AMANUIN N

NANISANYIAAEIUNEUNINALNDUE IULAUNLANZEN



1.

A1 BOD 20 U U9ININAZNDUNEAAGIUNEUAY 9

A15199 1.1 A1 BOD,, 57874 U9sdndiunaunInagnau PS:SS 7 1:0

151

_ L | luad TBOD,, (mg/L) SBOD,, (mg/L)
TN estu | dlt | 9wz | wdn | =D | 91| @2 | waw | =50
4 141 141 | 141.00 0 113 | 844 | 987 | 2022
8 212 212 | 21200 0 113 | 1612 | 1271 | 19.94
12 2825 | 353 | 31775 | 49.85 | 169.4 | 169.4 | 1694 | 0
: 16 4235 | 4235 | 423.50 0 226 | 1978 | 2119 | 19.94
20 4235 | 4945 | 459 502 | 226 | 226 | 226 0
24 565 635 600 a95 | 282 | 282 | 282 0
4 775 705 740 495 | 338 | 338 | 338 0
8 920 775 | 8475 | 10253 | 368 | 424 | 396 | 39.6
12 990 845 | 9175 | 10253 | 368 | 452 | 410 | 59.4
? 16 1,130 | 920 | 1,025 | 14849 | 424 | 536 | 480 | 79.2
20 1,360 | 990 | 1,165 | 247.49 | 452 | 594 | 523 | 100.41
24 1,485 | 1,060 | 1,272.5 | 30052 | 480 | 650 | 565 | 12021
4 1,625 | 1,270 | 1,447.5 | 251.02 | 536 | 678 | 607 | 100.41
8 1,765 | 1,340 | 1,552.5 | 30052 | 564 | 534 | 549 | 21.21
12 1,905 | 1,410 | 1,657.5 | 350.02 | 594 | 820 | 707 | 159.81
’ 16 2050 | 1,85 | 1,767.5 | 399.52 | 650 | 848 | 749 | 140.01
20 2190 | 1,555 | 1,8725 | 449.01 | 736 | 876 | 805 | 100.41
24 2260 | 1,555 | 1,9075 | 49851 | 734 | 932 | 833 | 140.01
4 2400 | 1,695 | 20475 | 49851 | 790 | 988 | 889 | 140.01
8 2470 | 1,765 | 21175 | 49851 | 820 | 1,074 | 947 | 179.61
12 2615 | 1,905 | 2,260. | 502.05 | 876 | 1,158 | 1,017 | 199.4
‘ 16 2,825 | 2,050 | 24375 | 54801 | 960 | 1,242 | 1,101 | 199.4
20 2,895 | 2,050 | 24725 | 59751 | 988 | 1,328 | 1,158 | 240.42
24 3180 | 2,330 | 2,755 | 601.04 | 1,102 | 1,480 | 1,271 | 239
4 3250 | 2,400 | 2,825 | 601.04 | 1,130 | 1,554 | 1,342 | 299.81
8 3460 | 2560 | 3000 | 650.54 | 1214 | 1,638 | 1,426 | 299.81
5 12 3670 | 2,685 | 3,177.5 | 69650 | 1,300 | 1,724 | 1,512 | 299.81
16 3670 | 2,755 | 32125 | 647.00 | 1,328 | 1,808 | 1,568 | 339.41
20 3815 | 2,825 | 35320 | 70004 | 1,412 | 1,920 | 1,666 | 359.21




A15199 1.1 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 71 1:0 (79)

152

oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD g1 | 92 | wde +SD
5
oo 24 3815 | 2,895 | 3,355 | 65054 | 1,440 | 2,006 | 1,723 | 400.22
q 3955 | 2965 | 3,460 | 70004 | 1,526 | 2,090 | 1,808 | 398.81
8 4,025 | 3,105 | 3,565 | 65054 | 1,610 | 2,204 | 1,907 | 420.02
12 4,025 | 3,105 | 3,565 | 65054 | 1,666 | 2,288 | 1,977 | 439.82
° 16 3955 | 3035 | 3495 | 65054 | 1,694 | 2,344 | 2,019 | 459.62
20 3955 | 3035 | 3495 | 65054 | 1,752 | 2,430 | 2,091 | 479.42
24 4,025 | 3,180 | 3,6025 | 59751 | 1,808 | 2,514 | 2,161 | 499.22
q 4,095 | 3,180 | 3,637.5 | 647.00 | 1,864 | 2,570 | 2,217 | 499.22
8 4,095 | 3250 | 3,6725 | 59751 | 1,920 | 2,598 | 2,259 | 479.42
12 4,165 | 3250 | 3,707.5 | 647.00 | 1,978 | 2,656 | 2,317 | 479.42
! 16 4,165 | 3320 | 3,725 | 59751 | 2,034 | 2,684 | 2359 | 459.62
20 4,165 | 3390 | 3,777.5 | 548.01 | 2,090 | 2,684 | 2,387 | 420.02
24 4235 | 3390 | 38125 | 59751 | 2,146 | 2,712 | 2,429 | 400.22
q 4235 | 3460 | 3,8475 | 54801 | 2,174 | 2,740 | 2,457 | 400.22
8 4235 | 3460 | 3,8475 | 54801 | 2,232 | 2,768 | 2,500 | 379.01
12 4310 | 3530 | 3,920 | 55154 | 2,288 | 2,768 | 2,528 | 339.41
° 16 4310 | 3530 | 3,920 | 55154 | 2,344 | 2,796 | 2,570 | 319.61
20 4380 | 3600 | 3,990 | 55154 | 2,400 | 2,796 | 2,598 | 280.01
24 4310 | 3,600 | 3,955 | 50205 | 2458 | 2,796 | 2,627 | 239
q 4380 | 3,670 | 4,025 | 50205 | 2486 | 2,824 | 2,655 | 239
8 4,450 | 3670 | 4,060 | 55154 | 2542 | 2,852 | 2,697 | 219.2
12 4,450 | 3745 | 40975 | 49851 | 2,598 | 2,852 | 2,725 | 179.61
’ 16 4520 | 3,745 | 4,1325 | 54801 | 2,656 | 2,852 | 2,754 | 13859
20 4520 | 3815 | 4,167.5 | 49851 | 2,656 | 2,882 | 2,769 | 159.81
24 4,590 | 3,885 | 4,237.5 | 49851 | 2,712 | 2,910 | 2,811 | 140.01
q 4590 | 3885 | 4,2375 | 49851 | 2,712 | 2,910 | 2,811 | 140.01
8 4,660 | 3885 | 42725 | 54801 | 2,740 | 2,938 | 2,839 | 140.01
12 4,730 | 3955 | 43025 | 54801 | 2,768 | 2,938 | 2,853 | 120.21
1 16 4730 | 3955 | 43025 | 54801 | 2,768 | 2,966 | 2,867 | 140.01
20 4,800 | 4,025 | 44125 | 54801 | 2,796 | 2,994 | 2,895 | 140.01
24 4,800 | 4,025 | 44125 | 54801 | 2,796 | 2,994 | 2,895 | 140.01




A15199 1.1 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 71 1:0 (79)

153

oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD g1 | ez | wde +SD
i 4,800 | 4,095 | 44475 | 49851 | 2,824 | 3,022 | 2923 | 140.01
8 4870 | 4,095 | 4,4825 | 54801 | 2,852 | 3,050 | 2,951 | 140.01
12 4870 | 4,165 | 45175 | 49851 | 2,882 | 3,050 | 2966 | 118.79
! 16 5015 | 4235 | 4625 | 55154 | 2,824 | 3,136 | 2,980 | 220.62
20 5085 | 4380 | 4,7325 | 49851 | 2938 | 3,164 | 3,051 | 159.81
24 5085 | 4,450 | 4,767.5 | 449.01 | 2938 | 3,192 | 3,065 | 179.61
i 5085 | 4,450 | 4,7675 | 449.01 | 2966 | 3,220 | 3,093 | 179.61
8 5085 | 4,520 | 4,802.5 | 399.52 | 2966 | 3,220 | 3,093 | 179.61
12 5155 | 4590 | 4,8725 | 39952 | 3022 | 3,220 | 3,121 | 140.01
' 16 5225 | 4590 | 49075 | 449.01 | 3022 | 3,248 | 3,135 | 159.81
20 5225 | 4,660 | 49425 | 39952 | 3050 | 3,276 | 3,163 | 159.81
24 5155 | 4,660 | 4,907.5 | 35002 | 3,050 | 3,304 | 3,177 | 179.61
i 5225 | 4730 | 49775 | 35002 | 3078 | 3,276 | 3,177. | 140.01
8 5225 | 4730 | 49775 | 35002 | 3,108 | 3,304 | 3206 | 138.59
12 5155 | 4,660 | 4,907.5 | 35002 | 3,108 | 3,362 | 3235 | 179.61
P 16 5085 | 4,590 | 4,837.5 | 35002 | 3,108 | 3,276 | 3,192 | 118.79
20 5155 | 4590 | 4,8725 | 39952 | 3,108 | 3,304 | 3206 | 13859
24 5155 | 4,660 | 4,907.5 | 35002 | 3,136 | 3,334 | 3235 | 140.01
i 5155 | 4,660 | 49075 | 35002 | 3,164 | 3334 | 3249 | 120.21
8 5155 | 4,660 | 4,907.5 | 35002 | 3,164 | 3334 | 3249 | 120.21
12 5155 | 4,660 | 49075 | 35002 | 3,164 | 3362 | 3263 | 140.01
1 16 5155 | 4,660 | 49075 | 35002 | 3,192 | 3362 | 3277 | 120.21
20 5225 | 4730 | 49775 | 35002 | 3,192 | 3,390 | 3291 | 140.01
24 5225 | 4730 | 49775 | 35002 | 3,220 | 3,390 | 3,305 | 120.21
q 5225 | 4730 | 49775 | 35002 | 3,220 | 3,390 | 3,305 | 120.21
8 5085 | 4,590 | 4,837.5 | 35002 | 3,192 | 3,390 | 3,291 | 140.01
12 5225 | 4730 | 49775 | 35002 | 3,248 | 3,418 | 3333 | 120.21
" 16 5225 | 4730 | 49775 | 35002 | 3,248 | 3,418 | 3333 | 120.21
20 5225 | 4,800 | 50125 | 30052 | 3,276 | 3,446 | 3361 | 120.21
24 5225 | 4,800 | 50125 | 30052 | 3,276 | 3,446 | 3361 | 120.21




A15199 1.1 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 71 1:0 (79)
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD g1 | 92 | wde +SD
i 5225 | 4,800 | 50125 | 30052 | 37304 | 3474 | 3,389 | 120.21
8 5225 | 4,800 | 50125 | 300.52 | 37304 | 3474 | 3,389 | 120.21
12 5295 | 4,800 | 50475 | 350.02 | 37334 | 3474 | 3404 | 98.99
1 16 5295 | 4,800 | 50475 | 350.02 | 37334 | 3502 | 3,418 | 118.79
20 5225 | 4,800 | 50125 | 30052 | 37334 | 3502 | 3,418 | 118.79
24 5295 | 4,870 | 50825 | 300.52 | 3362 | 3,530 | 3,446 | 118.79
i 5295 | 4,870 | 50825 | 300.52 | 37362 | 3,530 | 3,446 | 118.79
8 5225 | 4,870 | 50475 | 251.02 | 3362 | 3560 | 3,461 | 140.01
12 5295 | 4,870 | 50825 | 30052 | 3362 | 3560 | 3,461 | 140.01
H 16 5295 | 4,870 | 50825 | 300.52 | 3,390 | 3,588 | 3,489 | 140.01
20 5295 | 4,870 | 50825 | 30052 | 3,390 | 3,588 | 3,489 | 140.01
24 5295 | 4945 | 5120 | 24749 | 3390 | 3588 | 3,489 | 140.01
q 5295 | 4945 | 5120 | 24749 | 3418 | 3,616 | 3,517 | 140.01
8 5295 | 4,870 | 50825 | 300.52 | 3,390 | 3,616 | 3,503 | 159.81
12 5295 | 4945 | 5120 | 24749 | 3418 | 3616 | 3,517 | 140.01
1 16 5295 | 4945 | 5120 | 24749 | 3446 | 3644 | 3545 | 140.01
20 5295 | 4945 | 5120 | 24749 | 3446 | 3644 | 3545 | 140.01
24 5295 | 4945 | 5120 | 24749 | 3418 | 3672 | 3,545 | 179.61
i 5295 | 5015 | 5155 | 197.99 | 3,446 | 3672 | 3,559 | 159.81
8 5295 | 4945 | 5120 | 24749 | 3446 | 3672 | 3,559 | 159.81
12 5365 | 5015 | 5190 | 247.49 | 3446 | 3672 | 3,559 | 159.81
v 16 5295 | 4945 | 5120 | 24749 | 3446 | 3672 | 3,559 | 159.81
20 5365 | 4945 | 5155 | 296.98 | 3,474 | 3700 | 3,587 | 159.81
24 5365 | 5015 | 5190 | 247.49 | 3,474 | 3,700 | 3,587 | 159.81
i 5365 | 5015 | 5190 | 247.49 | 3502 | 3,700 | 3,601 | 140.01
8 5365 | 5015 | 5190 | 247.49 | 3502 | 3,700 | 3,601 | 140.01
12 5365 | 5085 | 5225 | 197.99 | 3502 | 3,728 | 3,615 | 159.81
20 16 5365 | 5085 | 5225 | 197.99 | 3502 | 3,728 | 3,615 | 159.81
20 5365 | 5085 | 5225 | 197.99 | 3502 | 3,728 | 3,615 | 159.81
24 5365 | 5015 | 5190 | 247.49 | 3502 | 3,756 | 3,629 | 179.61




A1519% N.2 A1 BOD,, 51871 V9dndIuNaunInagnau PS:SS 9 3:1
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vorfu | 41 | €9 \fe +D | il g2 | de +SD
4 80 80 80 0 undef | undef | undef 0
8 160 160 160 0 153 153 153 0
12 160 160 160 0 153 153 153 0
: 16 321 321 321 0 153 153 153 0
20 321 321 321 0 307 307 307 0
24 480 480 480 0 126 126 126 0
4 undef | undef undef 0 461 461 461 0
8 562 562 562 0 307 307 307 0
12 642 642 642 0 461 461 461 0
? 16 721 721 721 0 461 461 461 0
20 721 721 721 0 461 461 461 0
24 880 880 880 0 461 461 461 0
4 880 880 880 0 461 461 461 0
8 1,042 1,042 1,042 0 767 167 767 0
12 1,042 1,042 1,042 0 767 167 767 0
’ 16 1,122 1,122 1,122 0 767 767 767 0
20 1,201 1,201 1,201 0 767 167 767 0
24 1,201 1,201 1,201 0 919 919 919 0
4 1,363 1,363 1,363 0 919 919 919 0
8 1,443 1,443 1,443 0 1,077 1,077 1,077 0
12 1,605 1,605 1,605 0 919 919 919 0
‘ 16 1,764 1,764 1,764 0 1,077 1,077 1,077 0
20 1,843 1,843 1,843 0 undef | undef | undef 0
24 1,923 1,923 1,923 0 1,077 1,077 1,077 0
a4 2,085 2,085 2,085 0 1,077 1,077 1,077 0
8 2,085 2,085 2,085 0 1,077 1,077 1,077 0
12 2,244 | 2,244 2,244 0 1,229 | 1,229 | 1,229 0
’ 16 2,244 2,244 2,244 0 1,382 1,382 1,382 0
20 2,326 2,326 2,326 0 1,382 1,382 1,382 0
24 963 963 963 0 1,534 1,534 1,534 0
6 a 2,405 2,405 2,405 0 1,229 1,229 1,229 0




