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Equation S1 and S2 are used to calculate the CO2-eq (carbon dioxide equivalent) of CH4 (methane) emission during the treatment process. The difference in COD (Chemical Oxygen Demand) concentration between the influent and effluent represents the amount of COD removed, but a certain proportion remains in the wastewater and is proportionally converted to CH4, which contributes to the greenhouse effect. The meanings of each variable in these two equations are listed in Table S1.


			

		

				

Equation S3 and S4 are used to calculate the CO2-eq of N2O (nitrous oxide) emission during the treatment process. The difference in TN (Total Nitrogen) concentration between the influent and effluent represents the amount of TN removed which will be proportionally converted to N2O and contributes to the greenhouse effect. The meanings of each variable in these two equations are listed in Table S2.


	    	


                                  			



Equation S5 and S6 are used to calculate the CO2 emission from the direct conversion of carbon source. The carbon source is considered as supplementary COD. The meanings of each variable in these two equations are listed in Table S3.


	


			

Equation S7 is used to calculate the indirect CO2 emission led by the consumption of electricity. The meanings of each variable in the equation are listed in Table S4.


			

Equation S8, S9, and S10 are used to calculate the indirect CO2 emission led by the consumption of chemicals. The meanings of each variable in these three equations are listed in Table S5, S6, and S7.


	 			


			


			

Equation S11 and S12 are used to calculate the CO2-eq of CH4 emission in the effluent. The remaining COD in the effluent will also be proportionally converted to CH4. The meanings of each variable in these two equations are listed in Table S8.


				


				




Equation S13 and S14 are used to calculate the CO2-eq of N2O emission in the effluent. The remaining TN in the effluent will also be proportionally converted to N2O. The meanings of each variable in these two equations are listed in Table S9. 


				


				


Table S1. The CO2-eq of CH4 emission during treatment process (Equation S1 and S2).
	Variable
	Meaning
	Value and Data Source

	

	CH4 emission during treatment process
	-

	

	Concentration of COD in influent
	Monthly records[1]

	

	Concentration of COD in effluent
	Monthly records[1]

	

	Monthly volume of wastewater being treated
	Monthly records[1]

	

	Proportion of organics remaining in wastewater
	0.7[2]

	

	Emission factor of CH4 during treatment process
	0.0075 kgkg COD-1 [3-5]

	

	CO2-eq of CH4 emission during treatment process
	-

	

	Global Warming Potential of CH4
	27.9 kg CO2-eqkg-1[6]





Table S2. The CO2-eq of N2O emission during treatment process (Equation S3 and S4).
	Variable
	Meaning
	Value and Data Source

	

	N2O emission during treatment process
	-

	

	Concentration of TN in influent
	Monthly records[1]

	

	Concentration of TN in effluent
	[bookmark: OLE_LINK1]Monthly records[1]

	

	See Table S1
	-

	

	Emission factor of N2O during treatment process
	0.025 kgkg TN-1[3, 7-20]

	

	CO2-eq of N2O emissions 
	-

	

	Global Warming Potential of N2O
	273 kg CO2-eqkg-1[6]





Table S3. The CO2 emission from the direct conversion of carbon source calculated by analogy with CH4 emission during treatment process (Equations S5 and S6).
	Variable
	Meaning
	Value and Data Source

	

	CH4 emission from the direct conversion of carbon source
	-

	

	Mass of carbon source
	Monthly records[1]

	

	Percentage of effective ingredients
	Monthly records[1]

	

	COD-equivalent of carbon source
	Methanol
	1.5 kg CODkg-1

	
	
	Glucose
	1.07 kg CODkg-1

	
	
	Acetic acid
	1.07 kg CODkg-1

	
	
	NaAc
	0.78 kg CODkg-1

	
	
	Others
	1.1 kg CODkg-1 (average of the values above)

	

	See Table S1
	-

	

	See Table S1
	-

	

	CO2-eq of CH4 emission from the direct conversion of carbon source
	-

	

