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Supplementary Note 1. Evaluation framework for policy effectiveness of five co-

beneficial measures 

The policy assessment framework and metrics (Supplementary Table 2) are built based 

on the information on regional clean air policy implementation to evaluate policy 

effectiveness (i.e., policy intensity) of five co-beneficial measures in a specific region. 

The evaluation score of measure i in region j is denoted as Scorei, j, which can be derived 

individually from Supplementary Table 2. Higher scores indicate higher policy 

effectiveness. Then the scores of five measures are summed and normalized to a range 

of 0 (very weak) to 1(very strong). Normalized regional scores are shown in 

Supplementary Table 3.  

 

  



Supplementary Note 2. Method of estimating action-induced electricity consumption 

in BTH, PRD and YRD and relative CO2 emission increase in other regions 

BTH, YRD and PRD belongs to Northern power grid, Eastern power grid and Southern 

power grid, respectively. These three regions are major input points of electricity and 

lead to carbon increase in the major output points (Supplementary Table 4)1. Electricity 

increases due to the clean air action in BTH, YRD and PRD reached 29.7, 13.5 and 2.1 

thousand GWh in 2020. Provincial output, input and total electricity generation of 

provinces in key regions were collected from China energy statistical yearbook and 

China Electric Power Yearbook, and import ratio of electricity in key regions and CO2 

emission factor of each power grid were estimated, and CO2 emission increase in other 

regions could be calculated using following equation: 

Ei = Ii × Ri × EFgridi
 (1) 

Where Ei  is CO2 increase in other regions due to action-induced electricity 

consumption in region i; 𝐼௜ is the action-induced increased electricity in region i; 𝑅௜ 

is the import ratio of electricity in region i; and EFgridi
 is the average CO2 emission 

factor of power grid to which region i belongs, respectively.  

 

  



Supplementary Note 3. Method of estimating cost of five co-beneficial measures 

Annualized costs were used to estimate cost of five co-beneficial measures. For 

measures that only involve the elimination of old equipment (phasing out small and 

polluting factories and retirement of yellow-label vehicles), cost is calculated as: 

Ci = RVeliminated (2)                         

RVeliminated = RVall × 
d(1+d)r

(1-d)r-1
(3) 

Where Ci  is annualized cost in year i; RVeliminated  is annualized residual value of the 

eliminated equipment; 𝑅𝑉௔௟௟  is residual value of the eliminated equipment; d is 

discount rate (10% in this study); r is residual lifetime of the eliminated equipment. 

For measures that involve both elimination of old equipment and construction of new 

equipment (phasing out outdated capacities, upgrading industrial boilers and promoting 

clean fuels), cost further includes annualized capital cost of the new equipment and 

additional annual operational cost from the new equipment: 

Ci = RVeliminated + INVnew + FOMadditional (4) 

INVnew = INVall × 
d(1+d)t

(1-d)t-1
(5) 

FOMadditonal = FOMnew - FOMeliminated (6) 

Where INVnew  is the annualized capital cost; INVall  is the total capital cost; 𝑡  is 

lifetime of new equipment; FOMadditonal is the additional annual operational cost due 

to the upgrade of equipment; FOMnew  and FOMeliminated  represents the annual 

operational cost of the new equipment and the eliminated equipment, respectively.  

Supplementary Table 5 show the key parameters and data sources of five co-beneficial 

measures. Following the method in previous work2, this study collected local subsidies 

to represent the residual value of the eliminated capacities and equipment. Other 

parameters were collected from literatures or database. Note that for promoting clean 

fuels in the residential sector RVeliminated was ignored. Costs were converted to dollars 

in 2020.  

Costs of five co-beneficial measures between 2013-2020 reached 254.3 billion dollars. 

Phasing out outdated industrial capacities is the largest contributor (40.9%), followed 

by upgrades on industrial boilers (28.8%) and retiring yellow-label and old vehicles 



(15.0%). This result is comparable but lower than previous study3, which may led by 

different assumptions of residual lifetime of eliminated equipment. As shown in 

Supplementary Table 6, the overall unit cost of per abated CO2 emission during 2013-

2020 is 95.6 dollars per metric ton of CO2 abated, while measure-specific costs vary 

from 39.9-138.3 $ ton-1. These air pollution control measures could be more costly for 

every ton of CO2 abated compared to other low-carbon measures, like updating 

traditional power plants (58.9 $ ton-1)4 or raising renewable energy ratio in power 

industry (11.0-12.0 $ ton-1)5.  

