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ABSTRACT 

 

Particle-phase air pollution is a leading risk factor for premature death globally and impacts climate by scattering or 

absorbing radiation and changing cloud properties. Within the Beijing-Tianjin-Hebei region of China, where there are severe 

air quality problems, several municipalities have begun implementing a coal-to-electricity program that bans residential coal 

and provides subsidies for electricity and electric-powered heat pumps. We used GEOS-Chem to evaluate two complete 

residential coal-to-electricity transitions—a Beijing-off scenario and Beijing-Tianjin-Hebei-off scenario—each relative to a 

base case. We estimate that within China, the ambient fine particulate matter (PM2.5) reductions in the Beijing-off scenario 

could lead to 1,900 (95% CI: 1,200–2,700) premature deaths avoided annually, while the Beijing-Tianjin-Hebei-off scenario 

could lead to 13,700 (95% CI: 8,900–19,600) premature deaths avoided annually. Additionally, we estimate that the 

residential-coal-ban scenarios will result in a positive top-of-the-atmosphere aerosol direct radiative effect (DRE) (model 

domain average: Beijing-off: 0.023 W m–2; Beijing-Tianjin-Hebei-off: 0.30 W m–2) and a negligible cloud-albedo aerosol 

indirect effect (AIE) (Beijing-off: 0.0001 W m–2; Beijing-Tianjin-Hebei-off: 0.0027 W m–2). To evaluate the uncertainty of 

the radiative effects, we calculated the DRE under four black-carbon mixing-state assumptions and both the DRE and AIE 

assuming three different black-carbon-to-organic-aerosol (BC:OA) ratios for residential-coal emissions. Although the 

magnitude of our radiative forcing estimates varied across sensitivity cases, the domain average remained positive. When 

only considering the aerosol-related effects of the aforementioned coal-ban scenarios, we predict substantial health benefits, 

but do not anticipate a climate “co-benefit”, because removing aerosol emissions leads to a warming tendency. However, if 

the coal-to-electricity program results in less net greenhouse gas emissions due to the replacement heaters, the policy may 

be able to achieve health and climate “co-benefits”. 
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INTRODUCTION 

 

The Beijing-Tianjin-Hebei region of China is one of the 

most highly-polluted regions in the world (Chan and Yao, 

2008; Zhang et al., 2015; Zhang and Cao, 2015). In recent  
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decades, rapid economic growth coupled with industrialization 

and urbanization has resulted in fine particulate matter 

(PM2.5) levels that exceed the air-quality guidelines of both 

the Chinese government (35 µg m–3) and the World Health 

Organization (10 µg m–3) in the region (Ma et al., 2014; 

Zhang and Cao, 2015). Stagnant meteorological conditions 

in the Beijing-Tianjin-Hebei region also lead to severe haze 

episodes, where hourly PM2.5 levels may exceed 600 µg m–3 

(Wang et al., 2014). The 2017 Global Burden of Disease 

(GBD) Study estimated that exposure to ambient PM2.5 is a 
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leading risk factor for premature death in China, resulting in 

more than 1.2 million premature deaths per year (Stanaway 

et al., 2018). Additionally, high aerosol burdens in the 

atmospheric column impact the local atmospheric radiative 

budget, because aerosols can directly scatter (e.g., sulfate, 

organic aerosol (OA)) and absorb radiation (e.g., black carbon 

(BC)) (i.e., the aerosol direct radiative effect (DRE)) and 

change cloud properties by influencing the number of cloud-

condensation nuclei (i.e., the cloud-albedo aerosol indirect 

effect (AIE)) (Stocker et al., 2013). 

In the Beijing-Tianjin-Hebei region, during the winter, 

many households burn unprocessed coal in built-in boiler 

stoves used for space heating (Fig. S1). These residential 

coal stoves have much higher particle-phase emissions than 

coal from the industrial and power sectors, because residential 

coal is burned under poor combustion conditions and the 

residential coal stoves do not have emissions controls (Streets 

et al., 2001). Due in part to emissions from residential coal 

use and stagnant meteorological conditions, the Beijing-

Tianjin-Hebei region often has high air pollution levels 

during the winter (Ma et al., 2014; Zhang and Cao, 2015). 

Recently, to combat air quality issues, several municipalities 

in the Beijing-Tianjin-Hebei region of China have been 

rolling out coal-to-electricity policies, which ban residential 

coal and provide subsidies for the purchase and installation 

of electric-powered heat pumps in place of coal-heating 

stoves (National Development and Reform Commission, 

2017; Barrington-Leigh et al., 2019). In addition to the coal-

to-electricity policies, smaller coal-to-natural-gas policies 

are also being rolled out in some regions. These coal-to-

electricity policies are being implemented at the village-

level with new villages being added each winter. The energy 

program began in 2016/2017 with the rollout anticipated to 

continue beyond 2020/2021 and is part of a longer term plan 

that would ultimately ban residential use of coal for space 

heating across northern China. These household-energy 

policies are part of a larger rollout of clean air policies in 

China (Zheng et al., 2018). 

Several previous modeling studies have looked at how 

emissions from residential coal heating impacts ambient air 

quality. These studies estimate that between 20 and 65% of 

ambient PM2.5 in Beijing-Tianjin-Hebei comes from residential 

coal heating, depending on emissions and atmospheric 

conditions (Liu et al., 2016; Xue et al., 2016; Zhang et al., 

2017; Meng et al., 2019). Archer-Nicholls et al. (2016) and 

Archer-Nicholls et al., (2019) estimated the health and 

radiative effects, respectively, of all residential biomass and 

coal use across China. Shen et al. (2019) investigated the 

health and climate impacts of transitions in residential 

energy across China between 1992 and 2012. Liu et al. 

(2019) investigated the health impacts, but not the climate 

impacts, of the planned residential coal policies between 

2010 and 2030 in Beijing-Tianjin-Hebei, using a source-

receptor model, which used a statistical approach to estimate 

changes in PM2.5 rather than perturbing the model directly. 

To the best of our knowledge, no studies have examined 

both the aerosol health and radiative impacts of the coal-to-

electricity policies that are currently (~2016–2020) being 

implemented in Beijing-Tianjin-Hebei using a chemical-

transport model. Importantly, our study is complementary to, 

but distinct from, other recent studies that have investigated 

the aerosol health and climate impacts of the residential 

sector across China prior to the current coal-to-electricity 

policies or used different approaches for representing the 

atmospheric changes. 

