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S1. Wastewater Treatment Plant: Basic conditions and nutrient removal
The experiments were conducted in five selected MWWTPs, P1 to P5, operating three process configurations: modified AAO (P1, P4), AAO-type oxidation ditch (P2, P5), and Unitank (a modification of SBR, and a combined alternating activated sludge process; P3). The flow rates and influent and effluent characteristics are summarized in Table S1.
[bookmark: _Toc154593124]Table S1. Flow rates and influent and effluent characteristics of the MWWTPs
	WWTPs
	Sampling site
	Flow rate
	COD
	SS
	TOC
	TN
	NH3-N
	TP

	
	
	m3/d
	mg/L
	mg/L
	mg/L
	mg/L
	mg/L
	mg/L

	P1 (AAO)
	Influent
	204658
	230
	152
	63.74
	48.8
	39.2
	5.35

	
	Primary effluent
	
	155
	-
	26.74
	23.3
	21.9
	0.48

	
	Effluent
	
	13
	5
	9.36
	7.35
	0.50
	0.22

	P2 (OD)
	Influent
	47000
	448
	125
	66.96
	32.5
	30.3
	10.2

	
	Primary effluent
	
	371
	-
	58.34
	24.8
	24.2
	6.95

	
	Effluent
	
	12
	4
	9.23
	6.94
	0.39
	0.12

	P3 (Unitank)
	Influent
	166500
	376
	130
	61.54
	28.2
	23.1
	2.67

	
	Primary effluent
	
	256
	-
	58.80
	21.7
	19.8
	0.36

	
	Effluent
	
	11
	4
	7.76
	7.36
	0.34
	0.09

	P4 (AAO)
	Influent
	56480
	173
	182
	-
	35.2
	19.1
	2.12

	
	Effluent
	
	6.7
	0.21
	-
	4.3
	0.47
	0.11

	P5 (OD)
	Influent
	62311
	181
	104.5
	-
	29.3
	24.8
	2.73

	
	Effluent
	
	13.5
	4.5
	-
	6.7
	0.20
	0.20


S2. Monitoring and experimental procedures
Trace gas analyzers (dimensions: 0.8 m × 0.4 m × 0.1 m) were connected to the gas collection pipelines of MWWTPs to measure real-time GHG concentrations (in ppm/ppb). The monitoring setup is illustrated in Figure S1. Due to fluctuations in air supply, the exhaust gas velocity varied dynamically. To improve the accuracy of emission calculations, a Testo 480 multifunctional analyzer, equipped with temperature, humidity, and pressure sensors, as well as an anemometer probe, was used alongside the gas concentration measurements. During operation, the probe was vertically inserted into the central zone of the exhaust outlet, ensuring proper alignment with the airflow to optimize sensor performance. By continuously recording wind speed and combining it with the known cross-sectional area of the outlet, dynamic gas flow rates were determined throughout the monitoring period.
[image: ]
Figure S1. Monitoring configurations for GHG emissions at the five MWWTPs: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5. Each panel provides an overview of the site-specific gas collection and monitoring setup.
[bookmark: OLE_LINK4]As the ventilation fans draw in ambient air to transport off-gas from the treatment units, the background GHG concentration in the plant area was used as the baseline. When calculating actual GHG emissions, this background concentration was subtracted to isolate process-related emissions. This approach enabled accurate estimation of GHG emissions by integrating real-time gas concentrations and flow rates, as detailed in Equations (S1)–(S4).
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Where  is the instantaneous emission rate of the target GHG (CO2, CH4, and N2O) at the exhaust outlet (g s-1),  is the molecular mass of the GHG (g mol-1),  and  are the measured GHG concentrations at the exhaust outlet and the in-plant background, respectively (ppm for CO2, ppb for CH4 and N2O),  is the molar volume of an ideal gas at standard conditions (22.4 L mol-1),  and  are the standard temperature (273.15 K) and pressure (101.325 kPa),  and  are the gas temperature (K) and pressure (kPa) at the exhaust outlet,  is the volumetric flow rate at the outlet (m3 s-1);  is the cross-sectional area of the outlet (m2),  is the measured air velocity at the outlet (m/s), and  is the inner diameter of the exhaust pipeline (m).
Figure S2 illustrates the procedures for the collection and processing of both liquid and solid samples.
[image: ]
Figure S2. Collection and processing of liquid and solid samples: (a) 24-hours liquid sample collection; (b) Preparation of mixed liquid and sludge samples; (c) Drying of sludge samples.
S3. Monte Carlo Simulation results: determination of emission factors
Based on our field measurements and literature data, fossil CO2 emissions were estimated for each MWWTP. Using the chemical oxygen demand (COD) removal of each plant as the activity data, we calculated the fossil CO2 emission factor (EF), defined as the amount of fossil CO2 emitted per unit mass of COD removed (kg f- CO2/kg CODremoved; Table S2).
[bookmark: _Hlk191221228]Table S2. Fossil CO2 EFs of MWWTPs from this study and published literature
	[bookmark: _Hlk191221217]No.
	Location
	Process type
	Emission factor 
(kg f-CO2/kg COD removed)
	Resource