	See Table S1
	-








Table S4. The CO2 emission of electricity consumption (Equation S7).
	Variable
	Meaning
	Value and Data Source

	

	CO2 emission of electricity consumption
	-

	

	Electricity consumption
	Monthly records[1]

	

	Emission factor of power grid
	0.50 - 0.92 kg CO2kWh-1[21, 22]





Table S5. The CO2 emission of carbon source consumption (Equation S8).
	Variable
	Meaning
	Value and Data Source

	

	CO2 emission of carbon source consumption
	-

	

	See Table S3
	-

	

	Emission factor of carbon source
	1.54 kg CO2kg-1[23]





Table S6. The CO2 emission of phosphorus removing agent consumption (Equation S9).
	Variable
	Meaning
	Value and Data Source

	

	CO2 emission of phosphorus removing agent consumption
	-

	

	Mass of phosphorus removing agent
	Monthly records[1]

	

	Emission factor of phosphorus removing agent
	1.62 kg CO2kg-1[24-27]





Table S7. The CO2 emission of dewatering agent consumption (Equation S10).
	Variable
	Meaning
	Value and Data Source

	

	CO2 emission of 
dewatering agent consumption
	-

	

	Mass of dewatering agent
	 Monthly records[1]

	

	Emission factor of 
dewatering agent
	Polyacrylamide
	1.5 kg CO2kg-1[28]

	
	
	Polyaluminum chloride
	1.62 kg CO2kg-1[24-27]

	
	
	Others
	2.5 kg CO2kg-1[29]









Table S8. The CO2-eq of CH4 emission from effluent (Equations S11 and S12).
	Variable
	Meaning
	Value and Data Source

	

	CH4 emission from the effluent
	-

	

	See Table S1
	-

	

	See Table S1
	-

	

	Emission factor of CH4 from effluent
	0.028 kgkg COD-1[3, 4, 30-36]

	

	CO2-eq of CH4 emission during from effluent
	-

	

	See Table S1
	-





Table S9. The CO2-eq of N2O emission from effluent (Equations S13 and S14).
	Variable
	Meaning
	Value and Data Source

	

	N2O emission from the effluent
	-

	

	See Table S2
	-

	

	See Table S1
	-

	

	Emission factor of N2O from effluent
	0.0079 kgkg TN-1[3, 37-55]

	

	CO2-eq of N2O emission during from effluent
	-

	

	See Table S2
	-




[bookmark: _Hlk157272434]Table S10. The input variables of the quantile random forest method when the output is the intensity of carbon source consumption.
	Variable
	Indicator

	Wastewater quality
	Concentration of COD, Ammonia Nitrogen (NH3-N), TN, Total Phosphorus (TP), and Suspended Solids (SS) in Influent
Proportion of Biochemical Oxygen Demand (BOD) to COD in Influent
Amount of COD, BOD, NH3-N, TN, TP, and SS removed

	Wastewater volume
	Volume of wastewater being treated

	Types of carbon source
	Glucose, Methanol, Sodium Acetate, Acetic Acid, and Others

	Treatment process
	30 treatment processes in Table 1

	Season
	Spring, Summer, Autumn, and Winter

	City
	334 cities (mainly prefecture-level cities) in China













Table S11. The input variables of the quantile random forest method when the output is the intensity of phosphorus removing agent consumption.
	Variable
	Indicator

	Wastewater quality
	Concentration of COD, NH3-N, TN, TP, and SS in Influent
Proportion of BOD to COD in Influent
Amount of COD, BOD, NH3-N, TN, TP, and SS removed

	Wastewater volume
	Volume of wastewater being treated

	Types of phosphorus removing agent
	Polyaluminum Chloride (PAC), Polymerized Ferrous Sulfate (PFS), and Others

	Treatment process
	28 of the 30 treatment processes in Table 1

	Season
	Spring, Summer, Autumn, and Winter

	City
	334 cities (mainly prefecture-level cities) in China





Table S12. The input variables of the quantile random forest method when the output is the intensity of dewatering agent consumption.
	Variable
	Indicator