To address these gaps, we used GEOS-Chem, a chemical-

transport model, to quantify the air quality, health, and radiative 

impacts of two complete residential coal-to-electricity 

transitions—a Beijing-off scenario and a Beijing-Tianjin-

Hebei-off scenario. We estimate the number of premature 

mortalities that could be averted from both of these scenarios 

using an integrated-exposure-response (IER) function 

(Burnett et al., 2014). Additionally, we estimate the top-of-

the-atmosphere aerosol DRE and cloud-albedo AIE. Given 

the dependence of our radiative forcing estimates on aerosol 

properties, we calculate the DRE under four black-carbon 

mixing-state assumptions and both the DRE and AIE under 

three different black-carbon-to-organic-aerosol (BC:OA) 

ratios for residential-coal emissions. Then, to constrain the 

modeled aerosol properties, we compare single scattering 

albedo (SSA) measurements, which depend on black-carbon 

mixing state and aerosol composition, from the Aerosol 

Robotic Network (AERONET) to the SSA estimates under 

each sensitivity case. 

 

METHODS 

 

Model Configuration 

We used (GEOS-Chem v12.0.3; The International GEOS-

Chem User Community, 2018) (http://www.geos-chem.org) 

to simulate aerosol size and composition. Table 1 describes 

the six simulations used in this study. GEOS-Chem was driven 

by GEOS Forward Processing offline meteorological fields 

(GEOS-FP; https://gmao.gsfc.nasa.gov/). We ran regional 

simulations at 0.25° × 0.3125° resolution with 47 vertical 

layers. The model domain spanned 109.062°–132.1875°E 

longitude; 29.250°–44.000°N latitude, which included Beijing, 

Tianjin, and Hebei and several surrounding provinces 

(Fig. S2). Regional boundary conditions were generated using 

global simulations at 4° × 5° with 47 vertical layers. The 

regional simulations were run with 10 days of spin up while 

the global simulations were run with one month of spin up. 

Anthropogenic emissions in Asia, including residential 

coal, were from the MIX 2010 inventory (Li et al., 2017). 

Other emissions inventories are described in Note S1. We 

used two different model configurations to estimate the 

effects of the residential-coal-ban scenarios. The health 

effect calculations were run using a simplified version of the 

GEOS-Chem model that focuses on aerosol mass rather than 

gases or aerosol size distributions, because the mortality 

calculations required annual PM2.5 concentrations. The 

radiative effect calculations require details about the aerosol 

size distribution, and hence, more-comprehensive GEOS-

Chem simulations. Due to the computational burden of the 

simulations with size distributions, we only performed the 

radiative forcing calculations during the winter months 

(December through February). We chose to model these 

three months, because emissions from residential coal were  

http://www.geos-chem.org/
https://gmao.gsfc.nasa.gov/
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Table 1. Summary of GEOS-Chem simulations. To estimate the aerosol-related health effects, we ran the GEOS-Chem 

bulk-aerosol (i.e., “aerosol-only”) configuration, and to estimate the aerosol-related climate effects, we ran the GEOS-Chem-

TOMAS configuration for the winter. The health-effect calculations required longer simulation times (i.e., one year); 

therefore, due to computational constraints, we did not include online chemistry/aerosol microphysics in these simulations. 

Name Scenarios Simulation type Simulation time 

Base case Continued residential coal 

use 

Bulk aerosol One year 

(Dec 2014–Nov 2015 or 

Dec 2015–Nov 2016) 

  Online chemistry/ aerosol 

microphysics 

Three months 

(Dec 2014–Feb 2015 or 

Dec 2015–Feb 2016) 

Beijing-off Residential coal ban in 

Beijing only 

Bulk aerosol One year 

(Dec 2014–Nov 2015 or 

Dec 2015–Nov 2016) 

  Online chemistry/ aerosol 

microphysics 

Three months 

(Dec 2014–Feb 2015 or 

Dec 2015–Feb 2016) 

Beijing-Tianjin-Hebei-off Residential coal ban in 

Beijing-Tianjin-Hebei 

Bulk aerosol One year 

(Dec 2014–Nov 2015 or 

Dec 2015–Nov 2016) 

  Online chemistry/ aerosol 

microphysics 

Three months 

(Dec 2014–Feb 2015 or 

Dec 2015–Feb 2016) 

 

lower outside of these three months, according to the MIX 

2010 emissions inventory. The two model configurations are 

described in the following two paragraphs and outlined in 

Table 1.  

To estimate the health effects, we used the GEOS-Chem 

bulk-aerosol configuration that has offline oxidation fields and 

explicitly includes bulk aerosol tracers (sulfate, ammonium, 

nitrate, sea salt, OA, BC) and aerosol-precursor vapors (SO2, 

NH3). Each bulk-aerosol simulation was run for 12 months 

(December–November) to simulate annually averaged 

PM2.5; the equation used to estimate PM2.5 can be found in 

Note S2. A comparison of PM2.5 estimates from both model 

configurations is in Fig. S3. We simulated two years prior to 

the implementation of the coal ban (December 2014–

November 2015 and December 2015–November 2016). The 

anthropogenic emissions from the MIX inventory were not 

changed between the two winters. Differences between the 

two years are small, e.g., 2.7% averaged across the simulation 

domain. So, throughout the paper, we present the results as an 

average of the two winters. Figures showing the differences 

between the simulations are in the SI (Fig. S4).  

To estimate the radiative effects, we ran simulations using 

GEOS-Chem’s full tropospheric chemistry (“tropchem”) 

setup with TwO Moment Aerosol Sectional (TOMAS) online 

aerosol microphysics (Table 1), which has 15 size sections 

ranging from 3 nm to 10 µm (Adams and Seinfeld, 2002; 

Trivitayanurak et al., 2008; Kodros and Pierce, 2017). Size-

resolved aerosol species include sulfate, sea salt, OA, BC, 

and dust. Ammonium and nitrate were not size resolved in the 

model, so we assumed that they followed the size distribution 

for aerosol water. Therefore, ammonium and nitrate increased 

particle size, but not number. TOMAS includes nucleation, 

condensation, and coagulation aerosol microphysics processes 

as well as size-resolved emissions, dry and wet deposition, 

and aqueous sulfur chemistry. These simulations were only 

run for the winter heating months (December–February). For 

each scenario, we simulated two different winters (December 

2014–February 2015 and December 2015–February 2016); 

however, the results are presented as a two-winter average 

throughout the paper and differences between the two 

simulations are presented in the SI (Figs S5 and S6). 