 

  



Supplementary Note 4. Method of estimating CO2 emission reduction from the 

development of renewables during 2013 to 2020 

Here we majorly consider the impact from the development of renewable in power 

sector. This study developed a counterfactual scenario assuming that non-fossil 

electricity generation fixes at 2012 level, while total electricity generation and the 

energy intensity of thermal power generation remain the same with the reality. In other 

words, the counterfactual scenario assumes that the increased electricity generation 

from renewable energy from 2013 to 2020 was fulfilled by thermal power plants instead, 

and CO2 emission reduction could be calculated through comparing counterfactual 

scenario and reality. Provincial electricity generation of various technologies (thermal, 

hydro, solar, wind and others) was collected from China Electric Power Yearbook, and 

energy consumption in power sector were provided by MEIC.  

 

 

 

  



Supplementary Table 1. Increased CO2 emission from wider application of end-of-

pipe technologies in 2020 

Sector Direct emission (kilo-tons) Indirect emission (kilo-tons) 

Power 12.30 18.03 

Iron and steel 1.14 14.64 

Cement 0.86 0.06 

Coal-fired boilers 0.73 0.05 

 

 



Supplementary Table 2. The policy effectiveness metrics 

First Tier  

judgement standards 
Option 

Second Tier  

judgement 

standards 

Option Score 

1. The measure was published by the local 

governments. 
Yes 

Relative policy 

document set 

concrete targets 

(including scope and 

deadline). 

Yes 2 

  
No 1 

 
No 

  
0 

2. The measure with concrete targets 

occurred before the clean air action (2013) 

in this region. 

No 
  

2 

 
Yes 

  
0 

3. The measure been implemented during 

the clean air action in this region. 
Yes 

The intensity of the 

implementation was 

stronger than that 

before the clean air 

action. 

Yes 2 

  
No 1 

 
No 

  
0 

4. The achievements of the measure were 

reported by local self-reports or official 

website. 

Yes 
The achievements of 

the measure were 

quantified. 

Yes 2 

  
No 1 

 
No 

  
0 

5.There were specific operation of the 

measure during the clean air action. (e.g., 

the campaign against heavy air pollution in 

autumn and winter in the Beijing-Tianjin-

Hebei region and surrounding areas from 

2017 to 2018 is a specific operation of 

eliminating scattered coal and phasing out 

small and polluted factories) 

Yes 
  

2 

 
No 

  
0 



Supplementary Table 3. Normalized regional scores 

Regions Phase out 

outdated 

industrial 

capacities 

Upgrades on 

industrial 

boilers 

Promote clean 

fuels in the 

residential 

sector 

Phase out 

small and 

polluting 

factories 

Retire yellow-

label vehicles 

Normalized 

score 

Beijing 2 10 8 10 8 0.760 

Tianjin 5.25 10 10 10 6 0.825 

Hebei 5.25 10 10 10 6 0.825 

Shanxi 5.25 10 10 10 6 0.825 

Inner Mongolia 5.25 8 8 10 6 0.745 

Liaoning 4 8 8 10 6 0.720 

Jilin 3 8 6 10 6 0.660 

Heilongjiang 4 8 7 10 6 0.700 

Shanghai 3 8 0 10 6 0.54 

Jiangsu 5.25 10 8 10 6 0.785 

Zhejiang 5.25 10 0 10 6 0.625 

Anhui 4.5 10 6 10 6 0.73 

Fujian 4.25 8 0 10 6 0.565 

Jiangxi 4.25 8 0 10 6 0.565 

Shandong 5.25 10 10 10 6 0.825 

Henan 5.25 10 10 10 6 0.825 

Hubei 3.75 8 8 10 6 0.715 

Hunan 4.25 8 0 10 6 0.565 

Guangdong 5.25 10 0 10 6 0.625 

Guangxi 4.25 8 0 10 6 0.565 

Hainan 1.25 8 0 10 6 0.505 

Chongqing 4.75 8 5 10 6 0.675 

Sichuan 4.25 8 6 10 6 0.685 

Guizhou 2.75 8 8 10 6 0.695 

Yunnan 3.25 8 0 10 6 0.545 

Tibet 2 8 0 10 6 0.520 

Shaanxi 4.5 10 10 10 6 0.810 

Gansu 4.25 8 8 10 6 0.725 

Qinghai 4 8 8 10 6 0.720 

Ningxia 4 8 8 10 6 0.720 

Xinjiang 4 8 8 10 6 0.720 

 