A151991 1.2 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 3:1 (#9)
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vectu | g1 | ii2 Wit +SD | gl | ez | wde +SD
8 2,405 | 2,405 2,405 0 1,534 | 1,534 | 1,534 0
12 2,485 | 2,485 2,485 0 1,382 | 1,382 | 1,382 0
,6 16 2,485 | 2,485 2,485 0 1,382 | 1,382 | 1,382 0
) 20 2,565 | 2,565 2,565 0 1,686 | 1,686 | 1,686 0
24 2,565 | 2,565 2,565 0 1,534 | 1,534 | 1,534 0
q 2,604 | 2644 2,644 0 1,534 | 1,534 | 1,534 0
8 2,604 | 2,644 2,644 0 1,534 | 1,534 | 1,534 0
12 2,604 | 2644 2,644 0 1,686 | 1,686 | 1,686 0
! 16 2,726 | 2,726 2,726 0 1,686 | 1,686 | 1,686 0
20 2,604 | 2644 2,644 0 1,534 | 1,534 | 1,534 0
24 2,806 | 2,806 2,806 0 1,844 | 1,844 | 1,844 0
q 2,806 | 2,806 2,806 0 1,686 | 1,686 | 1,686 0
8 2,726 | 2,726 2,726 0 1,534 | 1,534 | 1,534 0
12 2,806 | 2,806 2,806 0 1,686 | 1,686 | 1,686 0
° 16 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
20 2,885 | 2,885 2,885 0 1,530 | 1,534 | 1,534 0
24 2,885 | 2,885 2,885 0 1,996 | 1,996 | 1,99 0
q 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
8 2,885 | 2,885 2,885 0 1,844 | 1,844 | 1,844 0
12 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
’ 16 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
20 2,965 | 2,965 2,965 0 1,844 | 1,844 | 1,844 0
24 2,965 | 2,965 2,965 0 1,844 | 1,844 | 1,844 0
q 2,965 | 2,965 2,965 0 1,844 | 1,844 | 1,844 0
8 2,965 | 2,965 2,965 0 1,686 | 1,686 | 1,686 0
12 3,047 | 3,047 3,047 0 1,996 | 1,996 | 1,99 0
o 16 2,965 | 2,965 2,965 0 1,844 | 1,844 | 1,844 0
20 3,047 | 3,047 3,047 0 1,844 | 1,844 | 1,844 0
24 3,047 | 3,047 3,047 0 1,844 | 1,844 | 1,844 0
i 3,047 | 3,047 3,047 0 1,844 | 1,844 | 1,844 0
! 8 3,127 | 3,127 3,127 0 1,844 | 1,844 | 1,844 0




A151991 1.2 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 3:1 (#9)
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vectu | g1 | ii2 Wit +SD | gl | ez | wde +SD
12 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
11 16 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
(si9) 20 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
24 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
i 3,206 | 3,206 3,206 0 1,844 | 1,844 | 1,844 0
8 3,206 | 3,206 3,206 0 1,844 | 1,844 | 1,844 0
12 3,206 | 3,206 3,206 0 2,149 | 2,149 | 2,149 0
' 16 3,206 | 3,206 3,206 0 1,844 | 1,844 | 1,844 0
20 3,206 | 3,206 3,206 0 2,149 | 2,149 | 2,149 0
24 3,286 | 3,286 3,286 0 2,301 | 2301 | 2301 0
i 3286 | 3,286 3,286 0 2,149 | 2,149 | 2,149 0
8 3,286 | 3,286 3,286 0 2,301 | 2301 | 2301 0
12 3286 | 3,286 3,286 0 2,149 | 2,149 | 2,149 0
13 16 3,368 | 3,368 3,368 0 1,996 | 1,996 | 1,99 0
20 3,368 | 3,368 3,368 0 2,301 | 2301 | 2,301 0
24 3,448 | 3,448 3,448 0 2,301 | 2301 | 2,301 0
q 3,448 | 3,448 3,448 0 2,301 | 2301 | 2,301 0
8 3,527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
12 3,527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
1 16 3,527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
20 3,527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
24 3,607 | 3,607 3,607 0 2,301 | 2301 | 2,301 0
i 3,607 | 3,607 3,607 0 2,301 | 2301 | 2,301 0
8 3,607 | 3,607 3,607 0 2,149 | 2,149 | 2,149 0
12 3,607 | 3,607 3,607 0 2,301 | 2301 | 2,301 0
" 16 3,607 | 3,607 3,607 0 2,149 | 2,149 | 2,149 0
20 3,686 | 3,686 3,686 0 2,459 | 2,459 | 2,459 0
24 3,686 | 3,686 3,686 0 2,459 | 2,459 | 2,459 0
i 3,686 | 3,686 3,686 0 2,301 | 2301 | 2,301 0
16 8 3,769 | 3,769 3,769 0 2,149 | 2,149 | 2,149 0
12 3,769 | 3,769 3,769 0 2,301 | 2301 | 2,301 0




A151991 1.2 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 3:1 (#9)
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vectu | g1 | ii2 Wit +SD | gl | ez | wde +SD
16 3,769 | 3,769 3,769 0 2611 | 2,611 | 2611 0
1,6 20 3,848 | 3,848 3,848 0 2,301 | 2301 | 2,301 0
) 24 3,848 | 3,848 3,848 0 2611 | 2611 | 2611 0
q 3,848 | 3,848 3,848 0 2611 | 2611 | 2611 0
8 3,848 | 3,848 3,848 0 2,301 | 2301 | 2,301 0
12 3,848 | 3,848 3,848 0 2,459 | 2,459 | 2,459 0
o 16 3,928 | 3928 3,928 0 2,301 | 2301 | 2,301 0
20 3,928 | 3928 3,928 0 2611 | 2611 | 2611 0
24 3,928 | 3928 3,928 0 2,459 | 2,459 | 2,459 0
q 4,007 | 4,007 4,007 0 2,764 | 2,764 | 2,764 0
8 4,007 | 4,007 4,007 0 2611 | 2611 | 2611 0
12 4,007 | 4,007 4,007 0 2,301 | 2301 | 2301 0
1 16 4,007 | 4,007 4,007 0 2,459 | 2,459 | 2,459 0
20 4,007 | 4,007 4,007 0 2,459 | 2,459 | 2,459 0
24 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
q 4,007 | 4,007 4,007 0 2,459 | 2,459 | 2,459 0
8 4,090 | 4,090 4,090 0 2611 | 2,611 | 2611 0
12 4,090 | 4,090 4,090 0 2611 | 2,611 | 2611 0
v 16 4,090 | 4,090 4,090 0 2611 | 2,611 | 2611 0
20 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
24 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
q 4,169 | 4,169 4,169 0 2,764 | 2,764 | 2,764 0
8 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
12 4,169 | 4,169 4,169 0 2,764 | 2,764 | 2,764 0
20 16 4,169 | 4,169 4,169 0 2611 | 2611 | 2611 0
20 4,169 | 4,169 4,169 0 2,764 | 2,764 | 2,764 0
24 4,249 | 4,249 4,249 0 2,764 | 2,764 | 2,764 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @1 | @i \de KL g1 2 | i +SD
i 142 142 142 0 - - - 0
8 285 285 285 0 105 105 105 0
12 285 285 285 0 105 105 105 0
: 16 355 355 355 0 105 105 105 0
20 499 499 499 0 210 210 210 0
24 570 570 570 0 210 210 210 0
4 undef | undef undef 0 315 315 315 0
8 781 781 781 0 210 210 210 0
12 925 925 925 0 315 315 315 0
? 16 995 995 995 0 315 315 315 0
20 995 995 995 0 173 173 173 0
24 1,066 | 1,066 1,066 0 420 420 420 0
4 1,139 1,139 1,139 0 315 315 315 0
8 1,210 | 1,210 1,210 0 420 420 420 0
12 1,280 1,280 1,280 0 525 525 525 0
’ 16 1,351 | 1,351 1,351 0 420 420 420 0
20 1,351 | 1,351 1,351 0 420 420 420 0
24 1,424 | 1,824 1,424 0 630 630 630 0
i 1,424 | 1,424 1,424 0 525 525 525 0
8 1,494 | 1,494 1,494 0 630 630 630 0
12 1,565 1,565 1,565 0 525 525 525 0
‘ 16 1,565 | 1,565 1,565 0 630 630 630 0
20 1,635 1,635 1,635 0 - - - 0
24 1,635 | 1,635 1,635 0 630 630 630 0
q 1,706 1,706 1,706 0 630 630 630 0
8 1,706 | 1,706 1,706 0 630 630 630 0
12 1,706 1,706 1,706 0 736 736 736 0
° 16 1,706 | 1,706 1,706 0 841 841 841 0
20 1,850 1,850 1,850 0 841 841 841 0
24 570 570 570 0 841 841 841 0




A151991 1.3 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 1:1 (#9)

160

oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | gl | ez | wde +SD
i 1,850 | 1,850 1,850 0 736 736 736 0
8 1,850 | 1,850 1,850 0 841 841 841 0
12 1,920 | 1,920 1,920 0 841 841 841 0
° 16 1,920 | 1,920 1,920 0 841 841 841 0
20 1,991 | 1,991 1,991 0 945 945 945 0
24 1,991 | 1,991 1,991 0 945 945 945 0
q 1,991 | 1,991 1,991 0 945 945 945 0
8 2064 | 2,064 | 2064 0 945 945 945 0
12 2064 | 2,064 | 2064 0 1,049 | 1,049 | 1,049 0
! 16 2064 | 2,064 | 2064 0 1,049 | 1,049 | 1,049 0
20 2064 | 2,064 | 2064 0 1,049 | 1,049 | 1,049 0
24 2,134 | 2,134 | 2,134 0 1,153 | 1,153 | 1,153 0
q 2,134 | 2,134 | 2,134 0 1,153 | 1,153 | 1,153 0
8 2,134 | 2,134 | 2,134 0 1,049 | 1,049 | 1,049 0
12 2,134 | 2,134 | 2,134 0 1,153 | 1,153 | 1,153 0
° 16 2276 | 2276 | 2276 0 1,153 | 1,153 | 1,153 0
20 2276 | 2276 | 2276 0 1,049 | 1,049 | 1,049 0
24 2276 | 2276 | 2276 0 1,257 | 1,257 | 1,257 0
q 2,276 | 2276 | 2276 0 1,049 | 1,049 | 1,049 0
8 2346 | 2346 | 2,346 0 1,153 | 1,153 | 1,153 0
12 2276 | 2276 | 2276 0 1,153 | 1,153 | 1,153 0
’ 16 2346 | 2346 | 2,346 0 1,153 | 1,153 | 1,153 0
20 2419 | 2419 | 2419 0 1,257 | 1,257 | 1,257 0
24 2419 | 2419 | 2419 0 1,257 | 1,257 | 1,257 0
q 2419 | 2419 | 2419 0 1,257 | 1,257 | 1,257 0
8 2419 | 2419 | 2419 0 1,153 | 1,153 | 1,153 0
12 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
1 16 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
20 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
24 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | gl | ez | wde +SD
q 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
8 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
12 2,490 | 2,490 | 2,490 0 1,369 | 1,369 | 1,369 0
! 16 2,560 | 2560 | 2,560 0 1,369 | 1,369 | 1,369 0
20 2,490 | 2,490 | 2,490 0 1,369 | 1,369 | 1,369 0
24 2,560 | 2,560 | 2,560 0 1,369 | 1,369 | 1,369 0
i 2,560 | 2,560 | 2,560 0 1,257 | 1,257 | 1,257 0
8 2,560 | 2,560 | 2,560 0 1,257 | 1,257 | 1,257 0
12 2,560 | 2560 | 2,560 0 1,369 | 1,369 | 1,369 0
' 16 2,631 | 2,631 2,631 0 1,257 | 1,257 | 1,257 0
20 2,560 | 2560 | 2,560 0 1,473 | 1,473 | 1,473 0
24 2,631 | 2,631 2,631 0 1,473 | 1,473 | 1,473 0
q 2,631 | 2,631 2,631 0 1,577 | 1,577 | 1,577 0
8 2,704 | 2,704 | 2,704 0 1,473 | 1,473 | 1,473 0
12 2,631 | 2,631 2,631 0 1,369 | 1,369 | 1,369 0
P 16 2,704 | 2,704 | 2,704 0 1,577 | 1,577 | 1,577 0
20 2,704 | 2,704 | 2,704 0 1,577 | 1,577 | 1,577 0
24 2,704 | 2,704 | 2,704 0 1,577 | 1,577 | 1,577 0
q 2,775 | 2,775 | 2,775 0 1,473 | 1,473 | 1,473 0
8 2775 | 2,775 | 2,775 0 1,473 | 1,473 | 1,473 0
12 2845 | 2,845 | 2,845 0 1,473 | 1,473 | 1,473 0
1 16 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
20 2845 | 2845 | 2,845 0 1,681 | 1,681 | 1,681 0
24 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
q 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
8 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
12 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
" 16 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
20 2916 | 2916 | 2916 0 1,681 | 1,681 | 1,681 0
24 2845 | 2,845 | 2,845 0 1,681 | 1,681 | 1,681 0




A151991 1.3 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 1:1 (#9)