For each of the two GEOS-Chem setups, we simulated 

three scenarios to estimate the impacts of a complete 

residential coal ban (Table 1). For the “Base-case” scenario, 

residential-coal emissions rates were held fixed throughout 

the domain; for the “Beijing-off” scenario, residential-coal 

emissions rates were set to zero in the province of Beijing; 

and for the “Beijing-Tianjin-Hebei-off” scenario, residential 

coal emissions rates were set to zero in the provinces of 

Beijing, Tianjin, and Hebei. Aerosol-relevant species that 

were set to zero included: BC, OC, SO2, SO4. (The masked 

areas within our grid scheme are shown in Fig. S2.) Most 

emissions from the residential sector in Beijing-Tianjin-Hebei 

are from residential coal combustion (Zhang et al., 2017), thus 

zeroing out all emissions from the residential sector, although 

an upper limit, is still likely to be a good approximation for 

eliminating residential coal use. We note that we did not 

account for how the increased electricity generation will 

impact aerosol emissions in the region. However, we expect the 

centralized electricity generation to have much lower aerosol 

emissions than residential coal used for space heating.  

 

Health Effects 

PM2.5-related premature mortalities were calculated using 

the GBD 2010 framework and results from the GEOS-Chem 

bulk-aerosol model. Mortalities were only calculated within 

China. We used the Gridded Population of the World 

(GPWv4.11) from the NASA Socioeconomic Data and 
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Application Center (SEDAC; https://sedac.ciesin.columbia. 

edu/) from the year 2015. The population data was 

downloaded at 0.25° × 0.25° resolution and regridded to the 

model resolution. Country-level baseline mortality rates in 

China for lung cancer, ischemic heart disease, stroke, and 

chronic obstructive pulmonary disease were obtained from 

the Institute for Health Metrics and Evaluation (IHME; 

http://www.healthdata.org/gbd) from the year 2015. 

We used IER functions from Burnett et al. (2014) to relate 

ambient PM2.5 exposure to increased risk of premature 

mortality from each disease. Burnett et al. (2014) reports 

1,000 sets of coefficients for each IER that were fit using a 

Monte Carlo approach. We used these model fits to estimate 

the mean and 95% confidence interval of mortality from 

each disease. Uncertainties in the IER are discussed in 

previous work (Ford and Heald, 2016; Kodros et al., 2018; 

Nethery and Dominici, 2019). 

We calculated PM2.5-related premature mortalities using 

two methods (Kodros et al., 2016a). First, we subtracted the 

number of PM2.5-related mortalities of either Beijing-off of 

Beijing-Tianjin-Hebei-off scenario from the base-case scenario 

(Subtraction Method). Second, we multiplied the fraction of 

total PM2.5 from residential coal by the total number of 

PM2.5-related mortalities from all air pollution sources 

(Attribution Method). Due to the nonlinear nature of the IER 

functions (where the change in relative risk decreases as 

PM2.5 concentrations increase), the reduction depends on the 

starting point and thus two methods yield different estimates. 

The Subtraction Method is likely more representative of the 

potential health benefits (that are possible to estimate) 

associated with eliminating an emissions source, such as in 

the case of the residential-coal ban. The Attribution Method, 

on the other hand, allows the total PM2.5-related mortalities 

to be attributed to specific sources (the sum of all source 

contributions equal the total PM2.5-related mortalities, which 

is not the case for the subtraction method). 

 

Direct Radiative Effect and Cloud-albedo Aerosol 

Indirect Effect 

We used an offline version of the Rapid Radiative 

Transfer Model for Global and Regional Model Applications 

(RRTMG; Iacono et al., 2008) to calculate the top-of-the-

atmosphere all-sky DRE and AIE. Comprehensive details of 

the calculations are provided in previous work (Kodros et 

al., 2016b; Kodros and Pierce, 2017; Ramnarine et al., 2019). 

Briefly, we used monthly mean aerosol mass and number 

concentrations (GEOS-Chem-TOMAS), surface albedo from 

the Satellite Application Facility on Climate Monitoring 

(Karlsson et al., 2017), and other meteorological variables 

from GEOS-FP. For the DRE, we calculated the aerosol 

optical depth (AOD), single scattering albedo (SSA), and 

asymmetry parameter for each model grid box using Mie 

theory or core-shell Mie theory (Bohren and Huffman, 1983) 

and refractive indices from the Global Aerosol Database 

(Koepke et al., 1997). For the AIE, we calculate the change 

in cloud albedo using the cloud-drop-radius perturbation 

method that has been published previously (Rap et al., 2013; 

Scott et al., 2014; Kodros et al., 2016b).  

The aerosol radiative effects calculated here are sensitive 

to both the aerosol mixing state and the amount of strongly 

absorbing (e.g., BC) and weakly absorbing (e.g., OA) aerosol 

(Bond et al., 2006; Cappa et al., 2012; Kodros et al., 2015). 

To examine these sensitivities, we ran fifteen radiative forcing 

calculations for each scenario with different assumptions 

about the aerosol mixing state and different BC:OA emissions 

ratios (keeping total aerosol mass constant) from the 

residential-coal sector (Table 2). For the DRE, we tested 

four mixing-state assumptions: an external mixing state and 

three internal mixing states (i.e., Maxwell Garnett, core-

shell, and volume). These mixing-state assumptions are a 

 

Table 2. Summary of radiative-forcing sensitivity cases. Both the direct radiative effect (DRE) and the cloud-albedo aerosol 

indirect effect (AIE) were tested under three emissions sensitivity cases including: the base BC/OA case, where the black 

carbon (BC):organic aerosol (OA) ratios were from the MIX v2010 inventory; the high-BC/low-OA case, where the BC:OA 

ratio from the base case was doubled; and the low-BC/high-OA case, where the BC:OA ratio from the base case was halved. 

Four mixing-state assumptions were tested for the DRE including: one external mixing state and three internal mixing states 

(i.e., Maxwell Garnett, core-shell, and volume). 

Radiative effect Emissions case Mixing state 

DRE Base BC/OA External 

DRE Base BC/OA Maxwell-Garnett internal 

DRE Base BC/OA Core-shell internal 

DRE Base BC/OA Volume internal 

DRE High BC/Low OA External 

DRE High BC/Low OA Maxwell-Garnett internal 

DRE High BC/Low OA Core-shell internal 

DRE High BC/Low OA Volume internal 

DRE Low BC/High OA External 

DRE Low BC/High OA Maxwell-Garnett internal 

DRE Low BC/High OA Core-shell internal 

DRE Low BC/High OA Volume internal 

AIE Base BC/OA N/A 

AIE High BC/Low OA N/A 

AIE Low BC/High OA N/A 

https://sedac.ciesin.columbia.edu/
https://sedac.ciesin.columbia.edu/
http://www.healthdata.org/gbd
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useful tool for estimating the bounds of the aerosol radiative 

forcing. All aerosol components except BC were always 

assumed to be homogeneously internally mixed within each 

size section. For the “external” mixing state, we assumed BC 

and the more-scattering species in each size section were in 

separate particles of the same size. For the “Maxwell-Garnett” 

internal mixing state (Garnett, 1904), we assumed that BC 

spheres were randomly distributed within the homogenous 

particle composed of the more-scattering components. For 

the “core-shell” internal mixing state, we assumed that BC 

was a pure core within a homogeneous shell made up of the 

more-scattering components. For the “volume” internal 

mixing state, we assumed that all aerosol species (including 

BC) were mixed homogeneously. Across all mixing-state 

assumptions, we assumed OA was not greatly absorptive 

(i.e., did not contain appreciable brown carbon). 