 
  



Supplementary Table 4. Major input and output points of Northern, Eastern and 

Southern power grid 

Power grid Major input points Major output points 

Northern power grid Beijing, Tianjin and Hebei 

(BTH) 

Shanxi, Inner Mongolia 

Eastern power grid Shanghai, Jiangsu and 

Zhejiang and Anhui 

(YRD) 

Hubei, Anhui and Sichuan 

Southern power grid Guangdong (PRD) Yunnan, Guizhou and 

Guangxi 

 



Supplementary Table 5. Key parameters and data sources of five co-beneficial 
measures 

Measures Key parameters Data Source 

Phase out outdated 

industrial capacities 

RVeliminated Local standard for special 

compensation funds 

r MEP data 

INVnew Zhang et al.6; Li et al.7; Wang et 

al.8 FOM 

t Zhang et al.9; Tong et al.10 

Promote clean fuels in 

the residential sector 

INVnew Liu et al.2 

FOM 

Upgrades on industrial 

boilers 

RVeliminated Local subsidy standard for 

eliminating coal-fired boilers 

r MEP database 

INVnew Shen et al.11; Tang et al.12 

FOM Zhang et al.9 

t 

Phase out small and 

polluting factories 

RVeliminated Local standard for special 

compensation funds 

r MEP database 

Retire yellow-label 

vehicles 

RVeliminated Local subsidy standard for 

eliminating yellow-label vehicles 

r Zheng et al.13 

 t 

 



Supplementary Table 6. Unit cost of per abated CO2 emission of different measures 

Measure 
Unit cost $ ton-1 

abated CO2 
Data source 

Average of all measures between 2013 and 2020 95.7 

Estimated in 

this study 

- Retire yellow-label and old vehicles 138.3 

- Phase out outdated industrial capacities 110.7 

- Upgrades on industrial boilers 92.4 

-Promote clean fuels in the residential sector 70.3 

- Phase out small and polluting factories 39.9 

Updating traditional power plants 58.9 Zhang et al.4 

Raise renewable energy ratio in the power industry 11.0-12.0 Liang et al.5 

 



Supplementary Table 7. Measures promoting renewables in the power sector from 

2006 to 2020 

 

 



Supplementary Table 8. Co-beneficial measures in China from 2006 to 2020.These measures are summarized from the following documents: 

Air Pollution Prevention and Control Action Plan14, Three-Year Action Plan for Winning the Blue Sky Defense Battle15, and regional action 

plans released to address the air pollution in autumn and winter (e.g., Action Plan to Comprehensive Control Autumn and Winter Air Pollution 

in Beijing-Tianjin-Hebei and Surrounding Regions 2017–201816 and Action Plan to Comprehensive Control Autumn and Winter Air Pollution in 

Beijing-Tianjin- Hebei Areas and Fenwei Plain 2020-202117). 

 

Note: Regional action plan represents for regional action plans released to address the air pollution in autumn and winter. 



Supplementary Table 9. Assumption of energy efficiencies in industrial boiler sector 

Type Efficiency (%) 

Small coal-fired boilers 6518 

Larger coal-fired boilers/Central heating 8419 

Electricity 9820 

Natural gas 9421 

 

  



Supplementary Table 10. Eliminated industrial coal-fired boilers between 2013-2020 

Energy transformation 

type 

Eliminated industrial coal-fired boilers (MW) 

2013 2014 2015 2016 2017 2018 2019 2020 

Completely eliminated 4492.7  16445.2  30707.2  38272.2  56507.9  16395.9  22831.4  6750.6  

Larger coal-fired boilers/ 

Central heating 

3189.5  10323.7  14289.6  21573.5  26458.1  8716.2  8158.5  2760.0  

Electricity 79.8  566.8  941.1  1269.0  1723.0  682.7  438.3  219.6  

Natural gas 12615.5  16055.3  17971.4  16562.5  29419.6  10465.4  5474.9  3078.9  

Biomass fuel 175.2  754.6  4957.4  3956.3  4436.5  1382.6  2202.2  638.0  

Total 20552.8  44145.6  68866.6  81633.6  118545.1 37642.9  39105.3  13447.1  

Note: Origin unit of eliminated industrial coal-fired boilers is t h-1 in regional reports. 

