	2.22E-01

	
	Children
	Lower respiratory symptoms(wheeze)
	1.60E-02
	-4.30E-02
	8.10E-02

	
	Children
	Consultation for allergic rhinitis
	3.03E-04
	1.89E-04
	4.29E-04

	
	Adults
	Consultation for allergic rhinitis
	1.60E-04
	1.22E-04
	2.03E-04

	
	Children
	Acute respiratory symptoms days
	9.30E-02
	-1.90E-02
	2.22E-01

	
	Adults
	Acute respiratory symptoms days
	1.60E-02
	-4.30E-02
	8.10E-02

	Mortality
	Adult 30+
	Mortality from chronic exposure
	2.00E-03
	6.50E-04
	3.35E-03

	Work loss
	Adults
	Work loss day
	4.13E-03
	1.65E-03
	6.63E-03

	VSL
	Entire age groups
	Value of statistical life (million USD)
	2.50E-01
	
	


Source(Bickel, Friedrich et al. 2005, Amann 2008, Xie 2011, Turner, Jerrett et al. 2016)
Table A2 Concentration response functions for PM2.5-related health endpoints.
	Category
	Population
	Endpoint
	ERF
	C.I. (95%)Low
	C.I. (95%)High

	Morbidity
	Adult 
	Work loss day
	0.0207
	0.0176
	0.0238

	
	All ages
	Respiratory hospital admissions
	1.17E-05
	6.38E-06
	1.72E-05

	
	Adult
	Cerebrovascular hospital admission
	8.4E-06
	6.47E-07
	1.16E-05

	
	Adult
	Cardiovascular hospital admissions
	7.23E-06
	3.62E-06
	1.09E-05

	
	Age 27+
	Chronic bronchitis
	4.42E-05
	-1.8E-06
	9.02E-05

	
	All ages
	Asthma attacks
	0.000122
	4.33E-05
	0.001208

	
	All ages
	Respiratory symptoms days
	0.025
	0.217
	0.405

	Mortality
	Age 30+
	All cause (international) 
	0.004
	0.0003
	0.008

	
	Age 30+
	All cause (China specific) 
	0.0009
	-0.0003
	0.0018

	
	Adult
	RR_COPD
	Non-linear function

	
	Adult
	RR_LNC
	

	
	Adult
	RR_IHD_25y_65y
	

	
	Adult
	RR_STR_25y_65y
	

	
	Children under 5
	RR_LRI
	



Source(Pope III, Burnett et al. 2002, Bickel, Friedrich et al. 2005, Apte, Marshall et al. 2015)
[bookmark: value-of-statistical-life]Value of statistical life
As showed in Health equation 8, we also quantified the value of statistical life (VSL) using the willingness to pay approach following the method(West, Smith et al. 2013). The national average willingness to pay for avoiding premature death is 250 thousand USD (Table A1)(Xie 2011). VSLs in all provinces are calculated using their current GDP per capita values relative the national average per capita GDP in 2010 and an income elasticity of 0.5(Viscusi and Aldy 2003).
Health equation (8):

Where:
· : Value of health endpoint;
· : Willingness to pay for avoiding premature death and morbidity.
[bookmark: introduction-to-the-cge-model]The CGE model
The global CGE model applied in this study can be classified as a multi-sector, multi-region, recursive dynamic CGE model that covers 22 economic commodities and corresponding sectors, and eight power generation technologies as detailed in Table A2. An up-to-date technical introduction is available at: http://scholar.pku.edu.cn/hanchengdai/imedcge. As a special model feature, the number of modelling regions, both international and within China is highly flexible to allow for a wide range of studies. In this regard 3, 7, or 30 provincial units of China and 1, 3, or 14 international regions could be analyzed consistently, as summarized in Table A3. This CGE model is solved by Mathematical Programming System for General Equilibrium under General Algebraic Modeling System (GAMS/MPSGE)(Rutherford 1999) at a one-year time step. The model includes a production block, a market block with domestic and international transactions, as well as government and household incomes and expenditures blocks. Activity output for each sector follows a nested constant elasticity of substitution (CES) production function. Inputs are categorized into material commodities, energy commodities, labor, capital and resources. Technical descriptions have been introduced in(Dai, Mischke et al. 2015, Xie, Dai et al. 2016). It has been used widely for assessing China's climate mitigation at the national(Dai, Masui et al. 2011, Dai, Masui et al. 2012) and provincial level(Cheng, Dai et al. 2015, Cheng, Dai et al. 2016, Tian, Dai et al. 2016, Wu, Dai et al. 2016, Xie, Dai et al. 2016). The model has been configured extensively to reflect the historical and future pathway of China in reference (Dong, Dai et al. 2015). For instance, we adjusted the model assumptions to match the historical statistics of population growth, GDP growth rate, energy (as shown in Figure A1) and air pollutant emissions (as shown in Figure A2) in each province as much as possible. As for the future, China’s GDP growth and demographic evolution follows SSP2 (Shared Socio-economic Pathways) scenario (O’Neill, Kriegler et al. 2013), which is characterized by moderate economic growth, fairly rapid growing population and lessened inequalities between west, central and east China.


