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S1 Coal mine methane emissions in China’s 13 northern provinces 18 

Table S1.  Potential CBM/CMM by province (unit: Tg/yr). 19 

The table below lists the utilization goals for coalbed methane (CBM) and coal mine 20 

methane (CMM) for the 8 provinces considered in this study.  21 

Province 

2020FYP 

 
2020NEA 

CBM CMM CBM CMM 

Shanxi 5  3 10.8 5.4 

Henan 0.07 0.2 0.1 0.2 

Anhui 0.07 0.4 - 0.4 

Heilongjiang 0.07 - - - 

Liaoning 0.07 - 0.1 - 

Shaanxi - 0.1 1.1 0.1 

Inner-Mongolia - 0.1 1.1 0.1 

Gansu - 0.1 - 0.1 

Total in the 8 

northern provinces 
5.28 3.9 13.2 6.3 

National goals 6 4.67 13.3 8 

 22 
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S2 Detailed calculation in the CBM/CMM scenarios 23 

S2.1 Definition and data source of all variables 24 

Note: Table S2 lists the specific data sources for the variables defined below. 25 

Emissions factors:  26 

EFcoal:  CO2 emission factor in coal power generation  27 

EFNG:  CO2 emission factor in natural gas power generation  28 

ECcoal:  CO2 emission coefficients of coal combustion  29 

ECNG:  CO2 emission coefficients of natural gas combustion  30 

GWP100: 100-year global warming potential of methane 31 

Heat content and Heat rate by fuel: 32 

HCcoal_pow: Heat content of coal in power generation  33 

HCcoal_res: Heat content of coal combustion 34 

HCNG_res: Heat content of natural gas in residential combustion 35 

HCNG_pow: Gas heat content of natural gas in power generation 36 

HRcoal:  Heat rate of coal in power generation 37 

HRNG: Heat rate of natural gas in power generation 38 

CH4:  NG density at standard temperature and pressure (0oC and 1 atm) 39 

Efficiency: 40 

gas:  Heat generation efficiency of the gas stove 41 

coal:  Heat generation efficiency of the household coal stove 42 

electric: Heat generation efficiency of the electricity resistance heaters 43 

T&D loss: Transmission and distribution system electricity loss 44 

R:  Nature gas transmission leakage rate 45 
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Other variables defined in Equation (1)-(10): 46 

CDPOW:  Potential coal displacement in POW scenario (unit: kg) 47 

CDRES-GAS:  Potential coal displacement in RES-GAS scenario (unit: kg) 48 

CDRES-ELEC:  Potential coal displacement in RES-ELEC scenario (unit: kg) 49 

CBMi:  Total coalbed methane in each province i (unit: bcm) 50 

CMMi:  Total coal mine methane emissions in each province i (unit: bcm) 51 

Eleci: Potential electricity generation from CBM/CMM in each province i (unit: kwh) 52 

Heati: Potential heat supply from CBM/CMM in each province i (unit: MMBtu) 53 

∆ GHGj: Total reduced GHG emissions from CMM utilization scenario j (unit: Mt CO2eq/yr) 54 

∆ Carbonj:  Reduced carbon dioxide emissions from scenario j compare to the base case (unit: 55 

Mt/yr) 56 

EFeff,i: Effective emission factor for coal-fired electricity in model grid box i 57 

ESO2,i:  SO2 emissions from coal-fired electricity generation in model grid box i 58 

ECO2,i:  CO2 emissions from coal-fired electricity generation in model grid box i 59 

ENox,i:  NOx emissions from coal-fired electricity generation in model grid box i 60 

 61 

 62 
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Table S2. Summary of data sources for emissions factors, heat content, and efficiency. 63 

Category Name VALUE Unit References 

Emissions 

Factors 

EFcoal 0.86 kg (CO2)/kwh 
[1] 

EFNG 0.46 kg (CO2)/kwh 

ECcoal 95.35 kg (CO2)/MMBtu 
[2] 

ECNG 53.07 kg (CO2)/MMBtu 

GWP100 32 1CH4=32CO2eq [3] 

Heat content 

and Heat rate 

by fuel 

HCcoal_res 21610 Btu/kg 

[4] 
HCcoal_pow 14959 Btu/kg 

HCNG_pow 36100 Btu/m3 

HCNG_res 36100 Btu/m3 

HRNG 8578 Btu/kwh [5] 

HRcoal 10514 Btu/kwh  

CH4 0.72 kg/m3 [6] 

Efficiency 

electric  97% % 

[7] gas  83% % 

coal 69% % 

Transport 

efficiency & 

Leakage 

⍴T&D Loss 93% % [8] 