162

oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | gl | ez | wde +SD
q 2916 | 2916 | 2916 0 1,577 | 1,577 | 1,577 0
8 2,989 | 2989 | 2,989 0 1,681 | 1,681 | 1,681 0
12 2916 | 2916 | 2916 0 1,681 | 1,681 | 1,681 0
1 16 2916 | 2916 | 2916 0 1,681 | 1,681 | 1,681 0
20 2,989 | 2989 | 2,989 0 1,786 | 1,786 | 1,786 0
24 2,989 | 2989 | 2,989 0 1,786 | 1,786 | 1,786 0
i 3,059 | 3059 | 3,059 0 1,681 | 1,681 | 1,681 0
8 2,989 | 2989 | 2,989 0 1,681 | 1,681 | 1,681 0
12 2,989 | 2989 | 2,989 0 1,577 | 1,577 | 1,577 0
H 16 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
20 3,059 | 3059 | 3,059 0 1,681 | 1,681 | 1,681 0
24 2,989 | 2989 | 2,989 0 1,786 | 1,786 | 1,786 0
i 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
8 3,130 | 3,130 | 3,130 0 1,681 | 1,681 | 1,681 0
12 3,059 | 3059 | 3,059 0 1,681 | 1,681 | 1,681 0
1 16 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
20 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
24 3,130 | 3,130 | 3,130 0 1,681 | 1,681 | 1,681 0
i 3,130 | 3,130 | 3,130 0 1,786 | 1,786 | 1,786 0
8 3,130 | 3,130 | 3,130 0 1,786 | 1,786 | 1,786 0
12 3,130 | 3,130 | 3,130 0 1,786 | 1,786 | 1,786 0
v 16 3,130 | 3,130 | 3,130 0 1,890 | 1,890 | 1,890 0
20 3,200 | 3200 | 3,200 0 1,786 | 1,786 | 1,786 0
24 3,130 | 3,130 | 3,130 0 1,890 | 1,890 | 1,890 0
i 3,200 | 3200 | 3,200 0 1,786 | 1,786 | 1,786 0
8 3,200 | 3200 | 3,200 0 1,786 | 1,786 | 1,786 0
12 3271 | 3271 3,271 0 1,786 | 1,786 | 1,786 0
20 16 3271 | 3271 3,271 0 1,786 | 1,786 | 1,786 0
20 3271 | 3271 3,271 0 1,786 | 1,786 | 1,786 0
24 3344 | 3344 | 3344 0 1,786 | 1,786 | 1,786 0
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vorfu | @il 1 | @il \fe EEIAESE Wiy | +SD
a 104 104 104 0 48 48 48 0
8 209 209 209 0 145 145 145 0
12 209 209 209 0 145 145 145 0
: 16 313 313 313 0 97 97 97 0
20 209 209 209 0 194 194 194 0
24 313 313 313 0 242 242 242 0
4 undef | undef undef 0 undef | undef undef 0
8 313 313 313 0 194 194 194 0
12 418 418 418 0 194 194 194 0
? 16 418 418 418 0 242 242 242 0
20 418 418 418 0 242 242 242 0
24 522 522 522 0 242 242 242 0
a 522 522 522 0 291 291 291 0
8 625 625 625 0 242 242 242 0
12 625 625 625 0 242 242 242 0
’ 16 625 625 625 0 291 291 291 0
20 625 625 625 0 291 291 291 0
24 625 625 625 0 339 339 339 0
a 733 733 733 0 339 339 339 0
8 733 733 733 0 388 388 388 0
12 733 733 733 0 339 339 339 0
‘ 16 733 733 733 0 339 339 339 0
20 733 733 733 0 339 339 339 0
24 733 733 733 0 388 388 388 0
a4 836 836 836 0 388 388 388 0
8 733 733 733 0 436 436 436 0
12 836 836 836 0 388 388 388 0
’ 16 836 836 836 0 436 436 436 0
20 940 940 940 0 436 436 436 0
24 undef | undef undef 0 undef | undef undef 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @1 | @i Wit +SD | @il g2 | wiy | +SD
i 940 940 940 0 436 436 436 0
8 940 940 940 0 484 484 484 0
12 940 940 940 0 484 484 484 0
° 16 940 940 940 0 436 436 436 0
20 1,043 | 1,043 1,043 0 484 484 484 0
24 1,043 | 1,043 1,043 0 484 484 484 0
q 1,043 | 1,043 1,043 0 532 532 532 0
8 1,043 | 1,043 1,043 0 580 580 580 0
12 1,043 | 1,043 1,043 0 484 484 484 0
! 16 1,043 | 1,043 1,043 0 532 532 532 0
20 1,043 | 1,043 1,043 0 532 532 532 0
24 1,147 | 1,147 1,147 0 532 532 532 0
q 1,147 | 1,147 1,147 0 532 532 532 0
8 1,043 | 1,043 1,043 0 580 580 580 0
12 1,147 | 1,147 1,147 0 580 580 580 0
° 16 1,147 | 1,147 1,147 0 580 580 580 0
20 1,147 | 1,147 1,147 0 580 580 580 0
24 1,147 | 1,147 1,147 0 580 580 580 0
q 1,254 | 1,254 1,254 0 631 631 631 0
8 1,254 | 1,254 1,254 0 580 580 580 0
12 1,147 | 1,147 1,147 0 631 631 631 0
’ 16 1,254 | 1,254 1,254 0 580 580 580 0
20 1,254 | 1,254 1,254 0 631 631 631 0
24 1,254 | 1,254 1,254 0 679 679 679 0
i 1,358 | 1,358 1,358 0 679 679 679 0
8 1,358 | 1,358 1,358 0 679 679 679 0
12 1,358 | 1,358 1,358 0 631 631 631 0
1 16 1,358 | 1,358 1,358 0 679 679 679 0
20 1,358 | 1,358 1,358 0 679 679 679 0
24 1,358 | 1,358 1,358 0 679 679 679 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @il g2 | wiy | +SD
i 1,358 | 1,358 1,358 0 679 679 679 0
8 1,358 | 1,358 1,358 0 727 727 727 0
12 1,358 | 1,358 1,358 0 727 727 727 0
! 16 1,462 | 1,462 1,462 0 727 727 727 0
20 1,462 | 1,462 1,462 0 727 727 727 0
24 1,462 | 1,462 1,462 0 775 775 775 0
q 1,462 | 1,462 1,462 0 727 727 727 0
8 1,462 | 1,462 1,462 0 727 727 727 0
12 1,462 | 1,462 1,462 0 727 727 727 0
' 16 1,565 | 1,565 1,565 0 727 727 727 0
20 1,565 | 1,565 1,565 0 727 727 727 0
24 1,565 | 1,565 1,565 0 727 727 727 0
q 1,672 | 1,672 1,672 0 727 727 727 0
8 1,672 | 1,672 1,672 0 775 775 775 0
12 1,672 | 1,672 1,672 0 775 775 775 0
P 16 1,776 | 1,776 1,776 0 775 775 775 0
20 1,776 | 1,776 1,776 0 775 775 775 0
24 1,776 | 1,776 1,776 0 775 775 775 0
q 1,776 | 1,776 1,776 0 775 775 775 0
8 1,880 | 1,880 1,880 0 775 775 775 0
12 1,880 | 1,880 1,880 0 775 775 775 0
1 16 1,983 | 1,983 1,983 0 823 823 823 0
20 1,880 | 1,880 1,880 0 823 823 823 0
24 1,983 | 1,983 1,983 0 823 823 823 0
i 1,983 | 1,983 1,983 0 823 823 823 0
8 1,983 | 1,983 1,983 0 823 823 823 0
12 1,983 | 1,983 1,983 0 871 871 871 0
" 16 1,983 | 1,983 1,983 0 871 871 871 0
20 1,983 | 1,983 1,983 0 871 871 871 0
24 1,983 | 1,983 1,983 0 871 871 871 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @1 | @92 Wiy +SD
i 1,983 | 1,983 1,983 0 823 823 823 0
8 1,983 | 1,983 1,983 0 871 871 871 0
12 2,091 | 2,091 2,091 0 919 919 919 0
1 16 2,091 | 2,091 2,091 0 823 823 823 0
20 2,091 | 2,091 2,091 0 871 871 871 0
24 2,091 | 2,091 2,091 0 871 871 871 0
q 2,091 | 2,091 2,091 0 919 919 919 0
8 2,091 | 2,091 2,091 0 871 871 871 0
12 2,091 | 2,091 2,091 0 919 919 919 0
H 16 2,091 | 2,091 2,091 0 919 919 919 0
20 2,091 | 2,091 2,091 0 871 871 871 0
24 2,091 | 2,091 2,091 0 919 919 919 0
q 2,194 | 2,194 | 2,194 0 919 919 919 0
8 2,194 | 2,194 | 2,194 0 967 967 967 0
12 2,091 | 2,091 2,091 0 967 967 967 0
1 16 2,194 | 2,194 | 2,194 0 967 967 967 0
20 2,194 | 2,194 | 2,194 0 967 967 967 0
24 2,298 | 2298 | 2,298 0 919 919 919 0
q 2,194 | 2,194 | 2,194 0 967 967 967 0
8 2,298 | 2298 | 2,298 0 967 967 967 0
12 2,298 | 2298 | 2,298 0 967 967 967 0
v 16 2,194 | 2,194 | 2,194 0 967 967 967 0
20 2,194 | 2,194 | 2,194 0 967 967 967 0
24 2,298 | 2298 | 2,298 0 967 967 967 0
q 2,298 | 2298 | 2,298 0 967 967 967 0
8 2,298 | 2298 | 2,298 0 967 967 967 0
12 2,298 | 2298 | 2,298 0 967 967 967 0
20 16 2,298 | 2298 | 2,298 0 967 967 967 0
20 2,298 | 2298 | 2,298 0 967 967 967 0
24 2,401 | 2,401 2,401 0 967 967 967 0
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @i it 2 Wit +SD | #fi1 | 42 Wit +SD
q 127 127 127 0 16.9 16.9 16.9 0
8 212 198 205 9.9 24 24 24 0
12 240 240 240 0 31 29.6 303 | 0.99
: 16 282 268 275 9.9 38 36.6 373 | 0.99
20 325 297 311 19.8 | 451 43.7 444 | 0.99
24 353 325 339 198 | 521 52.1 52.1 0
i 367 339 353 198 | 578 578 578 0
8 395 353 374 29.7 62 62 62 0
12 410 381 3955 | 2051 | 63.4 62 627 | 0.99
? 16 438 395 4165 | 3041 | 63.4 64.8 64.1 | 0.99
20 466 410 438 39.60 | 66.2 67.6 669 | 0.99
24 480 438 459 29.7 69 70.5 69.75 | 1.06
q 494 452 473 297 | 719 71.9 71.9 0
8 523 452 487.5 502 | 747 733 74 0.99
12 537 466 501.5 502 | 775 76.1 768 | 0.99
’ 16 565 494 529.5 502 | 789 78.9 78.9 0
20 565 508 5365 | 4031 | 80.3 775 789 | 1.98
24 607 537 572 495 | 817 78.9 80.3 | 1.98
i 621 551 586 495 | 831 80.3 81.7 | 1.98
8 636 565 600.5 50.2 | 845 81.7 83.1 | 1.98
12 650 579 614.5 50.2 86 83.1 84.55 | 2.05
‘ 16 678 579 628.5 70 87.4 84.5 8595 | 2.05
20 692 593 642.5 70 87.4 86 86.7 | 0.99
24 706 607 656.5 70 88.8 87.4 88.1 | 0.99
q 720 621 670.5 70 90.2 87.4 888 | 1.98
8 734 621 677.5 799 | 916 88.8 90.2 | 1.98
12 749 636 692.5 79.9 93 91.6 923 | 0.99
° 16 763 650 706.5 79.9 93 91.6 923 | 0.99
20 777 664 720.5 799 | 958 93 944 | 1.98
24 777 664 720.5 799 | 944 93 937 | 0.99
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oL | ludd TBOD,, (me/L) SBOD,, (mg/L)
o vostu | g1 | %92 Wit +SD | G 1 | 92 Wiy +SD
q 791 678 734.5 799 | 972 | 944 958 | 1.98
8 805 678 7415 898 | 972 | 958 96.5 | 0.99
12 819 692 755.5 898 | 986 | 972 979 | 0.99
° 16 833 706 769.5 89.8 100 100 100 0
20 833 706 769.5 89.8 101 103 102 1.41
24 847 720 783.5 89.8 103 104 1035 | 0.71
q 862 720 791 100.41 | 104 104 104 0
8 862 734 798 90.51 | 104 106 105 1.41
12 876 749 812.5 89.8 106 108 107 1.41
! 16 876 749 812.5 89.8 106 108 107 1.41
20 890 763 826.5 89.8 107 110 1085 | 2.12
24 904 777 840.5 89.8 108 110 109 1.41
q 890 777 833.5 79.9 108 111 1095 | 2.12
8 904 791 847.5 79.9 110 113 1115 | 212
12 918 791 854.5 89.8 111 114 1125 | 2.12
° 16 932 805 868.5 89.8 113 114 1135 | 0.71
20 932 819 875.5 79.9 111 114 1125 | 2.12
24 932 819 875.5 79.9 113 114 1135 | 0.71
q 946 819 882.5 89.8 114 116 115 1.41
8 946 833 889.5 79.9 116 118 117 1.41
12 960 833 896.5 89.8 117 120 1185 | 2.12
’ 16 974 847 910.5 89.8 117 118 1175 | 071
20 989 862 925.5 89.8 117 120 1185 | 2.12
24 989 876 932.5 79.9 118 121 1195 | 2.12
q 989 876 932.5 79.9 118 123 1205 | 3.54
8 989 890 939.5 70 120 124 122 | 283
12 1,003 | 904 953.5 70 120 123 1215 | 2.12
1 16 1,017 | 918 967.5 70 121 125 123 | 283
20 932 847 889.5 60.1 121 124 1225 | 2.12
24 1,031 946 988.5 60.1 121 125 123 | 283
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oL | Tlued TBOD,, (me/L) SBOD,, (mg/L)
o vestu | @1 | @i \de +SD | &1 | %92 Wit +SD
i 1,031 960 995.5 50.2 124 | 127 1255 | 2.12
8 1,031 960 995.5 502 | 124 | 127 1255 | 2.12
12 1,945 989 1,467 | 67599 | 124 | 128 126 | 2.83
! 16 1,059 989 1,024 49.5 121 123 122 1.41
20 1,059 | 1,003 1,031 39.6 124 | 125 1245 | 0.71
24 1,073 | 1,017 1,045 39.6 | 125 | 127 126 1.41
q 1,073 | 1,017 1,045 396 | 125 | 127 126 1.41
8 1,073 | 1,031 1,052 297 | 127 | 128 1275 | 0.71
12 1,087 | 1,045 1,066 297 | 127 | 128 1275 | 0.71
' 16 1,087 | 1,045 1,066 297 | 127 | 128 1275 | 0.71
20 1,102 | 1,059 | 1,0805 | 3041 | 128 | 130 129 1.41
24 1,102 | 1,059 | 1,0805 | 3041 | 128 | 130 129 1.41
q 1,116 | 1,073 | 1,095 | 3041 | 128 | 131 1295 | 2.12
8 1,116 | 1,073 | 1,095 | 3041 | 130 | 131 1305 | 0.71
12 1,130 | 1,087 | 1,1085 | 3041 | 130 | 132 131 1.41
P 16 1,130 | 1,087 | 1,1085 | 3041 | 130 | 131 1305 | 0.71
20 1,144 | 1,102 1,123 297 | 131 132 1315 | 0.71
24 1,158 | 1,116 1,137 297 | 132 | 134 133 1.41
q 1,158 | 1,116 1,137 297 | 132 | 134 133 1.41
8 1,158 | 1,116 1,137 297 | 132 | 135 1335 | 2.12
12 1,172 | 1,130 1,151 297 | 134 | 135 1345 | 0.71
1 16 1,186 | 1,144 1,165 297 | 134 | 137 1355 | 2.12
20 1,186 | 1,158 1,172 198 | 135 | 137 136 1.41
24 1,186 | 1,158 1,172 198 | 135 | 137 136 1.41
q 1,186 | 1,172 1,179 9.9 135 | 137 136 1.41
8 1,200 | 1,172 1,186 19.8 134 | 135 1345 | 0.71
12 1,200 | 1,186 1,193 9.9 135 | 138 1365 | 2.12
" 16 1,215 | 1,200 | 1,2075 | 1061 | 137 | 138 1375 | 0.71
20 1,229 | 1,215 1,222 9.9 137 | 139 138 1.41
24 1,215 | 1,229 1,222 9.9 137 | 139 138 1.41
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @il it 2 Wiy | +SD
q 1,229 | 1,229 1,229 0 138 141 1395 | 2.12
8 1,229 | 1,243 1,236 9.9 138 141 1395 | 2.12
12 1,243 | 1,243 1,243 0 139 141 140 | 141
1 16 1,243 | 1,243 1,243 0 139 141 140 | 141
20 1,257 | 1,257 1,257 0 139 142 1405 | 2.12
24 1,271 | 1,257 1,264 9.9 141 142 1415 | 0.71
q 1,271 | 1,257 1,264 9.9 141 144 1425 | 2.12
8 1,285 | 1,271 1,278 9.9 141 144 1425 | 2.12
12 1,299 | 1,271 1,285 19.8 141 144 1425 | 2.12
H 16 1,313 | 1,285 1,299 19.8 142 145 1435 | 2.12
20 1328 | 1,285 | 13065 | 3041 | 142 145 1435 | 2.12
24 1342 | 1,285 | 13135 | 4031 | 142 145 1435 | 2.12
q 1,302 | 1,299 | 13205 | 3041 | 142 145 1435 | 2.12
8 1356 | 1,299 | 13275 | 4031 | 142 145 1435 | 2.12
12 1,370 | 1,313 | 13415 | 4031 | 144 147 1455 | 2.12
1 16 1384 | 1,313 | 13485 | 50.2 144 147 1455 | 2.12
20 1,398 | 1,313 | 13555 | 60.1 144 147 1455 | 2.12
24 1,412 | 1,328 1,370 59.4 144 147 1455 | 2.12
q 1,412 | 1,328 1,370 59.4 145 148 1465 | 2.12
8 1,441 | 1,328 | 153845 | 79.9 145 148 1465 | 2.12
12 1,455 | 1,342 | 13985 | 79.9 147 148 1475 | 0.71
v 16 1,469 | 1,342 | 1,4055 | 89.8 147 148 1475 | 0.71
20 1,497 | 1,370 | 1,4335 | 89.8 147 148 1475 | 0.71
24 1525 | 1,384 | 1,545 | 99.7 147 149 148 | 141
q 1525 | 1,384 | 1,545 | 99.7 148 149 1485 | 0.71
8 1525 | 1,384 | 1,545 | 99.7 148 149 1485 | 0.71
12 1539 | 1,398 | 1,4685 | 99.7 148 151 1495 | 2.12
20 16 1539 | 1,412 | 14755 | 89.8 148 151 1495 | 2.12
20 1539 | 1,412 | 1,4755 | 89.8 149 151 150 | 1.41
24 1539 | 1,412 | 14755 | 89.8 148 152 150 | 2.83




2. Nan159ausuInsANgluLiazIuYe9 BMP Test

A15199 N.6 Nan1sInUSusAngluwsas I ures BMP Test Ua4dn@IuNaunIngznau PS:SS 9 1:0 wag 3:1

Juil (day)

USunauielmundadln 1:0 (ml)

USunauieimundadiu 3:1 (ml)

g

¥

91 1 12 \de ava 911 12 \de avay
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 1,146 1,000 1,073 1,073 743 1,751 1,247 1,247
3 954 300 627 1,700 900 2,600 1,750 2,997
a 1,200 323 762 2,462 1,305 1,883 1,594 4,591
5 1,270 360 815 3,277 1,990 1,600 1,795 6,386
6 1,760 400 1,080 4,357 1,845 1,490 1,668 8,054
7 1,000 500 750 5,107 1,853 1,910 1,882 9,935
8 1,450 440 945 6,052 1,709 2,050 1,880 11,815
9 1,300 300 800 6,852 2,050 2,090 2,070 13,885
10 2,150 900 1,525 8,377 1,940 2,090 2,015 15,900
11 2,160 2,100 2,130 10,507 1,750 1,740 1,745 17,645
12 2,110 900 1,505 12,012 1,850 1,900 1,875 19,520
13 2,090 1,050 1,570 13,582 1,940 2,020 1,980 21,500
14 2,023 1,100 1,562 15,143 1,920 1,940 1,930 23,430
15 1,910 1,000 1,455 16,598 1,695 2,150 1,923 25,352

1L7



A15199 n.6 Nan1sInUsuesAgluwsas T uves BMP Test Ua9dnd uNaunInaznay PS:SS 9 1:0 wag 3:1 (s9)

Juil (day)

YSunauineilmundngiu 1:0 (ml)