Table A2 Classification of sectors in the model
	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





Table A3 Model regions defined in the CGE model
	Chinese Region (3)
	[bookmark: _Hlk492305345]Chinese Provinces (30)
	
	International Region (14)

	East
	Beijing
	
	AFR
	Africa

	
	Tianjin
	
	AUS
	Australia-New Zealand

	
	Hebei
	
	CAN
	Canada

	
	Liaoning
	
	CSA
	Central and South America

	
	Shanghai
	
	EEU
	Eastern Europe

	
	Jiangsu
	
	FSU
	The Former Soviet Union

	
	Zhejiang
	
	IND
	India

	
	Fujian
	
	JPN
	Japan

	
	Shandong
	
	SKO 
	South Korea 

	
	Guangdong
	
	ODA 
	Other Developing Asia 

	
	Hainan
	
	MEA
	 Middle East

	Central
	Shanxi
	
	MEX
	 Mexico

	
	Jilin
	
	USA
	United States

	
	Heilongjiang
	
	WEU
	Western Europe

	
	Anhui
	
	
	

	
	Jiangxi
	
	

	
	Henan
	
	
	

	
	Hubei
	
	
	

	
	Hunan
	
	
	

	West
	Inner Mongolia
	
	
	

	
	Guangxi
	
	

	
	Chongqing
	
	
	

	
	Sichuan
	
	
	

	
	Guizhou
	
	
	

	
	Yunnan
	
	
	

	
	Shaanxi
	
	
	

	
	Gansu
	
	
	

	
	Qinghai
	
	
	

	
	Ningxia
	
	
	

	
	Xinjiang
	 
	 
	 


[bookmark: _GoBack]

[bookmark: _Toc479679961]Production
For each sector (j) in region (r), gross output  is produced using inputs of labor (), capital (), energy ( , ,  and ), and non-energy material (). In some sectors (Cagri, Coal, Coil, Cmin), resource () is also input. A five-level nested function is used to characterize the production technologies as showed in Figure  and CGE Equation 2 below. The producer maximizes its profit by choosing its output level and inputs use, depending on their relative prices (CGE Equation 1) subject to its technology (CGE Equation 2). 
CGE Equation (1): 
	
Subject to the production technology:
CGE Equation (2): 
  
Where
	is the profit of j-th producers in region r;
	Output of j-th sector in region r;
	Intermediate inputs of i-th goods in j-th sector in region r; As shown in Figure A1,  includes (non-energy material),  (electricity),  (coal),  ( natural gas or manufactured gas),  (crude oil),  (refined oil) and  ( resource which is originated from the natural resource endowment);
	v-th primary factor inputs in j-th sector in region r;
	Price of the j-th composite commodity;
	v-th factor price in region r;
 is capital input in sector j;
 is labor force in sector j;
 is production tax in sector j; , where  is the production tax rate;
 is the CES function at the k-th nesting level, the first level, , is Leontief function, the second level () is aggregation of value added and energy composite, the third level  is aggregation of value added, and  is aggregation of energy composite, the fourth level  is aggregation of fossil energy inputs.
The following conditions apply in this regard:
Land inputs are considered only for agriculture sector (Cagr), other resources are considered for crude oil and natural gas extraction (Coil), coal mining (Coal) and other mining (Cmin) sectors;
Within energy transformation sectors such as oil refining (Cpet), gas manufacturing (Cgas), primary energy commodities are considered as material inputs;
The power sector is modelled by three fossil-fired (coal, gas and oil) and five non-fossil (nuclear, hydro, wind, solar and biomass) technologies( Figure b). The energy bundle is not combined with capital for fossil-fired technologies, but linked directly to activity output. This means that electricity output is in a linear relationship with energy inputs.
Labor is assumed to be fully mobile across industries within a region but immobile across regions. The mobility feature of capital follows a putty-clay approach, which means that vintage capital is immobile across either regions or industries while new investment is fully mobile across industries within a region.