R 3% % [4] 

 64 
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S2.2 Potential electricity generation and heat supply from CBM/CMM in each province 65 

We use Equation (1) to estimate potential electricity generation and Equation (2) to 66 

estimate the potential heat supply (see Sect. S3.1 for variable definitions and Table S2 for data 67 

sources): 68 

𝐸𝑙𝑒𝑐𝑖 = 𝐶𝑀𝑀𝑖(1 − 𝑅) × 𝐻𝐶𝑁𝐺𝑝𝑜𝑤
 𝐻𝑅𝑁𝐺⁄ + 𝐶𝐵𝑀𝑖(1 − 𝑅)69 

× 𝐻𝐶𝑁𝐺𝑝𝑜𝑤
 𝐻𝑅𝑁𝐺⁄                                                                     (1) 70 

𝐻𝑒𝑎𝑡𝑖 = 𝐶𝑀𝑀𝑖(1 − 𝑅) × 𝐻𝐶𝑁𝐺_𝑟𝑒𝑠 106⁄ + 𝐶𝐵𝑀𝑖(1 − 𝑅)71 

× 𝐻𝐶𝑁𝐺_𝑟𝑒𝑠 106⁄                                                                      (2) 72 

S2.3 GHG emission reduction and coal displacement in each scenario  73 

We use Equation (3) to estimate the total GHG emission changes and Equation (4)-(9) to 74 

estimate the carbon dioxide emission changes: 75 

∆𝐺𝐻𝐺𝑗 = ∑ 𝐶𝑀𝑀𝑖(1 − 𝑅)

𝑖

× 𝜌𝑁𝐺 × 𝐺𝑊𝑃100 + ∆𝐶𝑎𝑟𝑏𝑜𝑛𝑗                                                             (3) 76 

POW scenario: This carbon dioxide reduction occurs when coal is replaced by more efficient 77 

natural gas electricity generation. 78 

𝐶𝐷𝑃𝑂𝑊 = ∑ 𝐸𝑙𝑒𝑐𝑖

𝑖

× 𝐻𝑅𝑐𝑜𝑎𝑙 𝐻𝐶𝑐𝑜𝑎𝑙_𝑝𝑜𝑤                                                                                             (4)⁄  79 

∆𝐶𝑎𝑟𝑏𝑜𝑛𝑃𝑂𝑊 = (𝐸𝐹𝑐𝑜𝑎𝑙 − 𝐸𝐹𝑁𝐺) ×  ∑ 𝐸𝑙𝑒𝑐𝑖

𝑖

109⁄                                                                           (5) 80 

RES-GAS scenario: We replace small household coal stoves with gas stoves, and carbon dioxide 81 

emissions decline because these gas stoves are more efficient.   82 

𝐶𝐷𝑅𝐸𝑆_𝐺𝐴𝑆 =
∑ 𝐻𝑒𝑎𝑡𝑖𝑖 × 𝜂𝑔𝑎𝑠

𝜂𝑐𝑜𝑎𝑙 × 𝐻𝐶𝑐𝑜𝑎𝑙_𝑟𝑒𝑠
                                                                                                               (6) 83 

∆𝐶𝑎𝑟𝑏𝑜𝑛𝑅𝐸𝑆−𝐺𝐴𝑆 =
[(𝐶𝐷𝑅𝐸𝑆_𝐺𝐴𝑆 × 𝐻𝐶𝑐𝑜𝑎𝑙_𝑟𝑒𝑠 × 𝐸𝐶𝑐𝑜𝑎𝑙) − ∑ 𝐻𝑒𝑎𝑡𝑖𝑖 × 𝐸𝐶𝑁𝐺] 

109
                         (7) 84 
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RES-ELEC scenario: Carbon dioxide emissions in the RES-ELEC scenario increase because 85 

household electric heaters are less efficient than small household coal stoves. 86 

𝐶𝐷𝑅𝐸𝑆−𝐸𝐿𝐸𝐶87 

=
∑ 𝐸𝑙𝑒𝑐𝑖𝑖 × (1 − 𝜌𝑇&𝐷 𝑙𝑜𝑠𝑠) × 3412 × 𝜂𝑒𝑙𝑒𝑐

𝜂𝑐𝑜𝑎𝑙 × 𝐻𝐶𝑐𝑜𝑎𝑙_𝑟𝑒𝑠
                                                                               (8) 88 