	1
	Queensland, Australia
	ASP
	0.0300  0.0179
	1

	2
	Southern California, USA
	MLE ASP
	0.0283
	2

	3
	Beijing, China
	AO
	0.1924  0.0326
	3

	4
	Beijing, China
	SBR
	0.1639  0.0284
	

	5
	Guangdong, China (P1)
	AAO
	0.0722  0.0051
	This study

	6
	Guangdong, China (P2)
	OD
	0.0028  0.0005
	

	7
	Guangdong, China (P3)
	Unitank
	0.0033  0.0008
	

	8
	Guangdong, China (P4)
	AAO
	0.1650  0.0391
	

	9
	Guangdong, China (P5)
	OD
	0.0352  0.0165
	



Following Monte Carlo simulation, the distribution of fossil CO2 EFs for different treatment technologies is presented in Figure S3. The simulated EF values for several representative wastewater treatment processes are summarized in Table S3. A comprehensive set of fossil CO2 EFs for various treatment technologies is provided in Table S4, which are further used to estimate total fossil CO2 emissions from MWWTPs across China.
[image: ]
Figure S3. Monte Carlo simulation results for fossil CO2 emission factors across different wastewater treatment technologies.
Table S3. Fossil CO2 EFs derived from Monte Carlo simulation
	Process type
	Emission factor (kg f-CO2/kg COD removed)

	AAO
	0.1005  0.0194

	OD
	0.0179  0.0083

	SBR
	0.0820  0.0142

	AO
	0.0959  0.0114

	ASP
	0.0217  0.0045


Table S4. Fossil CO2 EFs for various wastewater treatment technologies to estimate nationwide fossil CO2 emissions from MWWTPs in China
	No.
	Treatment technology
	Emission factor (kg fossil CO2/kg CODremoved)
	No.
	Treatment technology
	Emission factor 
(kg fossil CO2/kg CODremoved)

	1
	AAO
	0.1005
	11
	Biological contact oxidation
	0.0636

	2
	Reverse AAO
	0.1005
	12
	Biofilm
	0.0636

	3
	AO
	0.0959
	13
	Aerobic biological treatment
	0.0636

	4
	SBR
	0.0820
	14
	Anaerobic hydrolysis
	0.0636

	5
	OD
	0.0179
	15
	Anaerobic biological treatment
	0.0636

	6
	Membrane bio-reactor
	0.0636
	16
	Biological treatment
	0.0636

	7
	Activated sludge
	0.0217
	17
	Stabilization pond
	0.0636

	8
	Biological aerated filter
	0.0636
	18
	Constructed wetland
	0.0636

	9
	Rotating biological contactor
	0.0636
	19
	Others
	0.0636

	10
	Biofilter
	0.0636
	20
	Unrecognized
	0.0636


[bookmark: OLE_LINK1]S4. Geographical distribution of fossil CO2 emissions from MWWTPs in China
Figure S4 presents the geographical distribution of fossil CO2 emissions from 8,703 MWWTPs across China in 2020. The size of each point represents the magnitude of fossil CO2 emissions, while the color indicates the specific wastewater treatment process used. The spatial distribution of MWWTPs is highly uneven, with a clear concentration in East China, an area characterized by high population density and significant contributions to national GDP. Notably, the point sizes reveal substantial variation in fossil CO2 emissions among MWWTPs, reflecting differences in treatment scale, technology, and influent characteristics across regions.
[image: ]
Figure S4. Geographic distribution of fossil CO2 emissions from 8,703 MWWTPs across China in 2020. Each dot represents a MWWTP, with dot size indicating the magnitude of fossil CO2 emissions and dot color denoting the type of biological treatment technology employed.
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