[image: ]
[bookmark: _Ref480473716][bookmark: _Toc482607231]Figure A1 Nesting of production structure
a, except for electricity sector; b, electricity sector.  is elasticity of substitution for inputs. , , ,  are CES composites of value added & energy, value added, energy and fossil energy, respectively.
[bookmark: final-demand][bookmark: _Toc479679962]Final demand
Household and government sectors are represented as two different final demand sectors. As CGE Equation 3 shows, the representative household receives income from the rental of primary factors () and lump-sum transfer from the government. The income is used for either investment (or saving, ) or final consumption (). Households maximize their utility by choosing the levels of final consumption of commodities, subject to the constraints of their income and commodity prices (see the income balance in CGE Equation 3). Total investment is assumed exogenously by CGE Equation 12. On the other hand, the government collects taxes () and spends the tax revenue in providing public services () as explained in CGE Equation 4. The demands () of household consumption, investment goods and government are specified using Cobb-Douglas utility or demand functions (CGE Equation 5).
CGE Equation (3): income balance of the representative household

CGE Equation (4): income balance of the government

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


The first-order conditions for the optimality of the above problem imply the following demand functions for household, government and investment, respectively:
CGE Equation (6): demand function for household

CGE Equation (7): demand function for government

CGE Equation (8): demand function for investment

Where
 is final demand of households - p, investment - n and government - g;
 is price of the vth primary factor;
 is vth primary factor endowment by household;
 is land price;
 is land in sector j;
 is price of resource s;
 is quantity of resource s in sector j;
 is direct tax;
 is household savings;
 is production tax in sector j;
 is import tariff of commodity j;
 is government savings;
 is current account deficits in foreign currency terms (or alternatively foreign savings);
 is foreign exchange rate;
 is commodity price;
 is final consumption of commodity i by agent d (d  households - p, investment - n and government - g).
 is the scaling parameter in Cobb-Douglas function by agent d (d  households - p, investment - n and government - g);
 is the share parameter in Cobb-Douglas function by agent d (d  households - p, investment - n and government - g);
[bookmark: _Toc479679963]Commodity supply and inter-regional trade
Supply of commodity adopts Armington assumption(Armington 1969), assuming that goods produced from other provinces and abroad are imperfectly substitutable for domestically and locally produced goods. This approach is shown in Figure  and CGE Equation 9 and 10 below.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Supply to international region (f)
CGE Equation (9): Armington representation of domestically produced and imported commodity

[bookmark: OLE_LINK6]Where
 is commodity produced in the rest of world;
 is commodity produced in China’s provinces and exported to the rest of world;
· Supply to China province (p)
CGE Equation (10): representation of commodity produced locally and produced in other provinces

Where
 is commodity produced in the rest of world and imported by China’s province;
 is commodity produced in the province and supplied to the same province;
 is commodity produced in the other provinces.


[image: ] 

[bookmark: _Ref480473845][bookmark: _Toc482607232]Figure A2 Aggregation of local, domestic and foreign varieties of good
a, international regions; b, China provinces.  is elasticity of substitution for inputs

Two types of price variables are distinguished. One is prices in terms of the domestic currency  and ; the other is prices in terms of the foreign currency and . They are linked with each other as follows:
CGE Equation (11) 
									
CGE Equation (12)
									
Furthermore, it is assumed that the economy faces balance of payments constraints, which is described with export and import prices in foreign currency terms:
CGE Equation (13)
				
Where
	Export of i-th commodity in region r,
	Import of i-th commodity in region r,
	Export price in terms of foreign currency, 
	Export price in terms of domestic currency,
	Import price in terms of foreign currency, 
	Import price in terms of domestic currency.

