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Fig. S1. Weekly procedure timeline involving the substrate input, sludge sampling, H2 

addition, and replacement of the gas bag. Filtration of the digested sludge was conducted 

continuously in the AnMBR mode of operation (phases 2–5). Biogas recirculation was also 

performed continuously during phases 3–7. 

 

 

Fig. S2. Comparison in pH in biogas among operational phases. 
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Energy balance analysis 

Energy balance analysis was conducted according to the Equations reported in previous 

studies (Chen et al., 2019; Cheng et al., 2021; Xiao et al., 2018). The unit of the energy is 

kJ/g-VS. The energy production (EO) was determined according to Equation 1,  

𝐸௢ ൌ
𝑃஼ுర𝑉𝜉𝜂௠
𝑄𝐶௏ௌ

     ሺ1ሻ 

where PCH4 is CH4 yield (m3-CH4/m3-reactor/d), V is reactor volume (m3),  is combustion 

heat value of CH4 (3.59  104 kJ/m3-CH4), m is energy conversion efficiency of CH4 (0.9), 

Q is influent flow rate (m3/d), CVS is VS concentration of substrate (g-VS/m3). 

The energy consumption (EC) includes energy required for heating (EH), mixing (EMixing), 

sludge circulation (ESludge, cir.), biogas circulation (EBiogas. cir.), and membrane filtration (EFilt.). 

The energy consumption for heating was determined according to Equation 2, 

𝐸ு ൌ
𝜌𝑄𝜅ሺ𝑇௥ െ 𝑇௔௜௥ሻ

𝑄𝐶௏ௌ
   ሺ2ሻ 

where  is density of substrate (1000 kg/m3),  is the specific heat of substrate (4.18 kJ/kg/C), 

Tr is reactor temperature (37C), and Tair is room temperature (23C). 

The energy consumption for mixing was determined according to Equation 3, 

𝐸ெ௜௫௜௡௚ ൌ
𝑉𝜔
𝑄𝐶௏ௌ

   ሺ3ሻ 

where  is electricity consumption for mixing (300 kJ/m3/d). 
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The energy consumption for sludge and biogas circulation using two pumps were 

determined according to Equation 4, 

𝐸ௌ௟௨ௗ௚௘,௖௜௥. ൫𝑜𝑟 𝐸஻௜௢௚௔௦,௖௜௥.൯ ൌ
𝑄௉𝛾ℎ௃ி

1000𝑞௉𝜂
1

𝑄𝐶௏ௌ
   ሺ4ሻ 

where QP is flow rate (m3/s),  is specific weight of fluid (N/m3), hJF is hydraulic pressure 

head of the jar fermenter (m), qP is flow rate (m3/h), and  is pump efficiency (60%). 

The energy consumption for membrane filtration using a pump were determined 

according to Equation 5, 

𝐸ி௜௟௧. ൌ
𝑔൫ℎெ௎ െ ℎ௃ி ൅ ℎ்ெ௉൯

𝜂
1
𝐶௏ௌ

   ሺ5ሻ 

where g is the gravitational acceleration (9.8 m/s2), hMU is hydraulic pressure head of the 

membrane unit (m). The value of hTMP was determined according to Equation 6, 

ℎ்ெ௉ ൌ
𝑇𝑀𝑃
𝜌𝑔

   ሺ6ሻ 

where TMP is the transmembrane pressure (Pa). 

The net energy balance (ENet) was determined according to Equation 7, 

𝐸ே௘௧ ൌ 𝐸ை െ 𝐸஼ ൌ 𝐸ை െ ሺ𝐸ு ൅ 𝐸ெ௜௫௜௡௚ ൅ 𝐸ௌ௟௨ௗ௚௘,௖௜௥. ൅ 𝐸஻௜௢௚௔௦,௖௜௥. ൅ 𝐸ி௜௟௧.ሻ   ሺ7ሻ 

The obtained values are listed in Table S1.  
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Table S1. Energy production and consumption in phase 5. The unit of the energy is kJ/g-VS. 

EO EC     ENet 

 EH EMixing ESludge, cir. EBiogas, cir. EFilt.  

10.20 7.41 1.10 >0.001 >0.001 1.16 0.53 
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