USunaunneilmuindngiu 3:1 (ml)

g1 1

9 2 \aae

%1 1

9 2 LAY

dedd deddl
16 2,120 1,300 1,710 18,308 2,100 2,150 2,125 27,477
17 2,150 2,150 2,150 20,458 2,000 2,200 2,100 29,577
18 1,820 1,012 1,416 21,874 2,000 2,250 2,125 31,702
19 2,039 1,600 1,820 23,694 2,050 2,050 2,050 33,752
20 2,250 1,440 1,845 25,539 2,185 2,200 2,193 35,945
21 2,000 1,290 1,645 27,184 2,000 2,050 2,025 37,970
22 2,100 1,750 1,925 29,109 2,445 2,060 2,253 40,222
23 2,000 1,450 1,725 30,834 2,150 2,110 2,130 42,352
24 1,850 1,340 1,595 32,429 2,090 2,100 2,095 44,447
25 1,980 1,750 1,865 34,294 2,050 2,000 2,025 46,472
26 2,100 1,950 2,025 36,319 2,100 2,150 2,125 48,597
27 2,050 1,790 1,920 38,239 2,100 1,950 2,025 50,622
28 2,198 1,498 1,848 40,087 2,049 2,095 2,072 52,694
29 2,077 1,898 1,988 42,074 2,020 2,080 2,050 54,744
30 2,100 2,000 2,050 44,124 2,140 2,050 2,095 56,839
31 1,800 2,100 1,950 46,074 1,900 1,990 1,945 58,784

L1



A15199 n.7 wan1sIndsuesingluwsasures BMP Test Ua9dn@1UNaunIneznau PS:SS 9 1:1 wag 1:3

Juil (day)

YSunauineilmundngiu 1:1 (ml)

YSuaumeimundagiu 1:3 (ml)

g

1 2

g

g1 2

LAY

91 1 \de ava 911 Ava
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 1,735 1,748 1,742 1,742 1,710 1,709 1,710 1,710
3 2,066 1,910 1,988 3,730 1,950 2,055 2,003 3,712
4 1,600 2,250 1,925 5,655 1,702 1,870 1,786 5,498
5 1,548 1,600 1,574 7,229 2,100 2,322 2,211 7,709
6 1,940 1,900 1,920 9,149 2,000 2,210 2,105 9,814
7 2,200 1,990 2,095 11,244 2,061 2,200 2,131 11,945
8 1,950 2,310 2,130 13,374 2,100 2,150 2,125 14,070
9 2,050 1,900 1,975 15,349 2,000 2,150 2,075 16,145
10 1,540 2,140 1,840 17,189 2,050 2,090 2,070 18,215
11 1,980 2,200 2,090 19,279 1,840 2,000 1,920 20,135
12 2,010 2,195 2,103 21,381 2,250 1,848 2,049 22,184
13 2,085 2,190 2,138 23,519 2,200 2,100 2,150 24,334
14 2,010 2,200 2,105 25,624 2,000 1,950 1,975 26,309
15 1,990 2,125 2,058 27,681 2,100 2,050 2,075 28,384
16 1,800 2,240 2,020 29,701 2,000 2,210 2,105 30,489
17 1,895 2,150 2,023 31,724 2,128 2,018 2,073 32,562

¢lLl



A15199 .7 wan1sIndsunesingluwsas T uves BMP Test Ua9dnd uNaunInaznay PS:SS 9 1:1 wag 1:3 (s9)

Juil (day)

YSunauineilmundngiu 1:1 (ml)

USunaunneilmundngiu 1:3 (ml)

g1 1

9 2 \aae

%1 1

9 2 LAY

dedd deddl
18 1,978 2,290 2,134 33,858 1,950 2,140 2,045 34,607
19 2,010 2,015 2,013 35,870 2,190 2,150 2,170 36,777
20 2,100 2,150 2,125 37,995 2,173 2,200 2,187 38,963
21 2,020 2,050 2,035 40,030 2,200 2,140 2,170 41,133
22 2,014 1,998 2,006 42,036 2,100 2,050 2,075 43,208
23 2,150 2,150 2,150 44,186 2,100 2,050 2,075 45,283
24 2,050 2,150 2,100 46,286 2,090 2,000 2,045 47,328
25 2,100 2,200 2,150 48,436 2,140 2,120 2,130 49,458
26 2,010 2,098 2,054 50,490 2,200 2,100 2,150 51,608
27 2,067 2,190 2,129 52,619 2,160 2,220 2,190 53,798
28 2,098 2,150 2,124 54,743 2,200 2,200 2,200 55,998
29 2,015 2,000 2,008 56,750 2,190 2,179 2,185 58,183
30 2,050 2,150 2,100 58,850 2,165 2,096 2,131 60,313
31 2,100 2,000 2,050 60,900 2,000 2,100 2,050 62,363

vLT



A15199 n.8 nan1sInUsuesAngluwsias T uves BMP Test Ua9dnduNaunInaenay PS:SS 9 0:1

way Blank

Juil (day)

YSunauineilmundngiu 0:1 (ml)

USunaunneilinuees Blank (ml)

g

1 2

\aae

A

g1 2

LAY

91 1 ava 911 avay
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 227 2,213 1,220 1,220 - - - -
3 1,970 2,140 2,055 3,275 605 45 325 325
a 1,380 1,669 1,525 4,800 200 78 139 464
5 1,690 2,210 1,950 6,750 143 389 266 730
6 1,500 1,350 1,425 8,175 410 43 227 957
7 1,276 1,800 1,538 9,713 135 454 295 1,251
8 1,390 1,400 1,395 11,108 273 594 434 1,685
9 800 1,800 1,300 12,408 85 507 296 1,981
10 2,140 2,050 2,095 14,503 542 695 619 2,599
11 1,780 1,770 1,775 16,278 927 542 735 3,334
12 1,945 2,090 2,018 18,295 300 812 556 3,890
13 2,150 2,100 2,125 20,420 530 1,162 846 4,736
14 2,150 1,990 2,070 22,490 202 1,100 651 5,387
15 1,900 2,045 1,973 24,463 250 530 390 5,777
16 1,431 2,195 1,813 26,276 535 610 573 6,349
17 1,590 2,050 1,820 28,096 533 950 742 7,091

GLT



A15199 n.8 nan1sInUsuesAngluwsasures BMP Test Ua4dn@IunNaunIn@znau PS:SS 9 0:1 wag Blank (69)

Juil (day)

YSunauineilmundngiu 0:1 (ml)

USunaunneilinuees Blank (ml)

g1 1

9 2 \aae

%1 1

9 2 LAY

dedd deddl
18 1,300 1,808 1,554 29,650 1,800 830 1,315 8,406
19 1,490 1,440 1,465 31,115 1,359 1,082 1,221 9,626
20 1,860 2,150 2,005 33,120 985 1,105 1,045 10,671
21 1,540 1,250 1,395 34,515 1,200 850 1,025 11,696
22 1,780 2,155 1,968 36,482 1,012 876 944 12,640
23 1,500 1,950 1,725 38,207 1,853 659 1,256 13,896
24 1,550 2,249 1,900 40,107 1,700 864 1,282 15,178
25 1,970 2,050 2,010 42,117 1,800 820 1,310 16,488
26 2,000 2,145 2,073 44,189 450 750 600 17,088
27 2,140 2,140 2,140 46,329 260 920 590 17,678
28 2,050 2,148 2,099 48,428 1,500 954 1,227 18,905
29 1,950 1,800 1,875 50,303 1,250 876 1,063 19,968
30 2,140 2,149 2,145 52,448 1,400 912 1,156 21,124
31 2,070 2,190 2,130 54,578 1,620 912 1,266 22,390

9.1



A15197 1.9 A1 COD KavvoLdaaININNENBUNENTEREILANY 9 NOULALMAIN1SNAGBY BMP Test

dmdau | | TCOD TS VS
G mguzu Inlet Outlet Inlet Outlet Inlet Outlet Removal
419 Removal (%) Removal (%)
(PS:SS) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%)
1 67,903.78 22,447.18 66.94 26,513 19,250 27.39 16,739.30 8,960.00 46.47
1:0 2 67,903.78 22,447.18 66.94 26,513 19,250 27.39 16,739.30 8,960.00 ae6.47
\nde 67,903.78 22,447.18 66.94 26,513 19,250 51.66 16,739.30 8,960.00 46.47
1 52,749.14 14,524.65 72.46 24,661 10,705 56.59 14,480.40 4,420.00 69.48
31 2 52,749.14 13,125.00 75.12 24,661 6,275 74.55 14,480.40 2,500.00 82.74
La?{*a 52,749.14 13,824.5 73.79 24,661 8,490 65.57 14,480.40 3,460 76.11
1 37,594.50 18,485.92 50.83 22,392 15,365 31.38 12,878.10 5,595.00 56.55
1:1 2 37,594.50 18,485.92 50.83 22,392 15,365 31.38 12,878.10 5,595.00 56.55
\nde 37,594.50 18,485.92 50.83 22,392 15,365 31.38 12,878.10 7,352.5 56.55
1 22,439.86 10,408.45 53.62 18,972 15,365 19.01 10,021.40 8,680.40 13.38
1:3 2 22,439.86 10,408.45 53.62 18,972 15,365 19.01 10,021.40 8,780.00 12.39
La?‘:‘a 22,439.86 10,408.45 53.62 18,972 15,365 19.01 10,021.40 8,730.2 12.88
1 10,652.92 8,475.87 20.44 13,200 8,099 38.65 6,282.70 1,375.00 78.11
0:1 2 10,652.92 8,475.87 20.44 15,825 8,099 48.82 6,282.70 1,375.00 78.11
\nde 10,652.92 8,475.87 20.44 14,512.5 8,099 4374 6,282.70 1,375.00 78.11
Blank 1 252 130.91 48.05 4,540 3,015 33.59 2,000 1,860 7

L1



A15197 1.9 A1 COD KavvoILTaoIN1NNENBUNENTFAEILANY 9 NOULAYMAIN1SNAABY BMP Test (#0)

dmdau | | TCOD TS TVS
71U
ALY ¥ Inlet Outlet Inlet Outlet Inlet Outlet
4N Removal (%) Removal (%) Removal (%)
(PS:SS) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Blank 2 252 174.55 30.73 4,530 3,210 29.88 2,000 1,860 7
(%8) LQSEJ 252 152.73 39.39 4,535 3,112.5 31.74 2,000 1,860 7
A1319% N.10 A1 pH Alkalinity WagVFA ¥89n1NAZNOUNENTIARZEIUAN 9 NOULAZUAINITNNADY BMP Test
o pH Alkalinity VFA VFA/Alkalinity
dodunay | | v 4
UL N Inlet Outlet Inlet Outlet Inlet Outlet
(PS:SS) Inlet Outlet
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 6.02 7.82 7,380 3,519.45 2,341.18 484.50 0.32 0.14
1:0 2 6.02 7.68 7,380 3,519.45 2,341.18 608.96 0.32 0.17
m?ia 6.02 7.75 7,380 3,519.45 2,341.18 546.73 0.32 0.16
1 6.26 7.70 7,311.67 5,083.65 2,045.47 502.28 0.28 0.10
21 2 6.26 7.55 7,311.67 4,953.30 2,045.47 462.28 0.28 0.09
LQ?{E’J 6.26 7.63 7,311.67 5,018.48 2,045.47 482.28 0.28 0.10
1 6.51 7.51 4,646.67 3,780.15 2,579.16 373.38 0.56 0.10
1:1 2 6.51 7.61 4,646.67 4,562.25 2,579.16 364.49 0.56 0.08
LQSEJ 6.51 7.56 4,646.67 4,171.20 2,579.16 368.93 0.56 0.09

8L1



A1319% N.10 A1 pH Alkalinity LazVFA U8401NAZNOUNANTIENEIUAIN 9 ABULAZUAIN1TNAGDY BMP Test (5i0)

o pH Alkalinity VFA VFA/Alkalinity
dnduney | y
MUIUYGN Inlet Outlet Inlet Inlet Outlet
(PS:SS) Inlet Outlet Outlet (mg/L)
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 6.95 7.45 2,186.67 5,083.65 1,769.28 684.53 0.81 0.13
1:3 2 6.95 7.51 2,186.67 5,344.35 1,769.28 604.52 0.81 0.11
e 6.95 7.48 2,186.67 5214 1,769.28 644.52 0.81 0.12
1 7.46 7.92 751.67 3,519.45 1,225.20 231.14 1.63 0.07
0:1 2 7.46 7.87 751.67 3,519.45 1,225.20 915.66 1.63 0.26
Lag‘a 7.46 7.90 751.67 3,519.45 1,225.20 573.40 1.63 0.16
1 8.74 7.70 9,635 1,435.68 2,378.06 1,594.53 0.25 1.11
Blank 2 8.70 7.68 9,635 1,416.11 2,378.06 1,584.27 0.25 1.12
\de 8.72 7.69 9,635 1,425.89 2,378.06 1,589.40 0.25 1.11

6.1



3. WaNARAYTININNSYITUIEA28TUSUASH SPSS NLUUINADINIAUNAAIENITAY 9

A5199 n.11

HANARATTININNITTITUNEMBTUIEATY SPSS MIUUTNa0InIsaunaaIans Modified Gompertz

dneunan (PS:SS)
’?‘1,4‘1‘7]' (day) 1:0 3:1 11 1:3 0:1

USuufing USuufing UTunaunng USuufing USuuing

. Eror® . Eror® . Eror® . Eror’ . Eror®

iy (ml) Wy (ml) W (ml) Wy (ml) iy (ml)
0 0 0 0 0 0 0 0 0 0 0
1 445 198,435 1,519 2,307,148 1,980 3,920,479 2,164 4,684,714 1,829 3,345,680
2 694 143,831 2,179 868,456 2,771 1,059,747 3,002 1,671,409 2,500 1,638,886
3 1,028 120,159 3,000 107,669 3,733 107,906 4,014 393,719 3,303 124,623
a 1,459 290,068 3,983 20,598 4,862 107,801 5,196 26,124 4,233 10,463
5 1,991 309,036 5,122 285,669 6,146 124,129 6,532 199,371 5,281 545,958
6 2,624 602,890 6,399 486,660 7,566 392,101 8,005 726,790 6,430 620,393
7 3,353 252,567 7,796 787,994 9,097 802,368 9,588 1,221,799 7,664 635,815
8 4,170 39,006 9,288 709,806 10,712 955,350 11,254 1,278,731 8,962 212,955
9 5,060 35,895 10,846 1,119,110 12,382 972,551 12,974 1,415,267 10,302 15,750
10 6,011 54,340 12,445 731,795 14,080 260,049 14,721 800,882 11,663 57,677
11 7,004 28,127 14,058 63,827 15,779 27,622 16,467 111,663 13,028 7,012
12 8,023 9,900 15,662 1,052 17,456 1,231 18,190 10,820 14,377 792
13 9,052 42,284 17,237 223,436 19,093 95,914 19,870 74,131 15,697 162

087



A1599 .11 wandeiediininnisinunemelusinsu SPSS Muudnassmisaauna@ns Modified Gompertz (sie)

dndqumnay (PS:SS)
’qfuﬁl (day) 1:0 3:1 1:1 1:3 0:1

Usunauing , Usunauing , UTuauing , Usunauing , Usunauing ,

- Eror - Eror o Eror - Eror - Eror

iy (ml) Wy (ml) iy (ml) Wy (ml) iy (ml)
14 10,076 102,253 18,764 519,726 20,672 188,825 21,492 324,478 16,975 16,502
15 11,084 68,691 20,230 428,933 22,180 76,165 23,042 188,860 18,201 235,274
16 12,063 10,770 21,626 247,894 23,610 66,791 24,511 138,012 19,368 312,302
17 13,005 131,305 22,943 208,502 24,955 103,942 25,894 178,827 20,470 286,139
18 13,904 189,686 24,178 776,408 26,212 577,615 27,187 971,821 21,505 68,184
19 14,755 472,230 25,327 1,443,266 27,379 1,288,588 28,389 1,533,015 22,471 966,033
20 15,554 471,392 26,392 1,251,266 28,458 1,284,913 29,500 1,459,409 23,369 847,007
21 16,301 661,148 27,373 1,209,472 29,449 1,243,849 30,523 1,179,744 24,199 1,904,759
22 16,994 276,056 28,273 478,062 30,358 924,636 31,461 797,717 24,963 1,256,193
23 17,635 485,976 29,096 409,664 31,186 803,605 32,318 866,761 25,664 1,830,582
24 18,224 947,955 29,845 332,029 31,940 692,807 33,098 899,140 26,305 1,895,688
25 18,764 919,566 30,525 293,125 32,624 457,138 33,807 700,033 26,890 1,592,114
26 19,258 752 31,141 135,225 33,243 25,380 34,448 5,138 27,422 103,317
27 19,707 728,001 31,698 1,553,613 33,801 1,298,415 35,028 1,192,115 27,905 555,845
28 20,115 1,136,782 32,199 2,528,227 34,304 2,351,745 35,551 2,377,486 28,343 1,392,424
29 20,485 2,627,868 32,650 4,519,706 34,756 4,103,866 36,022 4,807,539 28,739 2,548,397