[bookmark: _Toc479679964]Market clearance
The market-clearing conditions hold for both commodity and factor markets.
For the commodity markets described in CGE Equation 14, output  in the corresponding sector j (i=j) is equal to the total demand of intermediate inputs, household, investment and government (), plus export to other international regions ( ) and provinces ( ), minus import from other international regions  and provinces ( ), and plus net stock change ():
CGE Equation (14): market clearance of commodity and services

For the factor markets described in CGE Equation 15, supply of total factor () is equal to factor inputs in all sectors ():

CGE Equation (15): market clearance of production factor

[bookmark: macro-closure][bookmark: _Toc479679965]Macro closure
In a CGE model, the issue of macro closure is the choice of exogenous variables, including macro closure of investment-saving balance and current account balance. In this CGE model, government savings (), total investment and balanced of payment are fixed exogenously, and foreign exchange rate is an endogenous variable.
[bookmark: dynamic-process][bookmark: _Toc479679966]Dynamic process
The model is solved at one-year time step in a recursive dynamic manner, in which the parameters of capital stock (CGE Equation 16 and 17), labor force (CGE Equation 18), land, natural resource, efficiency (CGE Equation 19), and extraction cost of fossil fuels are updated based on the modelling of inter-temporal behavior and results of previous periods.
· Capital accumulation process:
CGE Equation (16): total investment demand

CGE Equation (17): capital accumulation process

Where total investment () is given exogenously, investment in sector j in the previous period () is determined by the model depending on the rate of return to capital, capital stock accumulation () follows CGE Equation 18,  is the depreciation rate (5% for all regions), and T is time step (1 year).

Supply of total labor, land and resource:
CGE Equation (18): factor growth pattern

Where  is primary factor (v) of labor force, land and resource, and  is the corresponding exogenous growth rate.
Efficiency parameters:
The CGE model distinguishes technological efficiency improvement of new investments from that of existing capital stock.
For new investments, sectoral efficiencies of energy, land productivity and total factor productivity are given as exogenous scenarios, while for existing capital stock, efficiency of par (par efficiency of energy and capital) in time t () is the average of capital stock () and new investments () in the previous period, as per CGE Equation 19 here:
CGE Equation (19): updating of efficiency parameters

[bookmark: data][bookmark: _Toc479679967]Data
Most of the global data in the CGE model are based on GTAP 6 Dimaranan (Dimaranan and V. 2006) and IEA(IEA 2009). China-specific provincial data sources are the 2002 inter-regional input-output tables (IOT)(Li 2010) and the 2002 energy balance tables (EBT)(National Bureau of Statistics of China (NBS) 2003). In addition, carbon emission factors; energy prices for coal, oil and gas(National Bureau of Statistics of China (NBS) 2013) and renewable energy technology costs (China National Renewable Energy Centre(China National Renewable Energy Centre (CNREC) 2014) are also required. All the datasets are currently converted to the base year of 2002. Moreover, it is well known that IOT and EBT are inconsistent when it comes to energy consumption across sectors, and the energy data from EBT is regarded as more reliable than IOT. A novel characteristic of this CGE model is that the IOT of China is consistent with the sectoral energy consumption from China's EBT. To achieve this consistency, this study used the linear least square method, as described in CGE Equation 20 - 23 below.
Minimizing:
CGE Equation (20):

Subject to:
CGE Equation (21):

CGE Equation (22):

CGE Equation (23):

Where
: Error to be minimized
en: Energy commodities (coal, gas, oil, electricity)
j: Sector classification in Table A2. 
: Share of energy consumption across sectors in IOT (%)
: Share of energy consumption across sectors in EBT (%) according to (National Bureau of Statistics of China (NBS) 2008)
: Energy consumption of en in sector j in IOT (USD)
: Energy consumption of en in sector j in EBT (PJ)
: Total energy consumption of en in IOT (USD)
: Total energy consumption of en in EBT (PJ)
: Price of energy en (USD/PJ)
GEOS-Chem model
[bookmark: general-introduction]General introduction
The Chinese air quality is simulated in the global chemical transport model, GEOS-Chem version v10-01(Atmospheric transport and chemistry model)([footnoteRef:1]) . Simulations are performed at 1/2 degree latitude by 2/3 degree longitude horizontal resolution over China region embedded in a 4 degree latitude by 5 degree longitude global simulation([footnoteRef:2]). The model is driven by the meteorological data from the Goddard Earth Observing System (GEOS, version 5) of the NASA Global Modeling Assimilation Office (GMAO). The model contains 47 vertical layers up to 0.01 hPa. GEOS-Chem uses the same advection algorithm with the GEOS general circulation model([footnoteRef:3]) . Convective transport in GEOS-Chem is computed from the convective mass fluxes in the meteorological archive. Boundary layer mixing in GEOS-Chem is calculated by a non-local scheme([footnoteRef:4]) . The wet deposition by rain is considered for both water-soluble aerosols and gases, and the scavenging by snow and cold/mixed precipitation is also considered for aerosol. Dry deposition is calculated based on the resistance-in-series scheme for all the species with gravitational settling for dust and coarse sea salt([footnoteRef:5]) . GEOS-Chem model has been widely used for study air quality over the East Asia (Park, Kim et al. 2010, Trivitayanurak, Palmer et al. 2012, Jeong and Park 2013, Mu and Liao 2014). Detailed model performance for ozone has been extensively evaluated against observed data obtained from satellite retrievals, ground-based observation sites and networks, and aircraft campaigns (Wang, Zhang et al. 2011, Yan, Lin et al. 2016, Hu, Jacob et al. 2017). [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.] 