	Wastewater quality
	Concentration of COD, NH3-N, TN, TP, and SS in Influent
Proportion of BOD to COD in Influent
Amount of COD, BOD, NH3-N, TN, TP, and SS removed

	Wastewater volume
	Volume of wastewater being treated

	Types of dewatering agent
	PAC, Polyacrylamide, and Others

	Treatment process
	28 of the 30 treatment processes in Table 1

	Season
	Spring, Summer, Autumn, and Winter

	City
	334 cities (mainly prefecture-level cities) in China










Table S13. The input variables of the quantile random forest method when the output is the intensities of electricity consumption.
	Variable
	Indicator

	Wastewater quality
	Concentration of COD, NH3-N, TN, TP, and SS in Influent
Proportion of BOD to COD in Influent
Amount of COD, BOD, NH3-N, TN, TP, and SS removed

	Wastewater volume
	Volume of wastewater being treated

	Treatment process
	28 of the 30 treatment processes in Table 1

	Season
	Spring, Summer, Autumn, and Winter

	City
	334 cities (mainly prefecture-level cities) in China







Table S14. The growth rate of key operational indicators of MWWTPs (Municipal Wastewater Treatment Plants) across China between 2007 and 2020.
	Key Operating Indicators of MWWTPs
	2007
	2020
	Rise in Proportion

	Median Value of Influent Concentration of COD (mgL-1)
	270
	178
	-34%

	Median Value of Effluent Concentration of COD (mgL-1)
	40
	17
	-58%

	Median Value of Removing Rate of COD
	85%
	91%
	6%

	Quantities of COD That are Removed (Mt, Million tons)
	4.5
	14.8
	227%

	Median Value of Influent Concentration of TN (mgL-1)
	32
	29
	-10%

	Median Value of Effluent Concentration of TN (mgL-1)
	12
	9
	-28%

	Median Value of Removing Rate of TN
	61%
	71%
	16%

	Quantities of TN that Are Removed (Mt)
	0.3
	1.6
	384%

	Intensity of Electricity Consumption (kWhm-3)
	0.25
	0.35
	40%

	Total Amount of Electricity Consumption (billion kWh)
	3.9
	22.9
	485%

	Actual Treatment Scale (billion m3)
	17.0
	68.9
	305%

	Number of MWWTPs 
	>1,000
	>5,400
	397%

	County-level Coverage Rate of MWWTPs
	29%
	90%
	210%
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Figure S1. The changing trends of key operating indicators of MWWTPs across China from 2007 to 2020. (a) and (b) are the concentration of COD in influent and effluent. (c) and (d) are the rates and amount of COD that is removed. (e) and (f) are the concentration of TN in influent and effluent. (g) and (h) are the rate and amount of TN that is removed. (i) is the electricity consumption for every cubic meter of municipal wastewater treated. (j) is the annual electricity consumption. (k) is the volume of wastewater that is treated. (l) is the number of MWWTPs across China. (m) is the percentage of county-level administrative divisions that are provided with MWWTPs services.

Figure S2. The cumulative distribution of MWWTPs across China from 2007 to 2020. The country is divided into six parts with different colors: North, Northeast, East, Central South, Southwest and Northwest. Red stars represent the locations of MWWTPs.
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Figure S3. The spatiotemporal trends of carbon footprint and emission intensity of China’s MWWTPs. (a–d) are the county-level distribution of carbon footprint and emission intensity (GHG emissions per every cubic meter of municipal wastewater treated) in 2015 and 2020. (e–f) are the county-level distribution of changes in carbon footprint and emission intensity from 2015 to 2020. Special attention should be given to areas with high total and increasing amounts.
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[bookmark: _Hlk132901342]Figure S4. The distribution of carbon footprint of China’s MWWTPs combined with county-level administrative map from 2007 to 2020.
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Figure S5. The distribution of emission intensity of China’s MWWTPs combined with county-level administrative map from 2007 to 2020.
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Figure S6. The distribution of changes of carbon footprint between adjacent years of China’s MWWTPs combined with county-level administrative map from 2007 to 2020.
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Figure S7. The distribution of changes of emission intensity between adjacent years of China’s MWWTPs combined with county-level administrative map from 2007 to 2020.
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Figure S8. The distribution of China’s population combined with city-level administrative map from 2014 to 2019[56, 57].