For both the DRE and the AIE, we tested three sensitivity 

cases where we varied the BC:OA ratio of emissions from 

the residential sector (Table 2). For the “base-BC/OA” case, 

we maintained the BC:OA ratios from the MIX 2010 

emissions inventory (Fig. S7). For the “high-BC/low-OA” 

scenario, we doubled the BC:OA ratios, while for the “low-

BC/high-OA” scenario, we halved the BC:OA ratios. Across 

all cases, the total mass and number in each size section were 

conserved. The aerosol concentrations for these cases were 

calculated offline using the equations provided in Note S3. 

SO2 was not modified in the BC:OA sensitivity cases. 

 

Model Evaluation 

The models were evaluated by several statistical metrics 

including: slope, coefficient of determination (R2), mean 

bias (MB), mean error (ME), mean normalized bias (MNB), 

mean normalized error (MNE), and normalized mean bias 

(NMB). (Equations for calculating the biases and errors are 

provided in Note S4). Annually averaged PM2.5 estimates 

from the GEOS-Chem bulk-aerosol model configuration 

were evaluated against 651 surface monitors. (Map shown 

in Fig. S8). The data were downloaded from the Harvard 

Dataverse (Berman, 2017) that mirrored data published on 

https://beijingair.sinaapp.com/, which was collected by the 

China National Environmental Monitoring Center 

(CNEMC; http://www.cnemc.cn/) and the Beijing Municipal 

Environmental Monitoring Center (BMEMC, http://www.b 

jmemc.com.cn/). Measurements were made with either the 

tapered element oscillating microbalance (TEOM) or beta-

attenuation (BAM) method. Hourly measurements were 

excluded from the monthly average if (1) the coarse particulate 

matter (PM10) measurement was less than PM2.5, (2) either 

the PM10 or PM2.5 measurement was missing for a particular 

hour, or (3) a value was repeated more than four times. 

Monthly averages were excluded if more than 25% of the 

data were missing over the course of a month (after the other 

data cleaning procedures were completed). Monthly averages 

were averaged annually and compared with PM2.5 surface 

estimates from the GEOS-Chem bulk-aerosol model. Only 

model months that corresponded to months where observations 

met the criteria, above, were included in the annual average 

in our plots specific to model evaluation. After data 

cleaning, 96.6% of all possible monthly averages remained 

for validation. All monitors within the same model grid cell 

were also averaged to a single value when compared to the 

GEOS-Chem model output. 

For a second comparison, annually averaged PM2.5 estimates 

from the GEOS-Chem bulk-aerosol model configuration were 

also compared to China Regional PM2.5 estimates (V4.CH.02) 

developed by the Atmospheric Composition Analysis Group 

(http://fizz.phys.dal.ca/~atmos/martin/?page_id=140). These 

estimates were developed using the geoscience-based approach 

of van Donkelaar et al. (2019). The PM2.5 estimates are provided 

at 0.1° × 0.1° resolution and, while the van Donkelaar et al. 

(2019) estimates cannot be considered the true PM2.5 values 

for each location, they combine data from satellites, chemical 

transport models, and ground measurements, which may allow 

for better estimates than model data alone. We compared 

model PM2.5 estimates averaged over both simulation years 

(December 2014–November 2016) to 2015 PM2.5 estimates 

from van Donkelaar et al. (2019), which were regridded to 

the GEOS-Chem model resolution (0.25° × 0.3125°).  

The AOD and SSA estimates from GEOS-Chem-TOMAS 

were compared to measurements from AERONET monitoring 

sites (Holben et al., 1998; Sinyuk et al., 2007). Seven sites 

were used in the comparison. (Map shown in Fig. S9.) We 

compared the model output to Level 1.5 measurements from 

AERONET, which include automated quality controls and 

cloud screening (Smirnov et al., 2000). We linearly interpolated 

instantaneous hourly model output to the time when the 

AERONET measurements were taken and compared the 

model and measurements at 440 nm. The AERONET data 

was compared to model SSA under the sensitivity cases 

(discussed in the “Direct radiative effect and cloud-albedo 

aerosol indirect effect” section).  

 

RESULTS AND DISCUSSION 

 

PM2.5-related Health Effects of the Residential Coal Ban 

Modelled and Measured PM2.5 

In the Base-case scenario, the average PM2.5 surface 

concentration in the simulation domain was 54.6 µg m–3 

(interquartile range (IQR): 30.5–78.4 µg m–3) (Fig. 1). The 

highest PM2.5 concentrations tended to be in Beijing and 

southward through Hebei, Shandong, and Henan, while the 

lowest PM2.5 concentrations tended to be to the northwest 

Beijing in the northern portion of Hebei and in Inner 

Mongolia. This spatial pattern exists because the region 

south of Beijing has a higher population density and higher 

emissions rates compared to the mountainous regions to the 

northwest of Beijing that has a smaller population and fewer 

emissions sources. (See Fig. S10 (emissions map) and 

Fig. S11 (population density map)). Further, this region to 

the south of Beijing can have low-speed south to southwest 

winds that also contribute to air pollution build-up to the 

south of Beijing-Tianjin-Hebei during the winter (Wang et 

al., 2014). 

The R2 between the PM2.5 measurements and the PM2.5 

estimates from GEOS-Chem is 0.56, although the model 

tends to have a positive bias (NMB: 35.7%) (Fig. 2). The 

model is similarly correlated (R2: 0.58) and positively biased 

(NMB: 53.6%) compared to the PM2.5 estimates from van  

https://beijingair.sinaapp.com/
http://www.cnemc.cn/
http://www.bjmemc.com.cn/
http://www.bjmemc.com.cn/
http://fizz.phys.dal.ca/~atmos/martin/?page_id=140
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Fig. 1. Surface fine particulate matter (PM2.5) from van Donkelaar et al. (2019) for the year 2015 (panel a) and the GEOS-

Chem bulk-aerosol model configuration (panels b, c, and d). In panel b, the continued-residential-coal-use simulation (base 

case) is given as an absolute mass concentration, while the coal-ban scenarios (Beijing-off in panel c and Beijing-Tianjin-

Hebei-off in panel d) are given as a percentage-change relative to the continued-residential-coal-use simulation (base case). 