[bookmark: model-chemistry]Model chemistry
GEOS-Chem includes a detailed chemistry for 156 gas phase and aerosol phase species and 479 chemical reactions. The simulation contains a gas phase HOx-NOx-VOC-ozone-BrOx chemistry, which considers the production and loss of ozone through reacting with HOx, NOx, VOC and BrOx. GEOS-Chem also includes a detailed sulfate-nitrate-ammonium-carbonaceous-dust-seasalt aerosol chemistry, which is coupled to gas phase chemistry. The ozone chemistry was first presented by Bey et al. with additional oxidant-aerosol coupled simulation conducted by Park et al.(Park, Jacob et al. 2004). Recent update includes the inclusion of bromine chemistry by Parrella et al. (Parrella, Jacob et al. 2012) .
Besides the anthropogenic emissions of ozone precursors as described in section X, we also consider the contribution of natural sources. Biofuel emissions are based on Yevich and Logan’s study (Yevich and Logan 2003). Biogenic VOC emissions follow the MEGAN inventory (Guenther 2006). The GFED version 3 is used to characterize biomass burning emissions(Randerson, Van der Werf et al. 2007). We consider the lighting NO emissions based on the scheme of Price and Rind with vertical distribution following Pickering et al.(Pickering, Wang et al. 1998). For the stratosphere, we use the linearized stratospheric O3 chemistry scheme(McLinden, Olsen et al. 2000). About the methane, we assume the same methane concentrations as the other scenarios(Zhang, Jacob et al. 2011).
Zero-out scenario means in this simulation, we zero-out all the Chinese anthropogenic emissions from industrial, energy, domestic, traffic, and agricultural sectors, but kept all the natural sources (e.g. wildfires and volcanos) unchanged, including the transport from other countries contributed by both natural and anthropogenic sources.
Emission Inventories
The anthropogenic emissions produced by the CGE and GAINS models are at provincial level. These emissions are interpolated onto each model grid (i.e. 1/2 degree x 2/3degree resolution) based on the MEIC emission inventory (http://www.meicmodel.org/):
 ,
where Ei,j,k is the emission for the ith pollutant in the kth grid box of the jth province input to the GEOS-Chem model; nj is the total number of grid box in the jth province; and EMEIC is the emission from the MEIC inventory.
The size of provinces varies drastically in China. The number of grid boxes ranges from ~600 in Xinjiang to ~10 in Beijing. We used the sample arithmetic average of the ozone concentrations of all the grid boxes in a province for analysis.
[bookmark: gains-model]GAINS model
Model description
GAINS model was developed by the International Institute for Applied Systems Analysis (IIASA) in Austria, originally as the Regional Air Pollution Information and Simulation (RAINS) model to estimate air pollutant emissions and design abatement strategies in Europe. It provides a consistent framework for estimating emissions, mitigation potentials, and costs for air pollutants (SO2, NOx, PM, NH3, NMVOC) and greenhouse gases (GHGs) included in the Kyoto protocol26–28. GAINS-China is an application of the GAINS model for East Asia. Documentation on the model and access to principal data, assumptions, and results are freely available online. Various air-pollutant-mitigation technologies were considered in GAINS-China model. However, energy and climate policies targeting carbon dioxide emissions were reflected implicitly through alternative exogenous scenarios. The GAINS-China model provides annual air pollutant emissions and pollution control costs data for China.
The basic principles of calculating emissions and emission control costs in the model present in Equation 9 and 10. Components appearing on the right side of the equations are organized into three different data categories: activity pathways, emission vectors, and control strategies. Each emission scenario in GAINS is created through a combination of these three data categories. Emissions-generating economic Activities are organized into activity pathways which are divided into five groups: Agriculture (AGR), Energy (ENE), Mobile (MOB), Process (PROC), and VOC sources (VOCP). This study mainly focuses on Energy and Mobile sources activity.
Table A4 Mitigation technologies adapted in this paper
	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