∆𝐶𝑎𝑟𝑏𝑜𝑛𝑅𝐸𝑆−𝐸𝐿𝐸𝐶 =
[(𝐶𝐷𝑅𝐸𝑆−𝐸𝐿𝐸𝐶 × 𝐻𝐶𝑐𝑜𝑎𝑙_𝑟𝑒𝑠 × 𝐸𝐶𝑐𝑜𝑎𝑙) − ∑ 𝐸𝑙𝑒𝑐𝑖𝑖 × 𝐸𝐹𝑁𝐺]

109
                      (9) 89 

S2.4 Equations for coal-fired power plant displacement in the POW scenarios  90 

We determine the most polluting, existing coal power plants (CPPs) in 13 northern 91 

provinces and replace those plants with electricity generated from CBM/CMM in the POW 92 

scenario. We identify model grid boxes with coal electricity generation in the Global Power 93 

Emissions Database (GPED) 1 that have the highest effective emission factors. We use the 94 

following equation to order GPED model grid boxes from highest to lowest effective emissions 95 

factor: 96 

𝐸𝐹𝑒𝑓𝑓,𝑖 =
𝐸𝑆𝑂2,𝑖

𝐸𝐶𝑂2,𝑖
+

𝐸𝑁𝑂𝑥,𝑖

𝐸𝐶𝑂2,𝑖
                                                                                                                         (10) 97 

We displace coal power production from the grid boxes from highest to lowest effective 98 

emissions factor with CBM/CMM-generated electricity until we have depleted all available 99 

CBM/CMM for the given province.  100 

S2.5 Coal home heating displacement in the RES-GAS and RES-ELEC scenarios 101 

The MEIC inventory provides an estimate of overall residential emissions but not heating 102 

specific emissions. However, we can approximate home heating emissions by examining the 103 

differences between summer and winter residential emissions. We first calculate the difference 104 

between residential emissions in each month that would have home heating activities (October, 105 
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November, December, January, February, and March) and average residential emissions in June 106 

and July. This setup assumes the difference in residential emissions between summer and winter 107 

months is due to home heating. Other types of residential emissions (i.e., cooking) are unlikely to 108 

vary seasonally, and seasonal differences in residential emissions are likely a good proxy for home 109 

heating. Subsequently, we reduce overall residential heating emissions in each province 110 

proportional to the amount of heating that can be supplied with available CBM/CMM resources in 111 

each province (Table S3). 112 

Table S3. Displaced home heating-related emissions by province in the RES-GAS and RES-ELEC 113 

scenarios 114 

Province 

Removed heating-related emissions during heating season (%) 

2020FYP 2020NEA 

RES-GAS RES-ELEC RES-GAS RES-ELEC 

Shanxi 100% 66% 100% 100% 

Henan 61% 3% 100% 41% 

Anhui 13% 6% 11% 5% 

Heilongjiang 1% - 33% - 

Liaoning 2% 1% 3% 2% 

Shaanxi 4% 2% 35% 16% 

Inner-Mongolia 1% - 17% 8% 

Gansu 2% 1% 2% 1% 

115 
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S3 Description of the GEOS-Chem model and the simulated PM2.5 in base case and each 116 

utilization scenario 117 

 118 

Figure S1. 2016 base case seasonal and annual mean surface PM2.5 concentrations (unit: μg/m3). 119 

PM2.5 concentrations are typically higher in northern and south-central China than in more sparsely 120 

populated regions of the country. 121 

DJF MAM JJA SON

0 50 100 150 ug/m3

Annual Average
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 122 
Figure S2. Seasonal averaged PM2.5

 reduction (unit: μg/m3) in the 2020FYP set. (Note: the two 123 

residential scenarios share one legend.)   124 
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 125 
Figure S3. Seasonal averaged PM2.5

 reduction (unit: μg/m3) in the 2020NEA set. (Note: the two 126 

residential scenarios share one legend.)   127 

 128 

We use nested GEOS-Chem simulations to estimate surface-level ambient PM2.5 129 

concentrations for each scenario. We first create global GEOS-Chem simulations at a relatively 130 

coarse 4° latitude by 5° longitude resolution and use these global simulations as a boundary 131 

condition for nested East Asia simulations at a much higher resolution of 0.5° latitude by 0.625° 132 

longitude. Note that we spin up the model for two months to create initial conditions for both the 133 

global and nested East Asia grids, similar to existing GEOS-Chem studies for the East Asia model 134 

domain6. Both global and nested simulations are driven by assimilated meteorology from NASA’s 135 
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MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, Version 2)9. In 136 

addition, the simulations in this study have a 5-minute dynamical timestep and 10-minute 137 

chemistry timestep for multiple emission species and aerosols. The lowest vertical level in the 138 

model is approximately 100-m high and is used to represent the surface PM2.5 concentrations in 139 

this study. We subsequently use monthly-averaged surface PM2.5 estimated by GEOS-Chem for 140 

the health impact analysis (Sect. S10). 141 

GEOS-Chem simulations over China have been evaluated by several existing studies. 142 