Figure S9. The distribution of China’s GDP combined with city-level administrative map from 2014 to 2019.


Figure S10. The distribution of China’s GDP per capita combined with city-level administrative map from 2014 to 2019.


Figure S11. The distribution of designed treatment scales of China’s MWWTPs combined with county-level administrative map from 2014 to 2019.


[bookmark: _Hlk132916550]Figure S12. The distribution of volumes of wastewater that is treated of China’s MWWTPs combined with county-level administrative map from 2014 to 2019. 


Figure S13. The distribution of load rates of China’s MWWTPs combined with county-level administrative map from 2014 to 2019. 




Figure S14. The distribution of proportions of different discharge standards of China’s MWWTPs combined with province-level administrative map from 2014 to 2019. 






[bookmark: _Hlk138361146][bookmark: _Hlk138343385]Figure S15. The distribution of structure of power generation combined with province-level administrative map in China from 2014 to 2019[58, 59]. 


[bookmark: _Hlk138361975]Figure S16. The distribution of annual average temperature combined with city-level administrative map in China from 2014 to 2019[60, 61]. 




[bookmark: _Hlk138362174]Figure S17. The distribution of annual precipitation combined with city-level administrative map in China from 2014 to 2019[61, 62].





[bookmark: _Hlk138363070]Figure S18. The distribution of concentration of COD in influent of China’s MWWTPs combined with county-level administrative map from 2014 to 2019. 



Figure S19. The distribution of concentration of TN in influent combined with county-level administrative map from 2014 to 2019.



[image: ]
[bookmark: _Hlk138363143]Figure S20. The distribution of changes in the concentration of COD between influent and effluent of China’s MWWTPs combined with county-level administrative map from 2014 to 2019.



Figure S21. The distribution of changes in the concentration of TN between influent and effluent of China’s MWWTPs combined with county-level administrative map from 2014 to 2019.



Figure S22. The cumulative carbon footprint of China’s MWWTPs from 2007 to 2020. The GHG emissions are subdivided into different levels according to their sources.



Figure S23. The results of SDA on the carbon footprint of MWWTPs in Northeast China between 2010, 2015 and 2020.


Figure S24. The results of SDA on the carbon footprint of MWWTPs in East China between 2010, 2015 and 2020.


Figure S25. The results of SDA on the carbon footprint of MWWTPs in Central South China between 2010, 2015 and 2020.


Figure S26. The results of SDA on the carbon footprint of MWWTPs in Southwest China between 2010, 2015 and 2020.


Figure S27. The results of SDA on the carbon footprint of MWWTPs in Northwest China between 2010, 2015 and 2020.


Figure S28. The distribution of proportions of different treatment processes of China’s MWWTPs combined with province-level administrative map from 2007 to 2020.




Figure S29. The distribution and market shares of direct emission intensity under different treatment processes. The full names of treatment processes are listed in Table 1. Treatment processes that belong to the same type are marked in the same color which has been shown in Figure 5.




Figure S30. The patterns of the benchmark intensities of emission caused by the (a) total indirect GHG emissions, (c) phosphorus removing agent, and (e) electricity varying with the concentration of COD or TP in the wastewater. The county-level distribution of the (b) total potential for mitigation and the portions related to (d) phosphorus removing agent and (f) electricity across China in 2020.



Figure S31. The patterns of the benchmark intensity caused by the (a) chemicals, (c) carbon source and (e) dewatering agent consumption varying with the concentration of COD in the wastewater. The county-level distribution of the portions of potential for mitigation related to (b) chemicals, (d) carbon source and (f) dewatering agent across China in 2020.
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