1 t h-1 = 0.65MW22. The numbers are annual progress compared to last year. 

 
  



Supplementary Table 11. Coal use reduction of phasing out small and polluting 

factories 

Product Coal use reduction in 2020 (Mtce) 

Lime 0.69 

Brick 21.33 

Foundry products 0.08 

Electrolytic aluminum 0.79 

Other non-ferrous metal 0.68 

Paper products 2.43 

 

  



Supplementary Table 12. Scattered coal consumption per household23,24 

Region Coal consumption per household (ton) 

Beijing 3 

Tianjin 2 

Hebei 2.5 

Shanxi 3.5 

Inner Mongolia 3.7 

Liaoning 3.1 

Jilin 3.7 

Heilongjiang 3.7 

Jiangsu 2.3 

Anhui 1.8 

Shandong 2.5 

Henan 2 

Hubei 2.5 

Sichuan 3.1 

Guizhou 2.5 

Tibet 2.5 

Shaanxi 2.5 

Gansu 3.7 

Qinghai 3.7 

Ningxia 3.1 

Xinjiang 3.7 

 

 

  



Supplementary Table 13. Assumption of energy efficiencies in residential sector25 

Fuel Efficiency (%) 

Scattered coal 40 

Briquettes 75 

Heating 90 

Electricity 90 

Natural gas 90 

 

  



Supplementary Table 14. Amount of eliminated residential coal-fired boilers 

between 2013-2020 

Energy transformation type 

Eliminated residential coal-fired boilers (MW) 

2013 2014 2015 2016 2017 2018 2019 2020 

Completely eliminated 2529.9  10033.4  12960.7  15122.8  30513.6  12284.1  9425.3  4315.5  

Larger coal-fired boilers/Central heating 2616.7  10968.5  7690.2  10298.4  15833.1  7601.4  3963.0  1975.2  

Electricity 43.2  1344.6  695.1  1783.6  1960.8  927.9  619.0  239.2  

Natural gas 3185.4  2601.6  3698.4  3345.9  8183.8  3186.7  1611.8  847.4  

Biomass fuel 80.5  233.7  1068.7  1328.4  947.7  610.4  858.8  162.8  

Total 8455.6  25181.7  26113.1  31879.1  57439.0  24610.6  16477.9  7540.2  

Note: Origin unit of eliminated industrial coal-fired boilers is t h-1 in regional reports. 

1 t h-1 = 0.65MW22. The numbers are annual progress compared to last year. 

 

  



Supplementary Table 15. Energy saving in the transportation sector between 2013-

2020 

Fuel (104 tce) 2013 2014 2015 2016 2017 2018 2019 2020 

Diesel 63.6  329.8  312.3  245.5  198.5  131.9  104.1  86.2  

Gasoline 38.1  197.6  187.1  147.1  118.9  219.5  73.8  61.1  

Note: The numbers are annual progress compared to last year. 

 
  



 
Supplementary Figure 1. CO2 emission structures of four key regions in 2013. A 

shows sectoral results. b shows emission proportion of different types of fossil fuel 

combustion and industrial process (cement production).  

  



 

 
Supplementary Figure 2. Comparison of historical CO2 emission and growth rates 

between different data source. Different curves represent various data sources, 

including IEA (dark blue curve, emissions from combustion of fossil fuels only)26,27, 

BP (pink curve, emissions from combustion of fossil fuels only)28, EDGAR (orange 

curve, emissions from fossil fuels combustion and processes)29, CDIAC (light green 

curve, emissions from combustion of fossil fuels and cement production)30, CEADs 

(light blue curve, emissions from combustion of fossil fuels and cement production)31,32, 

and GCB (dark green curve, emissions from combustion of fossil fuels and cement 

production)33. The red curve shows the real emission estimates from this study, 

including emissions from fossil fuel combustion and cement production.  
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