Results from the GEOS-Chem bulk-aerosol model configuration (panel b, c, and d) are averaged across two simulations 

years (December 2014 through November 2016). 

 

 

Fig. 2. Fine particulate matter (PM2.5) surface measurements versus GEOS-Chem PM2.5 estimates (panel a) and van 

Donkelaar et al. (2019) PM2.5 estimates from 2015 versus GEOS-Chem PM2.5 estimates (panel b). GEOS-Chem PM2.5 estimates 

are from the bulk-aerosol model configuration under the continued-residential-coal-use scenario (base case). PM2.5 surface 

measurements were collected by the China National Environmental Monitoring Center (CNEMC; http://www.cnemc.cn/) and 

the Beijing Municipal Environmental Monitoring Center (BMEMC, http://www.bjmemc.com.cn/). Data are compared as 

annual averages. The measurements or van Donkelaar et al. (2019) estimates were compared to the model using the slope, 

coefficient of determination (R2), mean bias (MB), mean error (ME), mean normalized bias (MNB), mean normalized error 

(MNE), and normalized mean bias factor (NMB). MNB, MNE, and NMB are normalized by the observations and are 

expressed as percentages, while MB and ME are not normalized and are expressed in units of µg m-3. The solid line on each 

plot shows a 1:1 relationship between the measurements and the model, while the dashed line shows the line of best fit 

(equation given on each figure). 

https://www.zotero.org/google-docs/?oUTf8l
http://www.cnemc.cn/
http://www.bjmemc.com.cn/
https://www.zotero.org/google-docs/?qQK5zq
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Donkelaar et al. (2019) (which combine models, satellite 

data, and in situ measurements) (Figs. 1 and 2). The GEOS-

Chem bulk-aerosol model may be biased because emissions 

controls have been implemented in China across other sectors 

(e.g., power, industrial, transportation) since 2010, meaning 

that the MIX 2010 emissions inventory may overestimate 

the actual emissions. (See Zheng et al. (2018) for a summary 

of China’s clean air policies and their effect on emissions.) 

Additionally, nitrate is biased high in the GEOS-Chem 

model compared to measurements. This matter is discussed 

elsewhere (Heald et al., 2012). The PM2.5 measurements 

from the TEOM and BAM monitors are also subject to bias. 

For example, both the TEOM and BAM are typically heated, 

thus semi-volatile PM2.5 may evaporate, causing PM2.5 mass 

measurements to be biased low (Chung et al., 2001). We 

acknowledge that known biases in PM2.5 measurements and 

modeled output contribute to uncertainty in our mortality 

estimates. Overall, the high PM2.5 baseline estimates from 

the model may lead our Subtraction-Method health-effect 

estimates to be negatively biased, given the non-linear nature 

of the IER function. Additionally, both the Subtraction-Method 

and Attribution-Method estimates may be underestimated if 

residential coal represents a larger fraction of total ambient 

PM2.5 than our estimates, because of China’s clean air policies 

that have impacted other emissions sectors. However, we 

expect these uncertainties to be similar to other studies and 

smaller than the uncertainties due to other inputs to the 

mortality calculation, such as uncertainties in concentration-

response functions and baseline mortality rates (Ford and 

Heald, 2016; Kodros et al., 2018). 

 

Estimated Changes in PM2.5 under the Residential Coal 

Ban 

For the Beijing-off scenario, PM2.5 was reduced a maximum 

of 14.9% within Beijing (domain-average reduction: 0.2%), 

while for the Beijing-Tianjin-Hebei-off simulation, PM2.5 

was reduced a maximum of 26.3% near the border of Beijing 

and Hebei (domain-average reduction: 2.4%) (Fig. 1). PM2.5 

reductions are a result of emission changes in both primary 

aerosols (e.g., BC, OC, SO4) and aerosol precursor vapors 

(e.g., SO2, NO, secondary organic aerosol precursors). 

Under both coal-ban scenarios, the largest reductions in 

PM2.5 due to the simulated coal bans were predicted to be in 

the residential-coal-ban region. The estimated reductions in 

PM2.5 due to the coal-ban scenarios decayed quickly downwind 

of the residential-coal-ban region, especially in the Beijing-

only scenario, because several of the provinces surrounding 

Beijing-Tianjin-Hebei have high primary emissions (Fig. S10); 

thus, transported air pollution from Beijing-Tianjin-Hebei 

has a small relative influence on PM2.5 in these surrounding 

provinces.  

We found a maximum reduction of 26.3% in winter-

averaged PM2.5 in the Beijing-off case and 44.4% in the 

Beijing-Tianjin-Hebei-off case. These estimates are similar 

to Liu et al. (2016) (who estimated that a similar Beijing-off 

scenario would reduce the winter-average surface PM2.5 in 

Beijing by 22 ± 6% and a similar Beijing-Tianjin-Hebei-off 

scenario would reduce PM2.5 concentrations in Beijing by 40 

± 9%) and Zhang et al. (2017) (who estimated that residential 

coal contributed to 46% of the winter-average PM2.5 in 

Beijing-Tianjin-Hebei). 

 

Estimated PM2.5-related Health Effects of the Residential 

Coal Ban 

Using the Subtraction Method (described above in 

“Health effects” section), we estimate that within China, the 

Beijing-off scenario could lead to 1,900 deaths averted per 

year (95% confidence interval (CI): 1,200–2,700 deaths per 

year), while the Beijing-Tianjin-Hebei-off scenario could 

lead to 13,700 deaths averted per year (95% CI: 8,900-

19,600 deaths per year) (Fig. 3). The majority of these deaths 

are from cardiovascular disease (Beijing-off: 57%; Beijing-

Tianjin-Hebei-off: 58%). (Deaths averted per capita and by 

cause of death and simulation year are shown in Figs. S12 

and S13, respectively.) 