187



A1599 .11 wandeiediininnisinunemelusinsu SPSS Muudnassmisaauna@ns Modified Gompertz (sie)

dodrunay (PS:SS)

o o 1:0 3:1 1:1 1:3 0:1
un (day) —— — — — —
YNy , YNy , Juuney , YNy , YNy i
- Eror - Eror o Eror - Eror - Eror
U (ml) U (ml) U (ML) U (ml) U (ml)
30 20,819 4,756,587 33,055 7,074,802 35,162 6,572,968 36,445 7,529,152 29,096 4,962,692
31 21,120 6,571,686 33,418 8,853,898 35,526 8,902,943 36,825 9,910,345 29,418 7,671,349
sum 22,685,843 39,977,038 39,791,438 47,675,013 35,660,968
sum/n 708,932.59 1,249,282.43 1,243 482.45 1,489,844.17 1,114,405.25
NRMSE 841.98 1,117.71 1,115.12 1,220.59 1,055.65
Max 23,684.000 36,394.000 38,510.000 39,973.000 32,187.500
Min 0 0 0 0 0
NRMSE (%) 3.56 3.07 2.90 3.05 3.28

81



A9 .12 wandaiediinnnsinunemelusunsu SPSS Mkuudiasimisvaunanans Modified Logistic

dodrunay (PS:SS)

o o 1:0 3:1 1:1 1:3 0:1
JUN
USuna o . . .
(day) o , Usuunne , Jsuaune , Usunaung , Jsuaunie ,
AGULNU Eror - Eror - Eror - Eror - Eror
1y (ml) awu (ml) 1y (ml) iy (ml)
(ml)

0 1,269.37 | 1,611,300.20 | 2,792.37 7,797,330.22 3,301.50 | 10,899,902.25 | 3,523.50 | 12,415,052.25 | 2,924.97 8,555,449.50
1 1,494.93 | 2,234,815.70 | 3,271.44 | 10,702,319.67 | 3,854.42 | 14,856,553.54 | 4,104.76 16,849,054.66 | 3,390.20 11,493,456.04
2 1,757.43 468,444.42 3,823.35 6,637,579.32 4,488.14 7,544,031.29 4,769.35 9,362,682.02 3,919.52 7,287,408.23
3 2,061.73 471,598.09 4,455.84 3,182,085.15 5,210.39 3,261,238.69 5,524.98 4,570,958.48 4,518.51 2,460,223.62
4 2,412.93 172,582.08 5,176.34 1,101,114.44 6,028.28 701,875.33 6,378.63 1,808,029.84 5,192.23 733,986.29
5 2,816.16 72,716.52 5,991.48 112,546.83 6,947.76 201,834.55 7,336.08 127,506.13 5,944.82 5,577.10
6 3,276.40 15,276.96 6,906.59 36,255.97 7,973.07 47,930.34 8,401.31 208,109.32 6,779.10 192,633.21
7 3,798.16 3,287.88 7,925.04 576,020.28 9,106.02 785,846.79 9,575.84 1,249,163.88 7,696.12 585,806.54
8 4,385.15 329.42 9,047.58 1,171,633.06 | 10,345.43 | 1,805,180.3d | 10,858.09 | 2,331,454.15 8,694.75 530,348.06
9 5,039.87 28,517.08 10,271.77 | 2,664,174.77 | 11,686.48 | 2,827,509.51 12,242.89 | 3,690,663.63 9,771.25 430,008.06
10 5,763.16 205.64 11,591.37 | 2,921,125.36 | 13,120.40 | 2,158,254.81 | 13,721.07 | 3,588,865.02 | 10,919.10 969,043.36
11 6,553.75 383,470.56 12,996.17 | 1,728,777.93 | 14,634.26 1,718,039.35 15,279.39 | 2,315,296.99 | 12,128.82 664,518.43
12 7,407.97 509,838.84 14,471.88 | 1,341,241.93 | 16,211.26 | 1,639,014.46 | 16,900.74 | 1,941,173.43 | 13,388.21 | 1,034,878.94
13 8,319.46 277,244.37 16,000.56 582,840.63 17,831.29 905,751.92 18,564.80 1,067,502.24 | 14,682.65 1,003,703.42
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M990 .12 wandeiediininnisinunemelusunsu SPSS Mkuudiassmisaaunanans Modified Logistic (sie)

[

aaUNEN (PS:SS)

’?w?i (day) 1:0 3:1 1:1 1:3 0:1

Usunauing , UTuaufing , Usuauing , Usunauing , Usunauing ,

- Eror - Eror - Eror - Eror - Eror

U (ml) 2 (ml) U (ml) W (ml) U (ml)
14 9,279.15 227,863.02 17,561.37 231,967.46 19,471.84 585,469.83 20,248.90 453,063.61 15,995.75 | 1,227,110.06
15 10,275.52 298,094.16 19,131.59 197,056.09 21,109.25 632,422.56 21,929.29 459,290.84 17,310.16 | 1,892,935.71
16 11,294.98 440,922.56 20,687.99 193,608.80 22,720.03 399,386.08 23,582.40 310,360.41 18,608.46 | 1,737,229.44
17 12,322.63 | 1,091,753.32 | 22,208.11 77,500.99 24,282.20 123,060.64 25,186.18 81,122.43 19,874.05 | 1,279,047.90
18 13,343.08 15,730.18 23,671.58 140,685.01 25,776.44 105,261.31 26,121.22 270,628.85 21,092.03 23,094.88
19 14,341.37 75,004.78 25,061.11 874,430.71 27,186.93 889,116.98 28,171.57 | 1,042,583.94 | 22,249.78 579,547.24
20 15,303.81 190,366.42 26,363.20 | 1,187,446.09 | 28,501.84 | 1,387,307.07 | 29,525.25 | 1,520,905.56 | 23,337.42 790,178.77
21 16,218.72 534,682.69 27,568.36 | 1,676,662.42 | 29,713.46 | 1,902,909.89 | 30,774.35 | 1,788,505.02 | 24,347.97 | 2,339,278.48
22 17,076.86 370,101.89 28,671.15 | 1,186,247.72 | 30,817.99 | 2,022,055.56 | 31,914.88 | 1,814,085.73 | 25,277.30 | 2,060,086.09
23 17,871.71 872,748.32 29,669.75 | 1,473,189.06 | 31,815.07 | 2,325,838.50 | 32,946.28 | 2,431,354.12 | 26,123.91 | 3,286,642.67
24 18,599.41 | 1,819,558.19 | 30,565.47 | 1,680,834.46 | 32,707.25 | 2,557,600.56 | 33,870.91 | 2,961,531.23 | 26,888.55 | 3,841,796.00
25 19,258.57 | 2,111,412.42 | 31,362.12 | 1,899,214.73 | 33,499.25 | 2,406,376.56 | 34,693.37 | 2,970,004.16 | 27,573.80 | 3,784,192.09
26 19,849.88 383,631.58 32,065.30 309,469.69 34,197.41 632,677.07 35,419.87 809,766.02 28,183.64 | 1,172,109.37
27 20,375.76 34,128.87 32,681.84 68,727.87 34,809.04 17,281.73 36,057.69 3,882.54 28,723.01 5,185.44
28 20,839.85 116,724.72 33,219.26 324,603.67 35,341.97 245,549.98 36,614.63 228,837.86 29,197.44 105,989.31
29 21,246.62 738,533.98 33,685.33 | 1,189,561.05 | 35,804.12 956,249.29 37,098.66 | 1,245,098.91 | 29,612.73 521,673.95

p8l



M990 .12 wandeiediininnisinunemelusunsu SPSS Mkuudiassmisaaunanans Modified Logistic (sie)

[

aaUNEN (PS:SS)

o o 1:0 3:1 1:1 1:3 0:1
W (day) —— — — — —
YNy Juune , YNy , YNy , YNy i
- Eror® - Eror - Eror - Eror - Eror
U (ml) U (ML) U (ml) U (ml) U (ml)
30 21,601.02 1,957,145.04 | 34,087.73 | 2,648,007.65 | 36,203.25 | 2,318,767.56 | 37,517.61 2,793544.53 | 29974.73 1,819,180.51
31 21,908.21 | 3,153,430.12 | 34,433.82 | 3,842,305.63 | 36,546.73 | 3,854,429.09 | 37,878.94 | 4,385,087.28 | 30,289.10 | 3,603,922.56
sum 20,681,460 59,756,565 72,714,723 87,095,165 66,016,241
sum/n 646,295.63 1,867,392.65 2,272,335.11 2,7121,723.91 2,063,007.54
NRMSE 803.93 1,366.53 1,507.43 1,649.76 1,436.32
Max 23684 36394 38510 39973 32187.5
Min 0 0 0 0 0
NRMSE (%) 3.39 375 391 4.13 4.46

681



A9 .13 NANANA1BTININAITVNUI8A8IUTINTY SPSS ALUUINEDINI9aUNadIdns Pseudo First-order

fndunan (PS:SS)
Fuil 1:0 3:1 1:1 1:3 0:1
(day) | Usuiufine , Usuuing , USuufing , USuufing , USuuing ,
- Eror - Eror - Eror - Eror - Eror
i (ml) Wy (ml) Wy (ml) Wy (ml) iy (ml)
0 0 0 0 0 0 0 0 0 0 0
1 1,127.86 1,272,068.18 2,054.86 4,222,449.62 2,261.54 5,114,563.17 2,349.57 5,520,479.18 1,846.04 | 3,407,863.68
2 2,202.01 1,274,663.58 3,993.69 7,544,305.96 4,390.27 7,015,982.51 4,561.04 8,131,280.37 3,586.21 5,598,949.76
3 3,225.01 3,422,537.00 5,823.06 9,929,179.12 6,393.99 8,937,050.46 6,642.52 | 10,598,410.47 | 5,226.58 | 5,182,816.50
4 4,199.30 4,847,923.24 7,549.14 | 11,711,042.18 | 8,280.04 9,545,257.41 8,601.65 12,728,126.52 | 6,772.86 | 5,940,723.77
5 5,127.18 6,659,909.26 9,177.76 | 12,402,793.50 | 10,055.33 | 12,651,039.65 | 10,445.63 | 12,017,523.56 | 8,230.47 | 4,888,388.34
6 6,010.88 6,816,694.37 10,714.43 | 13,085,799.80 | 11,726.36 | 12,491,700.61 | 12,181.22 | 11,047,114.64 | 9,604.48 | 5,695,286.79
7 6,852.50 8,982,009.00 | 12,164.34 | 12,112,766.52 | 13,299.26 | 10,934,661.70 | 13,814.79 | 9,742,451.26 | 10,899.69 | 5,944,770.48
8 7,654.04 | 10,804,631.96 | 13,532.38 | 11,576,189.66 | 14,779.79 | 9,552,982.82 15,352.35 | 8,805,166.02 12,120.61 | 7,277,099.71
9 8,417.40 | 12,576,952.96 | 14,823.18 | 8,521,611.87 | 16,173.37 | 7,870,100.84 | 16,799.53 | 6,946,018.38 | 13,271.51 | 8,091,237.14
10 9,144.42 | 11,336,150.29 | 16,041.10 | 7,510,888.36 17,485.12 | 8,384,615.18 18,161.64 | 6,482,828.90 14,356.41 | 6,016,767.47
11 9,836.81 7,095,883.72 | 17,190.25 | 8,290,080.56 | 18,719.83 | 7,699,681.53 | 19,443.69 | 6,983,810.44 | 15,379.08 | 5929,614.61
12 10,496.23 | 5,636,968.09 18,274.52 | 6,993,486.03 19,882.03 | 5,714,633.68 | 20,650.38 | 5,552,526.70 16,343.11 | 3,754,332.51
13 11,124.25 | 5,190,423.06 | 19,297.57 | 6,418,976.94 | 20,975.98 | 4,809,161.28 | 21,786.15 | 4,788,000.42 | 17,251.84 | 2,456,554.68
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A9 .13 NANANAIBTININAITVNIUI8A8IUTLNTY SPSS NkUUINAIMI9aUNadIdns Pseudo First-order (#8)

dodrunay (PS:SS)

Fuil 1:0 3:1 1:1 1:3 0:1
(day) | s , USuuning , UTununneg , Usuufing , USuufing ,
- Eror - Eror o Eror - Eror - Eror
anu (ml) W (ml) 21w (ml) W (ml) U (ml)

14 11,722.36 | 3,864,605.54 | 20,262.86 | 4,927,778.42 | 22,005.68 | 3,128,228.94 | 22,855.15 | 3,737,068.92 | 18,108.46 1,009,944.60
15 12,291.99 | 2,162,340.84 | 21,173.65 | 2,554,083.42 | 22,974.92 | 1,145,798.98 | 23,861.32 | 1,573,318.66 | 18,915.95 52,877.00
16 12,834.49 766,482.74 22,033.01 819,043.10 23,887.23 286,471.15 24,808.35 447,360.32 19,677.12 62,190.38
17 13,351.16 267.00 22,843.85 127,699.02 24,745.97 12,762.22 25,699.71 52,308.26 20,394.65 372,527.12
18 13,843.22 140,415.08 23,608.91 97,600.01 25,554.28 10,461.20 26,538.68 114,027.78 21,071.02 29,922.08
19 14,311.85 59,706.92 24,330.78 41,934.85 26,315.12 5,058.05 27,328.34 31,627.07 21,708.60 48,444.01
20 14,758.17 11,953.05 25,011.88 68,445.02 27,031.27 85,690.85 28,071.58 48,584.98 22,309.61 19,290.43
21 15,183.23 92,580.23 25,654.54 383,111.48 27,705.38 395,163.10 28,771.13 443,382.86 22,876.15 3,323.52
22 15,588.05 775,192.20 26,260.90 | 1,745,305.21 | 28,339.89 | 1,115,368.33 | 29,429.57 | 1,296,022.86 | 23,410.21 186,442.60
23 15,973.58 929,141.77 26,833.03 | 2,634,031.62 | 28,937.14 | 1,830,230.18 | 30,049.30 | 1,789,441.29 | 23,913.63 157,902.92
24 16,340.76 827,626.87 27,372.86 | 3,595,346.90 | 29,499.32 | 2,587,851.34 | 30,632.61 | 2,302,472.41 | 24,388.18 291,945.70
25 16,690.46 | 1,243,314.20 | 27,882.20 | 4,417,563.24 | 30,028.48 | 3,684,557.03 | 31,181.63 | 3,198,267.26 | 24,835.51 628,833.14
26 17,023.50 | 4,870,849.00 | 28,362.79 | 9,898,637.36 | 30,526.57 | 8,268,097.68 | 31,698.37 | 7,961,595.86 | 25,257.19 | 3,399,635.32
27 17,340.68 | 10,367,240.83 | 28,816.24 | 17,038,402.62 | 30,995.40 | 15,563,814.01 | 32,184.75 | 15,486,192.56 | 25,654.69 | 8,977,873.62
28 17,642.76 | 12,522,680.79 | 29,244.10 | 20,656,116.01 | 31,436.71 | 19,366,952.62 | 32,642.53 | 19,806,683.22 | 26,029.39 | 12,205,310.83
29 17,930.45 | 17,435,217.80 | 29,647.79 | 26,298,537.80 | 31,852.09 | 24,304,012.61 | 33,073.41 | 26,430,806.39 | 26,382.59 | 15,621,544.81
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=
MN1INN

1.13 NANANAIBTININAITVINIUI8A8TUTLATU SPSS NkUUINAIMI9RaUNarIdns Pseudo First-order (#8)

dodrunay (PS:SS)

UN 1:0 3:1 1:1 1:3 0:1
(day) | Yauneuing UTununng , UTununng , USuufing , USuufing ,
- Eror® - Eror o Eror - Eror - Eror
21U (ml) 21y (ml) 21w (ml) W (ml) U (ml)
30 18,204.44 | 22,997,395.71 | 30,028.69 | 32,334,121.42 | 32,243.09 | 30,062,302.07 | 33,478.96 | 32,604,556.80 | 26,715.54 | 21,233,295.36
31 18,465.39 | 27,233,890.33 | 30,388.08 | 36,071,075.05 | 32,611.12 | 34,796,785.25 | 33,860.68 | 37,360,455.78 | 27,029.40 | 26,605,995.61
sum 192,217,716 284,028,403 257,371,036 264,027,910 161,091,704
sum/n 6,006,803.61 8,875,887.58 8,042,844.89 8,250,872.19 5,034,115.77
NRMSE 2,450.88 2,979.24 2,835.99 2,872.43 2,243.68
Max 23,684.00 36,394.00 38,510.00 39,973.00 32,187.50
Min 0 0 0 0 0
NRMSE
10.35 8.19 7.36 7.19 6.97
(%)
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AMANUIN UV

N13ANAIIZUU Two-stage CSTR



191

1. i’]ﬂﬂqiﬁ'lu’lmﬂ'ﬁﬂaﬂLLUU‘QGWIﬂa'é]\‘lizUU Two-stage CSTR

A19°97 2.1 AINISLAUTEUU Two-stage CSTR

. ANNERUTTUY
WITHAD3
CSTR 1 CSTR 2
Feed dndnunannnazney PS:SS 7 1:3 Effluent CSTR 1
Volume reactor (L) 3 225
Dimeter (cm) 15.24 (6”) 15.24 (6”)
Height (cm) 19 126.81
HRT (d) 1.6 24
Operating days (d) 220
OLR (kg VS/m*-day) 0.44
$18N15AUI

Avualil uszuulduluy Semi-continuous Feed wazlu 1 Tu fiszaziiaviujisen 21

hr S282AINNANALNBY 2 hr kAYSTELLIAMATULLYN-080 1 hr

® (STR1
COD fed = 42,019 mg/L
TVSteq (Mg/L) = 10,641 mg/L
V = 3 L
HRT = 1.6 d
OLRugu, - COD/HRT or TVS/HRT
= 42,019 mg COD/L x 1 ke x 1,000 L
256 d 1,000,000 mg 1 m?
= 1.64 ke COD/m?>-d
= 10,641 mg COD/L x 1 ke x 1,000 L
256 d 1,000,000 mg 1 m?
- 0.44 kg VS/m>d
Linout/day = Qxt

= 3L x21hrx 1d
1.6 d 1 d 24 hr




|—in,out/day

AYUA YUIRNe (vie PVC)
? lu
@ uUsn
AT

21N V N93058UDN

1%
o

wld  Anwgevessyiuth

Freebord

(50% Biogas Production)
H 374

AMUUA VUIRUNIUY

N4
817
CSTR 2
V
HRT

Lin,out/day

1.641 L/day
6 inch
0.1524 m
153.3 mm
0.1533 m
165 mm
0.165 m
11.7 mm
0.0117 m
TUir*h

(V x 4)/(TLQ?)
(3L x4) x _1m?