	
	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



GAINS Equation (1):

GAINS Equation (2):

Where
Ft,i:: emission factors of activities,
Rt,i: removal efficiencies of control technology t in activity i,
Ut,i: unit cost of control technology t in activity i, together with all background information, form the so-called emission vectors.
Ct,i: control technology for each activity specified in control strategies.
· 
[bookmark: conversion-tables-1]
Conversion tables are developed to make the database of the CGE and GAINS models match each other. There are two types of conversion tables, namely conversion table for sector integration and for fuel type integration. Each type of conversion tables are given in Table A5 by taking Beijing 2005 as an example.
· 

· [bookmark: _Ref476044187][bookmark: _Toc476044128]Table A5 Conversion table for sector match (BEIJ 2005 as an example).
· [image: C:\Users/AIM/Dropbox/Research/Dai/Joint/ModelDev/figure/helt/thes/final/conver.png]



[bookmark: primary-emissions]Air pollution control technology penetration rate
[bookmark: mitigation-technologies-adapted-in-this-]The technology penetration rates are given according to sectors, fuel types, regions and air pollutants (SO2, NOx, PM). Mitigation technology and penetration rate are different in different sectors, process and provinces. GAINS-China model can provide very detailed data for 30 provinces. Hence, it is difficult to list all the penetration rates. Table A shows the SO2 mitigation technology penetration rate in different scenario years by taking Beijing as an example.
[bookmark: mitigation-technology-and-penetration-ra][bookmark: _Ref476044146][bookmark: _Ref476059822][bookmark: _Toc476044126][bookmark: _Toc479585455][bookmark: _Toc479692898]Table A6 SO2 mitigation technology and penetration rate (%) in Beijing under wPol scenario.
	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

	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



Note: HC1, HC2 and HC3 represent hard coal grade 1, grade 2 and grade 3, respectively. CON_COMB represents other energy sector-combustion. IN_BO_OTH_S, IN_OC represent Industry: other sectors; combustion of brown coal/lignite and hard coal in small boilers (<20 MWth) and Industry: other combustion, respectively. PP_EX_L, PP_EX_S, PP_MOD and PP_NEW_L represent Exist large scale power plants, Exist small scale power plants, Modern power plants (supercritical, ultra-supercritical) and New large scale power plants, respectively.

Additional results
Energy consumption
AIM/CGE-China model provides energy consumption data of 30 provinces to GAINS-China model.
[image: C:\Users\Dai\Dropbox\Research\Dai\Joint\ModelDev\figure\helt\thes\final\check_trend_GAINSene_free.png]
FigureA3 Energy consumption from 2005 to 2030 in 30 provinces in China.
Primary emissions
[image: C:\Users/DAI/Dropbox/Research/Dai/Joint/ModelDev/figure/helt/ozon/160623/check_trend_emis_concent.png]
Figure A4: National primary emissions [a] and regional average concentration of ozone and PM2.5 [b].
 [image: D:/work/Project/DataPool/figure/helt/ozon/160623/check_trend_gas_emissions_CO.png]
Figure A5: Provincial primary emissions of CO.
[image: D:/work/Project/DataPool/figure/helt/ozon/160623/check_trend_gas_emissions_CH4.png]
Figure A6: Provincial primary emissions of CH4.
[image: D:/work/Project/DataPool/figure/helt/ozon/160623/check_trend_gas_emissions_VOC.png]
Figure A7: Provincial primary emissions of VOC.
[image: D:/work/Project/DataPool/figure/helt/ozon/160623/check_trend_gas_emissions_NOx.png]
Figure A8: Provincial primary emissions of NOx.

[bookmark: seasonal-and-regional-average-concentrat]Seasonal average concentration
[image: C:\Users/DAI/Dropbox/Research/Dai/Joint/ModelDev/figure/helt/ozon/160623/concentration_GEOSCHEM_grid_1605_2030O3_MDA8_8season.png]
Figure A9: Seasonal variation of daily maximum 8-hour mean concentration of ozone in 2030.

[image: C:\Users\Dai\AppData\Local\Temp\WeChat Files\ac3b1f36ce861c6a8a1dd74dd4f4495.png]
Figure A10: Daily maximum 24-hour ozone concentration in woPol and wPol scenarios (upper) and change from woPol to wPol and wPol2 scenarios (lower).
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