In China, the population-weighted PM2.5 levels in the 

simulation domain change from 47.7 µg m–3 (IQR: 21.7–

78.4 µg m–3) in the continued-residential-coal-use (base-

case) scenario to 47.6 µg m–3 (IQR: 21.7–78.1 µg m–3) in 

the Beijing-off and 46.3 µg m–3 (IQR: 27.1–75.0 µg m–3) in 

the Beijing-Tianjin-Hebei-off scenario. These PM2.5 levels 

fall on the flatter part of IER function; thus, the reduction in 

 

 

Fig. 3. Estimated fine particulate matter (PM2.5)-related mortalities averted (per area) under the coal-ban scenarios (Beijing-

off in panel a and Beijing-Tianjin-Hebei-off in panel b) using the Subtraction Method. Results are an average of two 

consecutive simulation years (December 2014–November 2015 and December 2015–November 2016). Annual averted 

mortalities are calculated in China only using the GEOS-Chem bulk-aerosol model configuration. 
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relative risk of cardiovascular mortality at these PM2.5 levels 

will be lower than what could be achieved with same PM2.5 

reductions in a setting that has lower PM2.5 levels to begin 

with (Burnett et al., 2014). If the annual ambient PM2.5 

levels were reduced to levels where the IER function has a 

steeper slope, there may be a considerable increase in the 

number of mortalities that could be averted from PM2.5. 

Emissions controls across other sectors, as part of China’s 

Clean Air Action Plan (Zheng et al., 2018), which are not 

captured here, may increase our estimates of PM2.5-related 

deaths averted from the residential coal ban. (See the 

“Modelled and Measured PM2.5” section for further 

discussion.) 

Using the Attribution Method (described above in the 

“Health effects” section), we estimate that 6,400 deaths per 

year (95% CI: 4,200–8,000 mortalities per year) are attributable 

to PM2.5 emissions from residential coal in Beijing and 

44,900 deaths per year (95% CI: 29,900–56,500 deaths per 

year) are attributable to residential coal in Beijing-Tianjin-

Hebei. (Deaths per area are in Figure S14 and deaths per 

capita are in Fig. S15.) These estimates are about three times 

greater than the number of premature deaths that would be 

averted from eliminating residential coal (Subtraction Method, 

above) because the Attribution Method is not affected by the 

non-linear exposure-response functions (e.g. a 50% reduction 

in PM2.5 leads to a 50% reduction in PM2.5-attributable 

mortality, regardless of baseline air pollution level). Our 

Attribution-Method estimates compare well with previous 

Attribution-Method estimates from Archer-Nicholls et al. 

(2016), who estimated that the residential sector (including 

both biomass and coal) contributes to an estimated 32,152 

yearly premature deaths in the Beijing-Tianjin-Hebei region 

(Beijing: 5,017 (95% CI: 4,391–5,677) yearly deaths; Tianjin: 

3,401 (95% CI: 2,852–4,001); Hebei: 23,734 (95% CI: 

20,535–26,614)). These estimates are smaller than ours 

because our calculations also include deaths attributed to 

PM2.5 from residential coal use in the Beijing-Tianjin-Hebei 

region that is transported to surrounding provinces. 

 

Aerosol Climate Effects of the Residential Coal Ban 

Modelled and Measured Aerosol Mass and Composition 

In the Base-case scenario, the average mass of BC in the 

atmospheric column across the simulation domain was 2.86 

mg m–2 (IQR: 1.42-4.16 mg m–2), the average mass of OA + 

SO4 in the column was 46.1 mg m–2 (IQR: 26.7-63.5 mg m–2) 

(Fig. 4; Fig. S16 shows OA and SO4 separately). Both BC 

and OA + SO4 followed trends similar to that of surface PM2.5 

(Fig. 1). The changes between the base-BC/OA case and the 

high-BC/low-OA case and low-BC/high-OA are shown in 

Figs. S17 and S18, respectively. The high-BC/low-OA case 

substantially increased BC loading in the atmospheric 

column, while decreasing OA loading; the inverse was true 

for the low-BC/high-OA case.  

AOD measurements can be used to indirectly validate the 

total mass of aerosol in the column (Fig. S17). We find that 

the model captures 74.9% of the measured variability in 

AOD and only slightly underpredict the AERONET AOD 

measurements (NMB: –4.4%). 

Number concentrations of particles with diameter larger 

than 10 nm (N10) and 80 nm (N80) are shown in Fig. 5. N10 is 

an indicator of total particle number and is measured by many 

particle counters (e.g., condensation particle counter (CPC)), 

while N80 is a proxy for cloud-condensation nuclei (CCN). 

In the Base-case scenario, at the low-cloud level (~900 hPa), 

the average N10 concentration across the simulation domain 

is 7,000 cm–3 (IQR: 5,000–8,900 cm–3) and the average N80 

concentration is 4,100 cm–3 (IQR: 2,300–5,600 cm–3) (Fig. 5). 

Higher concentrations of N10 and N80 appeared near sources 

(Fig. S10). Primary particles from residential combustion 

are assumed to be emitted in the Aitken mode (centered at 

30 nm) in the model. 

SSA is a function of both the composition and number of  

 

 

Fig. 4. Total mass of black carbon (BC) (panels a, b, and c) and organic aerosol + sulfate (OA + SO4) (panels d, e, and f) in 

the atmospheric column (using the GEOS-Chem-TOMAS model configuration). The base case simulation (continued 

residential coal use) is given as an absolute mass concentration (panels a and d), while the coal-ban simulations are given as 

a percentage-change relative to the base case (Beijing-off in panels b and e and Beijing-Tianjin-Hebei-off in panels c and f). 

Results are an average of two winters (December 2014 through February 2015 and December 2015 through February 2016). 
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Fig. 5. Total number of particles with diameters greater than 10 nm (N10) (panels a, b, and c) and diameters greater than 

80 nm (N80) (panels d, e, and f) at ~900 hPa from the GEOS-Chem-TOMAS model configuration. The base case simulation 

(continued residential coal use) is given as an absolute number concentration (panels a and d), while the coal-ban simulations 

are given as percentage changes relative to the base case (Beijing-off in panels b and e and Beijing-Tianjin-Hebei-off in 

panels c and f). Results are an average of two winters (December 2014 through February 2015 and December 2015 through 

February 2016). 

 

particles in the atmospheric column. Fig. 6 shows 2D 

histograms comparing SSA measurements from AERONET 

to SSA estimates from GEOS-Chem-TOMAS under the 

base-BC/OA case across four mixing-state assumptions (i.e., 

external, core-shell, Maxwell-Garnett, and volume). SSA 

from the model was negatively biased (NMB range: –3.0 to 

–8.1%); however, across the base-BC:OA cases, the external 

mixing-state assumption (NMB: –3.0%) had the lowest bias. 

Similar comparisons using the high-BC/low-OA case and 

the low-BC/high-OA case are in Figs. S20 and Fig. S21, 

respectively. Across all comparisons, the SSA from the model 

was negatively biased (NMB range: –2.1% to –11.3%) and, 

overall, the external mixing state assumption under the low-

BC/high-OA case had the smallest bias (NMB: –2.1%). This 

conclusion suggests that the external mixing state, with no 

absorption enhancement for BC, may be most appropriate 

for this region; however, we do not independently compare 

the modelled aerosol composition to measurements, so it is 

possible that the predicted BC fraction is too high. 