TUx (0.1533 m)> 1,000 L
0.1626 m

16.262 cm

50% x (Vbiogas/day @HRT 1.6 d X 4)/(7-[@2)
0.5 x(4x(017101) x _1m’

(TT x (0.1533 m)?) 1,000 L

0.00463 m
0.46 cm
16.262 cm + 0.463 cm
16.73 cm
2 cm
7 cm
22.5 L
24 d
QOxt
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Lir\,out/ day

AVUA VUINDS (18 PVC)

1N

azle

? Tu

@ usn

AINUARUT

V 1133058UDN

1%
o

ANEIYBITEAUIN

Freebord

(50% Biogas Production)

AU 1Yo 6 ¢ 119 2 959U

H 334

2251 x21lhrx 1d

24d 1 d 24hr

0.820 L/day
6 inch
0.1524 m
153.3 mm
0.1533 m
165 mm
0.165 m
11.7 mm
0.0117 m
Tir’h

(V x 4)/(TL@?)

(225 L x 4) x _1m?
TUx (0.1533 my 1,000 L
1.2196 m
121.963 cm

50% x (Vbiogas/day @HRT 24 d X 4)/(7-[@2)

0.5 x(4x(2.0451) x _1m?
(TUx (0.1533 m)») 1,000 L

0.0554 m

5.54 cm
121.963 cm + 554  cm
127.50 cm
16.73 cm + 127.50 cm
144.23 cm
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2. TwandungunInlynnaasdszuu Two-stage CSTR

M1319% 9.2 1888198 UNTAlYANARBITEUU Two-stage CSTR

194

wuau

U
518715 YUIA

Usauneu ATl

1. vl PVC § 13.5 6 i 1 viou
(4 Wn3/viou)

2. viodumthuau PVC 6 1 q u
3. Useiiuens 6 1 q u
4. yiuwdauniusn PVC %1 20 1. 6 1 q u
5. Gas Counter - 2 L?ﬁ'm
6. U i 3 \A3eq
7. 4awasnIu AC (a1 7 mm) 14W, 60 rpm 1 P
8. ununiauluniuaunuLad 2*7 cm 1 u
9. @8819TALAY 7*9 mm 10 LIRS
10. flenwanadn p” il u
11. Wandmanain ID 5.86 mm 11 u
12. yatonanjawnuaadmsuganii M20 x 80 32 U




ANANUIN A

NANTILAUTZUU Two-stage CSTR



1. WanISIAANNYYIININYD9I52UU Two-stage CSTR

A13°97 A.1 WaNISIAARNETININVDITEUY Two-stage CSTR

196

USunauingdininsiedu (ml)

USunauinedininsiedu (ml)

UN IUN
CSTR 1 CSTR 2 CSTR 1 CSTR 2
0-34 0 0 63 0 2,108
35 0 68 64 0 1,428
36 0 68 65 0 2,040
37 0 68 66 0 1,904
38 0 68 67 0 1,768
39 0 612 68 0 2,992
40 0 204 69 0 2,924
41 0 136 70 0 2,516
42 0 204 71 0 2,652
43 0 68 72 0 2,108
a4 0 204 73 0 2,040
45 0 204 74 0 1,428
46 0 238 75 0 2,312
a7 0 272 76 0 1,632
48 0 68 1 0 1,904
49 0 238 78 0 2,720
50 0 408 79 0 2,720
51 0 68 80 0 2,380
52 0 204 81 0 1,768
53 0 170 82 0 1,836
54 0 136 83 0 1,224
55 0 340 84 0 1,360
56 0 272 85 0 952
57 0 544 86 0 748
58 0 408 87 0 1,088
59 0 680 88 0 544
60 0 1,224 89 0 680
61 0 1,496 90 0 476
62 0 1,632 91 0 612




A19°97 A.1 WaNISIAARITININVDITEUU Two-stage CSTR (sig)

197

USunauinediningiedu (ml)

USunauiedininsiedu (ml)

UN IUN
CSTR 1 CSTR 2 CSTR 1 CSTR 2
92 0 544 123 0 1,632
93 0 816 124 0 1,564
94 0 748 125 0 1,700
95 0 748 126 0 1,496
96 0 680 127 0 1,972
97 0 are 128 0 952
98 0 748 129 0 1,088
99 0 612 130 0 1,156
100 0 1,564 131 0 990
101 0 1,564 132 0 540
102 0 aré 133 0 585
103 0 884 134 0 630
104 0 1,292 135 0 540
105 0 952 136 0 270
106 0 1,564 137 0 540
107 0 2,584 138 0 900
108 0 1,428 139 0 630
109 0 2,924 140 0 360
110 0 2,924 141 0 360
111 0 2,652 142 0 810
112 0 2,380 143 0 720
113 0 2,856 144 0 270
114 0 2,448 145 0 270
115 0 1,904 146 0 180
116 0 3,060 147 0 450
117 0 2,652 148 0 630
118 0 2,176 149 0 450
119 0 1,564 150 0 450
120 0 1,360 151 0 360
121 0 1,496 152 0 270
122 0 1,496 153 0 450




A19°97 A.1 WaNISIAARITININVDITEUU Two-stage CSTR (sig)

198

USunauiedininsiedu (ml)

USunauiedininsiedu (ml)

IUN JUN
CSTR 1 CSTR 2 CSTR 1 CSTR 2

154 0 150 185 0 450
155 0 450 186 0 360
156 0 270 187 0 450
157 0 450 188 0 360
158 0 450 189 0 450
159 0 450 190 0 360
160 0 180 191 0 450
161 0 450 192 0 450
162 0 720 193 0 450
163 0 360 194 0 450
164 0 90 195 0 450
165 0 360 196 0 270
166 0 270 197 0 540
167 0 270 198 0 450
168 0 450 199 0 630
169 0 360 200 0 450
170 0 450 201 0 360
171 0 360 202 0 450
172 0 450 203 0 360
173 0 360 204 0 450
174 0 450 205 0 360
175 0 450 206 0 450
176 0 450 207 0 450
177 0 450 208 0 450
178 0 450 209 0 450
179 0 270 210 0 450
180 0 540 211 0 270
181 0 450 212 0 540
182 0 630 213 0 450
183 0 360 214 0 630
184 0 450 215 0 450




A19°97 A.1 WaNISIAARITININVDITEUU Two-stage CSTR (sig)

199

o Ysunauiedinmseiu (ml) il YSunauietnmsedu (m)
o CSTR 1 CSTR 2 CSTR 1 CSTR 2
216 0 450 219 0 270
217 0 450 220 0 540
218 0 450
2. UszAnsnmnisnianaAl TVS ¥8952UU Two-stage CSTR
A151971 A.2 Usgavsnmnisiidnan TVS vesszuy Two-stage CSTR
o o TVS (mg/L)
UN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2
1 6,980 1,000 210 96.99
2 2,050 1,080 550 93.73
3 1,500 880 565 93.70
a 6,795 1,105 430 93.67
5 7,140 1,055 680 90.48
6 4,650 920 120 97.42
7 5,615 795 125 91.77
8 7,780 975 420 94.60
9 9,375 3,240 655 93.01
10 10,490 5,175 555 94.71
11 9,255 4,627 455 95.08
12 8,020 4,080 290 96.38
13 4,730 4,060 610 87.10
14 3,060 2,685 230 92.48
15 3,225 665 515 84.03
16 4,465 3,235 315 92.95
17 5,090 815 360 92.93
18 5,150 2,745 570 88.93
19 3,020 2,390 335 88.91
20 6,990 3,615 725 89.63
21 6,980 4,025 615 91.19
22 15,840 4,902 565 96.43




A13°97 A.2 Uszdnsnmn1sindna TVS 98958UU Two-stage CSTR (#19)

200

o4 VS (me/L)
JUN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2

23 25,695 5,780 515 98.00
25 6,235 5,105 755 87.89
27 7,655 6,165 655 91.44
28 5,090 2,875 1,340 92.83
31 13,220 11,025 765 94.21
37 21,350 18,600 800 96.25
40 17,453 1,070 465 97.34
43 13,555 4,305 125 94.65
a6 9,658 7,905 610 94.16
49 5,760 450 365 93.66
52 20,205 19,370 1,090 94.61
55 21,040 3,215 1,315 93.75
58 19,621 12,355 1,090 94.44
61 18,202 16,610 1,110 93.90
64 20,445 20,445 450 97.80
67 15,365 3,405 695 95.48
71 15,680 10,095 325 97.93
73 15,995 15,995 940 94.12
7 23,110 23,110 520 97.75
79 14,965 5,355 820 94.52
82 9,295 2,290 420 95.13
85 10,203 2,040 435 95.74
87 9,749 1,790 450 95.38
90 9,522 1,300 510 94.64
93 9,295 7,880 590 95.68
96 10,657 2,890 350 96.72
99 12,020 3,700 640 94.68
102 12,020 3,190 510 95.76
105 12,020 6,870 510 95.76
108 12,020 11,810 150 98.75




A19197 A.2 Uszdnsnmn1sindnan TVS 98938UU Two-stage CSTR (#19)

201

o4 VS (me/L)
JUN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2

110 12,020 10,450 590 95.09
113 14,920 11,810 1,165 94.57
115 14,965 11,810 760 94.32
118 17,082 14,990 1,015 94.06
122 18,141 16,775 737 95.93
125 19,200 18,560 460 97.60
127 14,325 10,450 220 98.46
130 9,450 2,340 420 95.56
133 5,200 660 210 95.96
136 6,560 2,850 350 94.66
139 7,920 2,025 450 94.32
140 9,280 1,200 390 95.80
142 10,640 1,860 390 96.33
145 10,640 1,780 390 96.33
148 9,289 2,040 110 98.82
151 7,938 2,840 215 97.29
152 8,694 1,250 320 96.32
156 9,072 3,750 200 97.80
159 9,450 1,430 70 99.26
162 6,990 3,011 515 92.63
165 6,980 1,411 615 91.19
168 6,235 669 335 94.63
171 7,655 753 360 95.30
174 12,295 874 515 95.81
177 7,110 1,068 610 91.42
180 9,295 796 455 95.10
183 7,933 6,143 655 91.74
186 6,570 640 125 98.10
189 5,200 2,297 520 90.00
192 9,450 1,962 565 94.02
195 14,325 2,008 210 98.53




A13°97 A.2 Uszdnsnmn1sindna TVS 98958UU Two-stage CSTR (#19)

202

o4 VS (me/L)
JUN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2

198 14,920 2,992 550 96.31
201 7,655 1,170 430 94.38
204 15,840 1,826 120 99.24
207 15,840 1,411 420 97.35
210 10,640 1,036 555 94.78
213 12,020 5,309 290 97.59




3.

UsEANSAINN13A1A COD Y8932 UU Two-stage CSTR

A19719% A.3 Uszdndnmn1sinda COD U933 UU Two-stage CSTR

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency
o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)
1 28,571.43 25,000.00 40,145.99 21,897.81 25,547.45 7,299.27 29.76 52.88
34,358.71 23,448.91 40,145.99 21,897.81 25,547.45 7,299.27 25.64 68.87
7 39,651.26 23,735.96 44,943.82 22,471.91 26,217.23 14,981.27 33.88 36.88
10 28,571.43 25,000.00 25,000.00 17,857.14 14,285.71 3,571.43 50.00 85.71
13 25,000.00 19,642.86 21,428.57 14,285.71 14,285.71 7,142.86 42.86 63.64
17 29,675.57 20,501.64 25,000.00 14,285.71 21,428.57 10,714.29 27.79 47.74
19 34,351.15 26,717.56 26,717.56 15,267.18 22,900.76 7,633.59 33.33 71.43
22 32,442.75 24,809.16 30,534.35 22,900.76 22,900.76 15,267.18 29.41 38.46
25 29,962.55 14,981.27 14,981.27 7,490.64 11,235.96 3,745.32 62.50 75.00
28 69,288.39 36,816.48 67,415.73 37,453.18 11,235.96 7,490.64 83.78 79.65
31 46,316.48 21,835.21 22,471.91 7,490.64 14,981.27 3,745.32 68.00 82.85
37 71,161.05 36,179.78 26,217.23 22,471.91 14,981.27 7,490.64 78.95 79.30
40 65,320.30 40,394.72 59,479.55 44,609.67 29,739.78 22,304.83 54.47 44.78
43 46,468.40 40,892.19 44,609.67 37,174.72 40,892.19 22,304.83 12.00 45.45
a4 48,327.14 44,609.67 48,327.14 44,609.67 29,739.78 22,304.83 38.46 50.00
49 48,327.14 37,174.72 48,327.14 22,304.83 33,457.25 7,434.94 30.77 80.00

204



A1319% A.3 Uszdnsnmn1sinda COD U9953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency

o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)
52 78,066.91 46,468.40 78,066.91 70,631.97 37,174.72 7,434.94 52.38 84.00
55 70,631.97 45,762.08 63,197.03 33,457.25 26,022.30 7,434.94 63.16 83.75
58 55,315.99 38,119.14 34,285.71 15,238.10 19,047.62 15,238.10 65.57 60.03
61 40,000.00 30,476.19 36,190.48 30,476.19 34,285.71 22,857.14 14.29 58.65
64 43,809.52 30,476.19 38,095.24 22,857.14 30,476.19 22,857.14 30.43 58.65
67 49,523.81 38,095.24 47,619.05 26,666.67 22,857.14 15,238.10 53.85 60.00
71 40,000.00 35,238.10 30,476.19 35,238.10 26,666.67 19,047.62 33.33 45.95
73 50,476.19 32,380.95 50,476.19 32,380.95 30,476.19 22,857.14 39.62 29.41
7 60,952.38 29,047.62 60,952.38 22,857.14 15,238.10 11,428.57 75.00 60.66
79 34,285.71 26,666.67 19,047.62 15,238.10 15,238.10 11,428.57 55.56 57.14
82 39,484.78 25,136.61 37,064.79 19,422.33 23,356.75 11,615.93 40.85 53.79
87 44,683.84 23,606.56 55,081.97 23,606.56 31,475.41 11,803.28 29.56 50.00
90 55,081.97 25,409.84 55,081.97 33,442.62 27,540.98 15,737.70 50.00 38.06
93 55,081.97 27,213.11 55,081.97 43,278.69 27,540.98 9,836.07 50.00 63.86
96 62,086.44 26,666.67 19,672.13 15,737.70 26,594.92 3,934.43 57.16 85.25
99 69,090.91 17,272.73 18,181.82 10,909.09 10,909.09 3,636.36 84.21 78.95
102 54,698.13 22,324.89 32,977.10 25,648.85 25,648.85 14,656.49 53.11 34.35
105 47,501.73 27,377.05 21,984.73 7,328.24 18,320.61 3,664.12 61.43 86.62

144



A1319% A.3 Uszdnsnmn1sinda COD U9953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency
o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)