Wang et al.,2013,201410,11; Lou et al.,201412; and Wang et al., 201310 indicated that the GEOS-143 

Chem model performed well in simulating sulfate distributions and concentrations. Wang et 144 

al.,201411 further evaluated the model performance in reproducing the concentrations and the 145 

spatiotemporal patterns of PM2.5 over China during a severely polluted month in January 2013. 146 

The model shows a good correlation with PM2.5 spatial distribution and concentration with 147 

observation, and only underestimated the concentrations of PM2.5 and sulfate over northern China 148 

during a severe haze period (> 500 µg/m3). In this study, we used emissions data (MEIC) for the 149 

year 2016, and the data show that the NOx and SO2 emissions have dramatically decreased from 150 

2012 to 2016 by 70% and 50%, respectively. Thus, combining with the results from other studies 151 

above, we believe that the GEOS-Chem model performs well in simulating the spatial distribution 152 

and concentration level of PM2.5 over China using the anthropogenic emission data for the year 153 

2016.  154 

 155 

 156 

 157 
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 158 

Figure S4. Gridded annual 2016 NOx and SO2 emissions in the base case power sector and residential sector (Unit: kg/m2 yr). The NOx 159 

and SO2 emissions data are from MEIC inventory for the year 2016.  160 
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 161 

Figure S5. Gridded annual 2016 NOx and SO2 emission reductions in each 2020NEA scenario (Unit: kg/m2 yr).  162 
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S4 Analysis of health impacts 163 

We calculate reduced mortality by province from air quality changes resulting from each 164 

scenario using the following equation from the Global Burden of Disease (GBD) study13: 165 

 ∆𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦𝑑,𝑖 = 𝑀𝑅𝑑,𝑏𝑎𝑠𝑒 × 𝑃𝑂𝑃𝑖 × (
𝑅𝑅𝑑,𝑖(𝐶𝑠)

𝑅𝑅𝑑,𝑖(𝐶𝑏𝑎𝑠𝑒)
− 1)   (12) 166 

Table S4. Summary of data for health impacts analysis 167 

Variables Definition Data source 

MRd, base 

Baseline mortality for a disease (d) in the 

total adult population 

[13] 

Popi 

Adult population aged 25 and above in each 

province i in 

 [4] 

RRd,i (Cs) and 

RRd,i (Cbase): 

Relative risks (RR) of disease d in province i 

for the adult population at the PM2.5 levels of 

Cs in scenario s and Cbase in the base case, 

respectively.  

[13] 

Cs and Cbase 

Annual mean exposures in scenario s and the 

base case. This exposure is given by the 12-

month average of the population-weighted, 

province-averaged PM2.5 concentrations.  

GEOS-Chem simulations 

Note: We use RR functions from the Global Burden of Disease study13, and the concave 168 

relative risk functions are used in the main results.  169 
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First, we estimate county-averaged PM2.5 concentrations by averaging the concentrations 170 

for all the GEOS-Chem grids located within that county. Second, we calculate population-171 

weighted, provincial-averaged PM2.5 concentrations by weighting the PM2.5 concentrations for each 172 

county within that province by the ratio of county total population to provincial total population. 173 

The county-level age and spatial distributions of the population within each province are from the 174 

2010 China county-level census data14. 175 

 For household indoor air pollution, we also use equation 12 but in a simplified form.  The 176 

average user of solid fuels for cooking/heating is exposed to indoor PM2.5 concentrations of 300 177 

µg/m3 for traditional coal stoves, and 70 for modern stoves.15,16 We then use these two numbers to 178 

derive the relevant risk for each scenarios and diseases. The exposed population is given by the 179 

number of people using coal for home heating in the base case and each utilization scenario.  180 

We also calculate the uncertainty range (95% confidence interval (CI)) of avoided 181 

mortalities for each scenario using the GBD model, and that model includes a relative risk function 182 

and CI for each disease. Our uncertainty ranges are asymmetrical because the CIs on each relative 183 

risk function provided by the GBD is asymmetrical. Furthermore, the PM2.5 model outputs are 184 

treated as deterministic because GOES-Chem does not provide any uncertainty bound on the PM2.5 185 

model output. Thus, our uncertainty range do not include the uncertainty of GEOS-Chem modeled 186 

PM2.5. 187 

 188 

 189 
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