 

Estimated Changes in Aerosol Mass and Number under the 

Residential Coal Ban  

Both BC and OA + SO4 are reduced substantially under 

the two coal-ban scenarios (Fig. 4; Fig. S16 shows OA and 

SO4 reductions separately). For the Beijing-off scenario, BC 

was reduced a maximum of 28.0%, and OA + SO4 was 

reduced a maximum of 10.2% across the simulation domain. 

For the Beijing-Tianjin-Hebei-off scenario, BC was reduced 

a maximum of 53.6%, and OA + SO4 was reduced a 

maximum of 32.4% across the simulation domain. The 

largest reductions were concentrated in Beijing, Tianjin, and 

Hebei under both coal-ban scenarios, while reductions were 

smaller outside of Beijing-Tianjin-Hebei with a pattern 

similar to surface PM2.5 (Fig. 1). 

N10 decreased under both coal-ban scenarios in the 

provinces of Beijing, Tianjin, and Hebei; however, N10 

increased on average across the domain in both coal-ban 

scenarios (Fig. 5). For the Beijing-off scenario, N10 was 

reduced a maximum of 15.6% with a maximum increase of 

1.1%. For the Beijing-Tianjin-Hebei scenario, N10 was 

reduced a maximum of 18.9% with a maximum increase of 

7.8%. The increase in N10 concentration between the base-

case and coal-ban scenarios indicates that particle nucleation 

rates may increase when residential coal emissions are 

reduced. Similar nucleation feedbacks have been seen when 

other primary emissions sources are reduced (Westervelt et 

al., 2014; Kodros et al., 2015, 2016b). In contrast to N10, 

N80 (which is a proxy for CCN) decreased substantially 

across the simulation domain in both coal-ban scenarios 

(Fig. 5), indicating that zeroing out primary emissions from 

residential coal has a greater impact on N80 than the change 

in nucleation rates that impacted N10. For the Beijing-off 

scenario, N80 was reduced a maximum of 13.5%, while for 

the Beijing-Tianjin-Hebei-off scenario, N80 was reduced a 

maximum of 30.4%. 

 

Estimated Aerosol Direct Effect of the Residential Coal 

Ban 

Across all sensitivity cases, for both residential-coal-ban 

scenarios, removing the residential source led to a positive 

domain-average DRE, because overall the aerosol from 

residential combustion had a cooling effect (Beijing-off maps 

are shown in Fig. S22, Beijing-Tianjin-Hebei-off maps are 

shown in Fig. 7, and domain-level statistics for both winters 

are shown in Fig. 8). Following the changes in aerosol mass 

and number shown in Figs. 5 and 6, the DRE effects in the 

Beijing-Tianjin-Hebei-off scenario were substantially larger 

than the Beijing-off scenario. For example, under the 

external mixing-state assumption and the base-BC/OA case, 

the DRE in the Beijing-off residential-coal-ban scenario was 

0.023 W m–2, while the Beijing-Tianjin-Hebei-off scenario 

was 0.30 W m–2. 
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Fig. 6. Single scattering albedo (SSA) measurements from AERONET versus GEOS-Chem-TOMAS SSA under four 

mixing-state assumptions (i.e., external (panel a), Maxwell-Garnett (panel b), core-shell (panel c), and volume (panel d)) at 

440 nm. The GEOS-Chem-TOMAS model output is from the base case scenario (continued residential coal use) under the 

base-BC/OA case. The measurements were compared to the model using the slope, coefficient of determination (R2), mean 

bias (MB), mean error (ME), mean normalized bias (MNB), mean normalized error (MNE), and normalized mean bias factor 

(NMB). MNB, MNE, and NMB are normalized by the observations and are expressed as percentages, while MB and ME 

are not normalized and are expressed in units of µg m–3. The solid line on each plot shows a 1:1 relationship between the 

measurements and the model, while the dashed line shows the line of best fit (equation given on each figure). 

 

The mixing-state assumption influenced the estimated 

DRE substantially. Overall, the estimated radiative forcing 

due to the coal bans decreased (became less positive) as the 

aerosol mixing state became more internally mixed. For 

example, under the Beijing-Tianjin-Hebei-off scenario and 

the base-BC/OA case, the average DRE across the domain 

was 0.30 W m–2 for external, 0.25 W m–2 for Maxwell-Garnett, 

0.24 W m–2 for core-shell, and 0.23 W m–2 for volume 

mixing state assumptions. Under the external mixing state 

assumption, the absorption of BC is not enhanced as it is 

when the internal mixing state assumptions are applied. 

Thus, removing particles that are more externally mixed 

contributes to a larger positive radiative forcing compared to 

the removal of more internally mixed particles (i.e., Maxwell 

Garnett, core-shell, or volume). The SSA comparison shown 

in Fig. 6 indicates that the external-mixing assumption, 

which leads to the highest radiative-forcing estimates for the 

coal bans, agreed best with the observed SSA, and hence 

may be the most representative assumption of aerosols in the 

region. 

The assumed BC:OA ratio of residential coal emissions 

also influenced the DRE, with higher BC:OA ratios leading 

to smaller positive radiative forcings from removing residential 

coal. For example, for under the Beijing-Tianjin-Hebei-off 

and external mixing state assumption, the domain-average 

DRE for the high-BC/low-OA case was 0.23 W m–2, the 

base-BC/OA case was 0.30 W m–2, and the low-BC/high-

OA case was 0.33 W m–2. Note that, along with BC and OA 

emissions, SO2 emissions from residential coal were turned 

off in the ban scenarios, which means that sulfate is also 

reduced downwind of the ban regions. Reductions in sulfate 

contribute to the warming tendency of the ban (SO4 was 

reduced a maximum of 3.0% in the Beijing-off scenario and 

8.1% in the Beijing-Tianjin-Hebei-off scenario). In some 

instances, the ban scenarios in the high-BC/low-OA cases 

led to a localized cooling within the model domain over 

regions with brighter surfaces (Fig. S23). For example, 

under the high-BC/low-OA case when the aerosol particles 

were internally mixed (i.e., Maxwell Garnett, core-shell, or 

volume) there was a negative radiative forcing to the south 

of Beijing (Figs. S22 and 7). However, we have confidence 

that the residential coal ban will have a climate warming 

tendency, because across all sensitivity cases, for both 

residential-coal-ban scenarios, removing residential-coal  
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Fig. 7. Estimated aerosol direct radiative effect (DRE) and cloud-albedo indirect effect (AIE) under the Beijing-Tianjin-

Hebei-off scenario. DRE estimates are calculated under four different black carbon (BC) mixing-state assumptions (i.e., 

external (panels a, b, and c), Maxwell Garnett (panels d, e, and f), core-shell (panels g, h, and i), and internal (panels j, k, 

and l)). Both DRE and AIE estimates are calculated under three different BC emissions sensitivity cases (i.e., the base-

BC/OA case (panels a, d, g, j, m), the high-BC/low-OA case (panels b, e, h, k, n), and the low-BC/high-OA case (panels c, 

f, i, l, o)). Results are using the GEOS-Chem-TOMAS configuration and are an average of two winters (December 2014 

through February 2015 and December 2015 through February 2016). 