108 40,305.34 18,320.61 29,312.98 14,656.49 25,648.85 10,992.37 36.36 40.00
110 47,693.66 22,930.80 28,426.98 19,131.52 21,984.73 14,656.49 53.90 36.08
113 55,081.97 27,540.98 27,540.98 23,606.56 27,540.98 19,672.13 50.00 28.57
115 47,272.73 18,181.82 21,818.18 1,272.73 10,909.09 3,636.36 76.92 80.00
118 51,177.35 22,861.40 14,545.45 14,545.45 18,181.82 14,545.45 64.47 36.38
121 41,952.31 20,521.61 23,636.36 9,090.91 21,818.18 11,090.91 47.99 45.95
125 32,127.27 18,181.82 32,7121.27 3,636.36 25,454.55 7,636.36 22.22 58.00
128 31,493.51 17,337.66 30,259.74 5,584.42 22,900.43 6,632.03 27.29 61.75
131 30,259.74 16,493.51 27,7192.21 7,532.47 20,346.32 7,627.71 32.76 53.75
134 29,951.30 16,282.47 35,411.26 9,437.23 24,155.84 7,627.71 19.35 53.15
137 28,871.75 15,543.83 29,134.20 10,432.90 19,696.97 7,623.38 31.78 50.96
140 27,792.21 14,805.19 22,857.14 11,428.57 15,238.10 7,619.05 45.17 48.54
143 27,175.32 14,383.12 38,095.24 15,238.10 22,857.14 7,619.05 15.89 47.03
146 22,857.14 11,428.57 15,238.10 11,428.57 7,619.05 3,809.52 66.67 66.67
149 22,857.14 11,428.57 22,857.14 19,047.62 19,047.62 3,809.52 16.67 66.67
152 22,857.14 11,428.57 15,238.10 15,238.10 15,238.10 3,809.52 33.33 66.67
155 55,081.97 27,213.11 55,081.97 43,278.69 27,540.98 13,606.56 50.00 50.00
158 51,177.35 22,697.47 38,450.07 25,275.71 19,225.04 9,621.46 62.43 57.61

G0¢



A1319% A.3 Uszdnsnmn1sinda COD U9953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency
o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)

161 49,225.04 20,439.64 30,134.13 16,274.22 15,067.06 7,628.91 69.39 62.68
164 47,272.73 18,181.82 21,818.18 1,272.73 10,909.09 5,636.36 76.92 69.00
167 42,402.60 17,337.66 22,077.92 8,311.69 11,991.34 6,132.03 71.72 64.63
170 37,532.47 16,493.51 22,337.66 9,350.65 13,073.59 6,627.71 65.17 59.82
173 30,715.35 17,388.05 26,409.06 13,427.01 14,389.93 8,618.27 53.15 50.44
176 27,792.21 14,805.19 22,857.14 11,428.57 15,238.10 7,619.05 45.17 48.54
179 30,715.35 17,388.05 26,409.06 13,427.01 14,389.93 8,618.27 53.15 50.44
182 33,638.49 19,970.90 29,960.97 15,425.45 13,541.76 9,617.49 59.74 51.84
185 36,561.64 22,553.76 33,512.88 17,423.89 12,693.60 10,616.71 65.28 52.93
188 39,484.78 25,136.61 37,064.79 19,422.33 11,845.43 11,615.93 70.00 53.79
191 37,178.52 22,975.84 34,746.65 16,449.86 19,693.21 10,118.87 47.03 55.96
194 34,872.26 20,815.06 32,428.50 13,477.40 27,540.98 8,621.82 21.02 58.58
197 32,566.00 18,654.28 30,110.35 10,504.93 20,276.34 7,124.76 37.74 61.81
200 30,259.74 16,493.51 27,792.21 7,532.47 13,011.69 5,627.71 57.00 65.88
203 37,471.79 20,050.03 41,437.09 15,569.51 14,548.94 8,715.49 61.17 56.53
206 37,471.79 20,050.03 41,437.09 15,569.51 14,548.94 8,715.49 61.17 56.53
209 44,683.84 23,606.56 55,081.97 23,606.56 16,086.18 11,803.28 64.00 50.00
212 41,000.71 21,775.53 50,164.29 20,064.23 22,857.14 10,259.39 44.25 52.89

90¢



A1319% A.3 Uszdnsnmn1sinda COD U9953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency

o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)
215 37,317.57 19,944.51 45,246.61 16,521.89 15,381.16 8,715.49 58.78 56.30
218 33,634.43 18,113.49 40,328.93 12,979.56 15,028.65 7,171.60 55.32 60.41
221 29,951.30 16,282.47 35,411.26 9,437.23 14,676.14 5,627.71 51.00 65.44

L0C



4.

A1 pH Y9933UU Two-stage CSTR

A5197i A.4 A1 pH ¥8932UU Two-stage CSTR

208

o o pH o o pH
IUN IUN
Influent CSTR 1 CSTR 2 Influent CSTR 1 CSTR 2
2 6.83 7.2 7.25 32 6.63 7.04 7.03
3 6.69 7.26 7.25 34 6.87 6.70 7.15
a4 6.7 7.2 7.49 38 7.24 6.67 7.10
5 6.68 6.96 7.57 39 6.91 6.9 7.08
6 6.83 7.23 7.5 40 6.96 6.87 7.09
7 6.74 7.17 7.35 a1 6.97 6.9 7.08
8 6.84 7.13 7.51 42 6.97 6.9 7.16
9 6.94 7.09 7.4 a4 6.7 7.05 7.17
10 7.01 7.02 7.45 45 6.77 7.05 7.26
11 6.86 6.78 7.33 50 6.84 6.94 7.58
12 7.58 7.25 7.3 53 6.9 6.92 7.36
13 6.98 6.97 7.38 55 6.94 6.8 7.57
14 6.95 6.96 7.34 56 6.98 6.65 7.25
15 7.04 7.08 7.32 59 6.83 6.9 7.25
16 7.08 7.1 7.3 60 6.85 6.9 7.09
17 7.12 7.33 7 62 6.87 6.9 7.49
18 7.11 7.04 7.37 63 6.8 6.9 7.09
19 7.08 7 7.3 65 6.89 6.9 7.13
20 6.94 6.71 7.28 68 6.98 6.9 7.01
21 6.96 6.78 7.28 70 6.85 6.9 6.98
22 6.97 6.79 7.33 72 6.9 6.9 7
23 6.85 6.79 7.3 73 6.9 6.9 6.96
24 6.64 6.7 7.22 74 6.95 6.9 7.02
25 6.96 6.8 7.16 76 7 6.9 7.21
26 7.01 6.86 7.19 78 7 6.9 7.09
27 6.95 6.76 7.15 79 7.05 6.9 7.19
28 7.04 6.72 7.01 80 7.04 6.69 7.18
29 6.94 6.93 7.01 83 6.84 7.07 7.02
30 6.91 6.7 6.91 85 6.83 6.94 7.25




A519i A.4 A1 pH U9432UU Two-stage CSTR (619)

209

o o pH o o pH
IUN IUN
Influent CSTR 1 CSTR 2 Influent CSTR 1 CSTR 2

88 6.88 6.86 7.02 155 6.95 7.14 7.46
90 6.84 6.95 7.1 157 6.62 6.93 7.44
91 7.07 7 7.12 160 6.79 6.92 7.41
94 7.01 6.84 7.11 162 6.95 6.9 7.38
95 6.9 6.9 7.12 167 6.98 6.97 7.36
97 6.91 6.85 7.02 169 7.07 6.97 7.25
100 6.77 6.75 7.08 173 7.23 7.03 7.53
103 6.79 6.9 7.03 176 7.05 6.9 7.38
105 6.81 6.9 6.99 180 7.02 6.73 7.31
106 6.71 6.9 6.96 182 7.12 7.15 7.33
109 6.86 6.9 6.97 184 7.07 6.9 7.27
110 6.81 6.9 7.05 185 7.15 7.18 7.33
111 6.88 6.9 7.25 187 7.16 6.9 7.29
114 6.76 6.9 7.25 190 7.17 6.9 7.25
116 6.95 6.9 7.25 191 7.24 7.22 7.45
119 6.99 6.88 6.93 193 7.19 6.9 7.48
120 6.915 6.76 7.25 194 7.18 7.2 7.39
121 6.84 6.64 6.94 197 6.98 6.94 7.38
122 6.825 6.77 6.93 199 6.98 7.2 7.41
125 6.8175 6.835 6.96 200 7.16 6.9 7.3
126 6.81 6.9 6.93 202 7.2 7.165 7.42
128 6.89 6.73 7.06 204 7.24 6.98 7.54
131 6.87 7.17 7.18 206 7.175 6.975 7.58
134 6.93 7.15 7.21 208 7.11 6.97 7.25
137 6.98 7.13 7.24 211 6.98 7.13 7.25
141 7.07 7.16 7.28 212 6.98 7.04 7.47
143 7.25 7.18 7.31 214 6.98 6.9 7.51
145 7.22 7.15 7.32 215 6.98 7.12 7.48
147 7.18 7.12 7.33 216 7.16 7.2 7.45
149 7.23 7.24 7.41 217 6.98 7.17 7.55
152 7.27 6.9 7.48 218 7.22 7.16 7.41




5. A1 VFA/Alkalinity ¥9933UU Two-stage CSTR

A15197i A.5 A1 VFA way Alkalinity 99932 UU Two-stage CSTR

" Alkalinity (mg/L as CaCO5) VFA (mg/L as mg/L as CH,COOH) VFA/Alkalinity
o Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2
1 1,265 1,361 1,093 1,164.34 664.44 84.23 0.92 0.49 0.08
4 1,265 1,361 1,093 1,164.34 464.05 21.09 0.92 0.34 0.02
9 1,265 1,361 1,093 1,427.15 506.24 107.62 1.13 0.37 0.10
14 1,265 1,361 1,093 1,345.27 548.42 109.68 1.06 0.40 0.10
19 1,265 1,361 1,093 1,304.33 1,062.66 162.46 1.03 0.78 0.15
20 1,427 1,369 1,045 1,263.38 1,576.89 215.24 0.89 1.15 0.21
23 1,508 1,373 1,021 2,255.37 1,066.85 280.75 1.50 0.78 0.27
24 1,589 1,377 997 1,696.21 1,293.80 264.38 1.07 0.94 0.27
27 1,480 1,129 952 1,137.04 1,520.74 248.00 0.77 1.35 0.26
29 1,371 881 906 1,438.85 1,965.88 172.96 1.05 223 0.19
33 1,407 1,281 1,028 1,740.66 1,745.34 238.64 1.24 1.36 0.23
34 1,442 1,680 1,149 1,552.46 1,122.16 185.62 1.08 0.67 0.16
37 1,243 1,362 944 1,289.81 1,458.48 456.39 1.04 1.07 0.48
39 1,143 1,202 842 1,870.22 1,870.22 491.12 1.64 1.56 0.58
41 1,043 1,043 739 1,250.12 1,493.20 357.18 1.20 1.43 0.48
43 1,083 1,043 863 1,622.18 1,775.97 644.90 1.50 1.70 0.75

01¢



A5 A.5 A1 VFA way Alkalinity 989352UU Two-stage CSTR (#19)

r Alkalinity (mg/L as CaCOs) VFA (mg/L as mg/L as CH;COOH) VFA/Alkalinity

o Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2
44 1,124 1,043 987 1,733.80 1,798.29 135.00 1.54 1.72 0.14
a7 1,164 1,043 1,111 1,845.42 1,820.61 510.96 1.59 1.75 0.46
49 1,204 1,043 1,235 1,336.14 1,257.15 413.68 1.11 1.21 0.33
54 1,184 1,154 860 826.85 1,033.57 316.40 0.70 0.90 0.37
59 1,245 1,306 1,113 1,381.60 1,590.43 210.93 1.11 1.22 0.19
64 1,235 1,797 1,346 1381.60 1754.95 126.56 1.12 0.98 0.09
69 1,377 1,194 1,255 1,936.35 2,008.07 371.24 1.41 1.68 0.30
74 1,285 1,204 1,316 1,936.35 1,767.61 624.36 1.51 1.47 0.47
79 1,103 1,336 1,468 1,936.35 295.30 371.94 1.76 0.22 0.25
84 2,186 2,186 2,571 1,034.44 783.04 119.52 0.47 0.36 0.05
89 2,368 2,247 2,611 984.99 647.04 168.97 0.42 0.29 0.06
94 2,105 2,785 2,490 984.99 395.64 160.73 0.47 0.14 0.06
99 1,903 2,348 2,591 616.02 672.85 121.47 0.32 0.29 0.05
104 2,510 2,267 2,986 587.83 950.06 134.48 0.23 0.42 0.05
108 2,075 2,186 2,146 559.63 1,258.08 125.81 0.27 0.58 0.06
115 2,115 2,308 3,077 616.02 1,197.34 858.96 0.29 0.52 0.28
120 2,126 2,328 2,834 914.77 1,524.26 895.22 0.43 0.65 0.32
125 1,660 2,247 2,814 914.77 1,524.26 895.22 0.55 0.68 0.32

11¢



A5 A.5 A1 VFA way Alkalinity 989352UU Two-stage CSTR (#19)

r Alkalinity (mg/L as CaCOs) VFA (mg/L as mg/L as CH;COOH) VFA/Alkalinity

o Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2
130 1,660 2,024 2,935 1,214 1,851 931 0.73 0.91 0.32
135 1,923 1,923 1,883 1,512.26 2,178.09 967.74 0.79 1.13 0.51
140 1,356 1,761 2,267 1,512.26 2,178.09 967.74 1.12 1.24 0.43
146 2,065 1,923 2,227 1,811 2,505 1,004 0.88 1.30 0.45
151 1,599 1,862 2,571 1,634 2,457 661 1.02 1.32 0.26
156 2,065 2,238 2,530 1,547 2,150 ars 0.75 0.96 0.19
161 1,194 2,446 1,883 1,457 2,267 248 1.22 0.93 0.13
166 2,507 2,614 2,857 1,945 2,411 523 0.78 0.92 0.18
171 2,213 2,654 2,966 2,053 2,353 333 0.93 0.89 0.11
177 2,462 2,620 2,825 1,752 2,052 354 0.71 0.78 0.13
182 2,583 2,748 2,930 1,656 2,250 a97 0.64 0.82 0.17
187 2,184 2,630 2,807 1,356 2,267 515 0.62 0.86 0.18
192 2,301 2,710 2,830 1,558 1,956 559 0.68 0.72 0.20
197 2,546 2,680 2,870 1,680 2,351 438 0.66 0.88 0.15
202 2,459 2,638 2,934 2,009 2,166 526 0.82 0.82 0.18
208 2,551 2,651 2,809 1,854 2,450 380 0.73 0.92 0.14
213 2,322 2,701 2,983 1,981 2,250 600 0.85 0.83 0.20
40 79.81 66.40 8.83 65,320.30 65,320.30 65,320.30 818 984 7,396

[AY4



6.

A1 TKN ¥9952UU Two-stage CSTR

A1574971 A.6 A1 TKN v8455UU Two-stage CSTR

Y TKN (mg/L) COD (mg/L) C/N ratio

u‘VI Influent | Effluent CSTR 1 | Effluent CSTR 2 Influent Effluent CSTR 1 | Effluent CSTR 2 Influent | Effluent CSTR 1 | Effluent CSTR 2
a5 79.81 51.98 11.78 48,327.14 48,327.14 48,327.14 606 930 4,104
50 69.91 33.97 12.43 48,327.14 48,327.14 48,327.14 691 1,423 3,888
55 68.93 25.07 13.73 70,631.97 70,631.97 70,631.97 648 2,817 5,145
60 66.22 23.88 15.02 40,000.00 40,000.00 40,000.00 604 1,675 2,662
65 51.84 20.93 11.56 43,809.52 43,809.52 43,809.52 845 2,093 3,791
70 76.15 1.64 0.33 40,000.00 40,000.00 40,000.00 525 2,383 4,041
75 52.98 18.88 11.76 50,476.19 50,476.19 50,476.19 953 2,674 4,291
80 52.28 29.29 11.93 34,285.71 34,285.71 34,285.71 656 1,170 2,875
85 17.65 5.69 17.45 39,484.78 39,484.78 39,484.78 2,237 6,944 2,263
90 66.27 a47.25 17.71 55,081.97 55,081.97 55,081.97 831 1,166 3,110
95 13.73 49.41 17.91 62,086.44 62,086.44 62,086.44 4,523 1,257 3,467
100 85.95 30.21 18.89 69,090.91 69,090.91 69,090.91 804 2,287 3,657
105 42.60 51.05 18.95 47,501.73 47,501.73 47,501.73 1,115 931 2,506
110 36.78 79.20 17.70 47,693.66 47,693.66 47,693.66 1,297 602 2,694
115 85.20 15.76 15.89 47,272.73 a7,272.73 47,272.73 555 2,999 2,975
120 99.65 11.64 21.08 41,952.31 41,952.31 41,952.31 421 3,606 1,990

474



A151971 7.6 A1 TKN Vae52UL Two-stage CSTR (519)

o 4 TKN (mg/L) COD (mg/L) C/N ratio

o Influent | Effluent CSTR 1 | Effluent CSTR 2 Influent Effluent CSTR 1 | Effluent CSTR 2 Influent | Effluent CSTR 1 | Effluent CSTR 2
125 99.65 47.10 19.39 32,727.27 32,727.27 32,727.27 328 695 1,688
130 83.51 15.58 17.27 30,259.74 27,7192.21 20,346.32 362 1,784 1,178
135 85.39 41.85 19.45 29,951.30 35,411.26 24,155.84 351 846 1,242
140 68.12 52.73 13.70 27,792.21 22,857.14 15,238.10 408 433 1,112
146 79.92 74.15 58.00 22,857.14 15,238.10 7,619.05 286 206 131
151 86.12 66.00 45.35 22,857.14 15,238.10 15,238.10 265 231 336
156 69.02 51.87 34.80 55,081.97 55,081.97 27,540.98 798 1,062 791
161 52.09 53.41 42.00 49,225.04 30,134.13 15,067.06 945 564 359
166 52.39 36.50 31.25 42,402.60 22,077.92 11,991.34 809 605 384
171 66.31 41.75 38.50 37,532.47 22,337.66 13,073.59 566 535 340
177 51.95 52.20 28.90 27,792.21 22,857.14 15,238.10 535 438 527
182 42.79 49.30 18.00 33,638.49 29,960.97 20,649.02 786 608 1,147
187 36.87 32.45 28.00 39,484.78 37,064.79 26,059.95 1,071 1,142 931
192 73.79 67.32 50.15 37,178.52 34,746.65 24,235.22 504 516 483
197 17.74 53.21 38.75 32,566.00 30,110.35 20,585.77 1,836 566 531
202 85.04 63.50 43.60 37,471.79 41,437.09 22,115.41 441 653 507
208 66.36 52.68 31.50 44,683.84 55,081.97 25,469.79 673 1,046 809
213 83.60 44.99 27.30 41,000.71 50,164.29 23,265.57 490 1,115 852

1244



1.