 

emissions led to a positive domain-average DRE. Additionally, 

the sensitivity case that had the lowest bias when compared to 

SSA measurements (the low-BC/high-OA case with external-

mixing assumption) had the largest positive radiative-

forcing estimate under both ban scenarios. 

A previous study by Archer‐Nicholls et al. (2019), which 

used the Maxwell-Garnett mixing-state assumption (i.e., BC 

spheres are randomly distributed within the homogenous 

particle composed of the more-scattering aerosol components), 

estimated that emissions from residential coal have a positive 

DRE (0.79 W m–2 and ranging from 1.38 to –0.01 W m–2 

over Eastern China, due changing the BC:OA ratio), which 

would lead to a negative DRE from removing these emissions, 

the opposite of what we estimate. The estimate reported by 

Archer‐Nicholls et al. (2019) is larger in magnitude, likely 

because they excluded residential combustion (i.e., both 

biomass and coal use) across all of China, rather than just in 

Beijing or Beijing-Tianjin-Hebei. The difference in sign 

could be due to differences in aerosol absorption. Archer-

Nicholls et al. (2019) tested their aerosol properties as we 

did against AERONET. Based on SSA comparisons, they 

found that the aerosol in their model was more absorbing 

than observed for their high-BC and base emissions cases, 

while the SSA from their low-BC emissions case, which 

resulted in the same sign as our estimate, was closer to 

AERONET observations. Our results agreed that the internal 

mixing-state assumptions may lead to excess absorption. 

Additionally, our results agree that the low-BC/high-OA 

case (which assumes that residential-coal emissions are 

more scattering than the high-BC/low-OA and base-BC/OA 

case) may be the most representative of aerosol composition 

in our model region. 

 

Cloud-albedo Aerosol Indirect Effect of the Residential 

Coal Ban 

Under all sensitivity cases, the residential-coal-ban  
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Fig. 8. Estimated aerosol direct radiative effect (DRE) and cloud-albedo indirect effect (AIE) from the Beijing-off (panel a 

and c) and Beijing-Tianjin-Hebei-off (panel b and d) coal-ban cases. DRE estimates are calculated under four different black 

carbon (BC) mixing-state assumptions (i.e., external, Maxwell Garnett, core-shell, and internal). Both DRE and AIE 

estimates are calculated under three different BC/OA emissions cases (i.e., base-BC/OA case, high-BC/low-OA case, and 

low-BC/high-OA case). The average, minimum, and maximum across the simulation domain from two simulated winters 

(December 2014 through February 2015 and December 2015 through February 2016) are shown in panels a and b, the bars 

indicate the average across both winters and the markers indicate the domain-average radiative forcing from each of the two 

simulated winters. In panels c and d, max and min forcings are from the two-year domain average.  Results were calculated 

using the GEOS-Chem-TOMAS simulations. 

 

scenarios are estimated to lead to a small positive average 

cloud-albedo AIE across the simulation domain because the 

number of CCN (i.e., N80) was reduced. The AIE increased 

in the west of the simulation domain, over North and South 

Korea, and decreased to the southeast of Beijing, over the 

ocean. The predicted cloud-albedo AIE is several orders of 

magnitude smaller than the DRE. For example, under the 

base-BC/OA case, the cloud-albedo AIE for the Beijing-off 

residential-coal-ban scenario was 0.0001 W m–2, while the 

Beijing-Tianjin-Hebei-off scenario was 0.0027 W m–2 

(compared to 0.023 and 0.30 W m–2 for DRE for the two 

scenarios, respectively). Overall, the activation of CCN is 

less sensitive to aerosol particle composition than the aerosol 

optical properties in the DRE calculation. The sign of the 

radiative forcing from the cloud-albedo AIE estimated by 

(Archer-Nicholls et al., 2019) agreed with our AIE estimates; 

however, their estimate was larger in magnitude, since they 

estimated the radiative forcing of residential combustion 

(i.e., both biomass and coal use) across all of China. 

 

CONCLUSIONS 

 

In this work, we used the GEOS-Chem chemical-

transport model to estimate the health and radiative effects 

of the residential coal-to-electricity policy that is currently 

being implemented in Beijing-Tianjin-Hebei. Assuming a 

complete coal-to-electricity transition in the residential 

sector, we estimate that a substantial number of premature 

deaths could be averted per year from a residential coal ban 

in the Beijing province alone (1,900 deaths averted annually 

(95% CI: 1,200–2,700)) or a residential coal ban in the 

greater Beijing-Tianjin-Hebei region (13,700 deaths averted 

annually (95% CI: 8,900–19,600)). When considering only 

the aerosol-related effects, we do not anticipate that any 

estimated health benefits of the residential-coal transition 

will be coupled with climate “co-benefits”. Instead, we 

estimate that removing residential coal emissions will lead 

to a positive DRE (average external DRE with base-BC/OA 

case across the model domain Beijing-off: 0.023 W m–2; 

Beijing-Tianjin-Hebei-off: 0.30 W m–2) and cloud-albedo 

AIE (average AIE with base-BC/OA case across the model 

domain Beijing-off: 0.0001 W m–2; Beijing-Tianjin-Hebei-

off: 0.0027 W m–2). However, we note that our radiative 

forcing estimates do not take into account how greenhouse 

gas emissions (i.e., CO2, CH4) will change or how increased 

energy demand will affect aerosols under the coal-to-
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electricity policies. (According to the MIX v2010 inventory, 

residential contributes 12% of the CO2 emissions in Beijing-

Tianjin-Hebei.) Overall, if the coal-to-electricity policy is 

coupled with a net reduction in greenhouse gas emissions 

(i.e., if there is less net greenhouse gas emissions due to the 

replacement heaters) and maintains similar aerosol reductions 

(since centralized electricity generation will likely have 

lower emissions than residential coal), the policy may be 

able to achieve health and climate “co-benefits”.  
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