A1 F/M Ratio ¥8452UU Two-stage CSTR

A15197i A.7 A1 F/M ratio Y9455UL Two-stage CSTR

215

L MLVSS TVStog CODyoq F/M ratio (d™)

o (me/L) (me/L) (me/L) COD/(MLVSS*HRT) TVS/(MLVSS*HRT)
1 392 6,980 25,547 2.71 17.79
2 231 2,050 25,547 4.61 8.88
3 255 1,500 25,547 4.17 5.88
4 364 6,795 25,547 2.93 18.69
5 514 7,140 25,547 2.07 13.90
6 593 4,650 25,547 1.80 7.85
7 798 5,615 22,901 1.20 7.04
8 525 7,780 22,901 1.82 14.83
9 592 9,375 22,901 1.61 15.83
10 614 10,490 14,286 0.97 17.08
12 767 8,020 14,286 0.78 10.46
14 683 3,060 14,286 0.87 4.48
15 636 3,225 14,286 0.87 4.70
16 630 4,465 14,286 0.94 7.09
17 862 5,090 21,429 1.04 5.90
32 1,472 13,220 14,981 0.42 8.98
34 19,852 17,285 14,981 0.03 0.87
49 14,638 5,760 33,457 0.10 0.39
55 16,164 21,040 26,022 0.07 1.30
57 17,904 19,621 19,048 0.04 1.10
64 10,612 20,445 30,476 0.12 1.93
65 26,084 20,445 22,857 0.04 0.78
99 31,896 12,020 10,909 0.01 0.38

152 61,588 8,694 15,238 0.01 0.14

156 26,628 9,072 15,238 0.02 0.34

159 20,852 9,450 15,238 0.03 0.45

176 13,725 12,295 27,792 0.08 0.90

177 14,484 9,295 33,638 0.10 0.64

178 15,030 6,570 39,485 0.11 0.44




A15197 A.7 A1 F/M ratio 9455UL Two-stage CSTR (#19)

216

L MLVSS TVStog CODyoq F/M ratio (d™)

o (mg/L) (mg/L) (mg/L) COD/(MLVSS*HRT) TVS/AMLVSS*HRT)
179 13,662 9,450 37,179 0.11 0.69
180 14,815 14,920 32,566 0.09 1.01
181 15,944 7,655 37,472 0.10 0.48
182 12,586 15,840 44,684 0.15 1.26
183 16,242 12,020 41,001 0.11 0.74

8. A1 Yield biogas ¥8352UU Two-stage CSTR
A15797 A.8 A1 Yield biogas 18952UU Two-stage CSTR
Yield biogas Yield biogas
Suil ml biogas/g Suil ml biogas/g
ml biogas/L-d ml biogas/L-d
TVS emovesd TVSemovedd

37 2.67 0.12 93 21.33 2.30
40 24.00 1.38 96 29.33 2.75
43 8.00 0.59 99 29.33 2.44
a6 8.00 0.83 102 61.33 5.10
a9 2.67 0.46 105 50.67 4.22
52 2.67 0.13 108 101.33 8.43
55 5.33 0.25 110 114.67 7.34
58 21.33 1.09 113 93.33 6.26
61 48.00 2.6 115 96.00 6.41
64 82.67 4.04 118 104.00 6.09
67 74.67 4.86 122 58.67 3.23
71 98.67 6.29 125 61.33 3.19
73 82.67 5.17 127 58.67 4.10
77 64.00 6.15 130 0.04 451
79 106.67 713 133 0.02 4.07
82 69.33 7.46 136 0.02 3.23
85 53.33 5.23 139 0.04 4.46
87 29.33 3.01 140 0.02 2.66
90 26.67 2.80 142 0.01 1.33




a519i A.8 A1 Yield biogas U9432UU Two-stage CSTR (619)

217

Yield biogas Yield biogas
Suil ml biogas/g Suil ml biogas/g
ml biogas/L-d ml biogas/L-d

TVSeemovead TVS emovead
145 0.01 1.00 180 0.02 2.28
148 0.02 1.90 183 0.01 1.78
151 0.02 2.22 186 0.01 2.15
152 0.01 1.62 189 0.02 2.01
156 0.02 1.95 192 0.02 1.87
159 0.02 1.87 195 0.02 1.23
162 0.03 1.94 198 0.02 1.18
165 0.01 2.02 201 0.01 1.84
168 0.02 2.83 204 0.02 1.11
171 0.01 1.84 207 0.02 1.11
174 0.02 1.44 210 0.02 1.66
177 0.02 2.48 213 0.02 1.47
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ﬁ&l@!ﬁﬁJ’Jﬁﬂ’]%ﬂ'ﬂﬂ‘U@\ﬁ%UU Two-stage CSTR

M19197 9.1 USHUASUBUNIYARIN 9 U995 UU Two-stage CSTR

dndau TS (mg/L) Carbon Carbon (g C/day)
o y Flowrate % Cin
AIDEY 9 - TS - (mg -
(L/day) (mD) (%) 2R R RipbY dry (g C/day) bR U
(mg/L) /L)
sludee
1 249 53.66 2,140 - 267.90 0.24
2 163 48.08 1,995 - 271.80 0.21
Feed
3 235 70.15 60.91 1,920 2,026 - 235.60 0.27 0.25
(Liquid)
4 313 70.65 1,985 - 258.20 0.30
5 212 61.99 2,090 - 247.90 0.25
Feed 1.64 22,773 7.36
1 215 46.34 78,873 19.00 - 11.39
2 176 51.92 63,799 19.70 - 10.70
Feed
(Solich 3 100 29.85 | 39.09 | 25,126 | 55,097 18.47 - 2.27 7.10
oli
a4 130 29.35 46,016 18.37 - 4.07
5 130 38.01 61,670 18.45 - 7.09

61¢



M19197 9.1 USHNUANSUBUNIYARIN 9 Y8958 UU Two-stage CSTR (40)

dndau TS (mg/L) Carbon Carbon (g C/day)
W y Flowrate % Cin
AIDY 4 - TS y (mg -
(L/day) (ml) (%) Y R PRL dry (¢ C/day) aY 92
(mg/L) /L)
sludee
1 409 69.91 2,005 - 289.80 0.33
2 357 70.41 1,975 - 293.60 0.34
CSTR 1
3 475 81.76 72.41 1,825 1,909 - 294.60 0.39 0.35
(Liquid)
a 357 71.83 1,760 - 300.00 0.35
5 475 68.15 1,980 - 285.10 0.32
CSTR 1 1.64 16,565 4.97
1 176 30.09 64,622 19.73 - 6.29
2 150 29.59 40,372 18.81 - 3.68
CSTR 1
(Solid) 3 106 18.24 2759 | 49,249 | 55,036 18.44 - 272 4.62
Soli
4 140 28.17 59,883 18.31 - 5.06
5 222 31.85 61,053 16.72 - 5.33
1 337 77.65 1,755 - 283.60 0.36
Effluent 2 146 31.33 2,105 - 406.50 0.21
Effluent
CSTR 1 3 1.64 409 69.91 66.21 1,690 1,810 21,145 - 294.40 0.34 0.33 7.56
CSTR 1
(Liquid) 4 357 70.41 1,840 - 295.80 0.34
5 475 81.76 1,660 - 287.80 0.39

0ce



M19197 9.1 USHNUANSUBUNIYARIN 9 Y8958 UU Two-stage CSTR (40)

dndau TS (mg/L) Carbon Carbon (g C/day)
. y Flowrate % C in
AIDY 4 - TS y (mg -
(L/day) (ml) (%) Y R PRL dry (¢ C/day) aY 92
(mg/L) /L)
sludee
1 97 22.35 41,878 18.63 - 2.86
Effluent | Effluent 2 320 68.67 99,062 18.50 - 20.63
CSTR 1 CSTR 1 3 176 30.09 33.79 64,622 | 59,037 19.73 - 6.29 7.24 7.56
(%9) (Solid) 4 150 29.59 40,372 18.81 - 3.68
5 106 18.24 49,249 18.44 - 2.72
1 148 59.68 1,755 - 300.80 0.15
2 108 41.86 1,810 - 308.70 0.11
CSTR 2
3 119 43.43 39.73 1,915 1,640 - 310.10 0.11 0.10
(Liquid)
4 116 42.03 1,755 - 302.60 0.10
5 29 11.65 965 - 291.40 0.03
CSTR 2 0.82 37,882 491
1 100 40.32 71,241 16.77 - 3.95
2 150 58.14 57,979 17.59 - 4.86
CSTR 2
3 155 56.57 60.27 | 52,332 | 61,772 15.47 - 3.76 4.81
(Solid)
a 160 57.97 68,902 15.39 - 5.04
5 220 88.35 58,405 15.29 - 6.47

|¥44



M19197 9.1 USHNUANSUBUNIYARIN 9 Y8958 UU Two-stage CSTR (40)

dndau TS (mg/L) Carbon Carbon (g C/day)
. y Flowrate % Cin
AIDY 4 - TS y (mg -
(L/day) (ml) (%) Y R PRL dry (¢ C/day) aY 92
(mg/L) /L)
sludee
1 - 100 1,870 - 279.00 0.20
Effluent 2 - 100 1,990 - 291.50 0.21
Effluent
CSTR 2 3 0.72 - 100 100 2,175 1,996 1,996 - 294.90 0.21 0.21 0.21
CSTR 2
(Liquid) 4 - 100 1,985 - 281.10 0.20
5 - 100 1,960 - 302.40 0.22
1 - 100 - - - -
2 - 100 - - - -
Excess Sludge
3 0.1 - 100 100 - 37,882 | 37,882 - - - 0.60 0.60
CSTR 2
q - 100 - - - -
5 - 100 - - - -
Biogas - 1.66 - - - - - - - - - 0.89 0.89

(444



2.

M15197 9.2 Ustnaululesiauigeeng 9 ve3ssuy Two-stage CSTR

AunaNIAlulATIAUYDITZUY Two-stage CSTR

o

P TS (me/L) Nitrogen Nitrogen (g N/day)
o y Flowrate % N in
AV %1 r TS a (mg r
(L/day) (ml) (%) bR bR RipbY dry (g N/day) | Lagay U
(mg/L) N/L)
sludge
1 249 53.66 2,140 - 32.64 0.03
2 163 48.08 1,995 - 53.42 0.04
Feed
3 235 70.15 60.91 1,920 2,026 - 17.55 0.02 0.02880
(Liquid)
4 313 70.65 1,985 - 20.13 0.02
5 212 61.99 2,090 - 29.17 0.03
Feed 1.64 22,773 0.59

1 215 46.34 78,873 1.54 - 0.92

2 176 51.92 63,799 1.51 - 0.82

Feed
3 100 29.85 39.09 25,126 | 55,097 1.48 - 0.18 0.57
(Solid)
a 130 29.35 46,016 1.50 - 0.33
5 130 38.01 61,670 1.49 - 0.57

(X44



M19197 9.2 Usinaululesiauigeeng 9 vesseuy Two-stage CSTR (#0)

dndau TS (mg/L) Nitrogen Nitrogen (g N/day)
W y Flowrate % N in
AIDY 4 - TS - (mg -
(L/day) (mU) (%) LY LY PRL dry (gN/day) | nag 53
(mg/L) N/L)
sludee
1 409 69.91 2,005 - 38.60 0.04
2 357 70.41 1,975 - 41.00 0.05
CSTR 1
3 475 81.76 72.41 1,825 1,909 - 27.15 0.04 0.03982
(Liquid)
a 357 71.83 1,760 - 24.85 0.03
5 475 68.15 1,980 - 37.41 0.04
CSTR 1 1.64 16,565 0.42
1 176 30.09 64,622 1.47 - 0.47
2 150 29.59 40,372 1.49 - 0.29
CSTR 1
Solid) 3 106 18.24 2759 | 49,249 | 55,036 1.54 - 0.23 0.38
oli
4 140 28.17 59,883 1.51 - 0.42
5 222 31.85 61,053 1.48 - 0.47
1 337 77.65 1,755 - 45.12 0.06
Effluent 2 146 31.33 2,105 - 87.56 0.04
Effluent
CSTR 1 3 1.64 409 69.91 66.21 1,690 1,810 21,145 - 27.32 0.03 0.04255 0.61
CSTR 1
(Liquid) 4 357 70.41 1,840 - 24.00 0.03
5 475 81.76 1,660 - 38.25 0.05

1244



M19197 9.2 Usinaululesiauigeeng 9 vesseuy Two-stage CSTR (#0)

dndau TS (mg/L) Nitrogen Nitrogen (g N/day)
W y Flowrate % N in
AIDY 4 - TS - (mg -
(L/day) (mU) (%) LY LY PRL dry (gN/day) | nag 53
(mg/L) N/L)
sludee
1 97 22.35 41,878 1.49 - 0.23
Effluent | Effluent 2 320 68.67 99,062 1.46 - 1.63
CSTR 1 CSTR 1 3 176 30.09 33.79 64,622 | 59,037 1.40 - 0.45 0.56 0.61
(#19) (Solid) 4 150 29.59 40,372 1.48 - 0.29
5 106 18.24 49,249 1.49 - 0.22
1 148 59.68 1,755 - 108.70 0.05
2 108 41.86 1,810 - 100.10 0.03
CSTR 2
3 119 43.43 39.73 1,915 1,640 - 99.78 0.04 0.03
(Liquid)
4 116 42.03 1,755 - 104.10 0.04
5 29 11.65 965 - 82.31 0.01
CSTR 2 0.82 37,882 0.43
1 100 40.32 71,241 1.29 - 0.30
2 150 58.14 57,979 1.30 - 0.36
CSTR 2
3 155 56.57 60.27 52,332 | 61,772 1.31 - 0.32 0.39
(Solid)
a 160 57.97 68,902 1.28 - 0.42
5 220 88.35 58,405 1.32 - 0.56

G¢ee



M19197 9.2 Usinaululesiauigeeng 9 vesseuy Two-stage CSTR (#0)

dndau TS (mg/L) Nitrogen Nitrogen (g N/day)
W y Flowrate % N in
AIDY 4 - TS - (mg -
(L/day) (mU) (%) LY LY PRL dry (gN/day) | nag 53
(mg/L) N/L)
sludee
1 - 100 1,870 - 123.30 0.09
Effluent 2 - 100 1,990 - 120.50 0.09
Effluent
CSTR 2 3 0.72 - 100 100 2,175 1,996 1,996 - 140.10 0.10 0.08932 | 0.08932
CSTR 2
(Liquid) 4 - 100 1,985 - 121.10 0.09
5 - 100 1,960 - 11530 | 0.08
1 - 100 - - - -
2 - 100 - - - -
Excess Sludge
3 0.1 - 100 100 - 37,882 | 37,882 - - - 0.05193 | 0.05193
CSTR 2
q - 100 - - - -
5 - 100 - - - -

9¢c¢



3.

duastanaanaiavasszuy Two-stage CSTR

A1319% 4.3 USinauvleanasanyasig o vesszuu Two-stage CSTR

. ¥ Flowrate TS (mg/L) Phosphorus (mg P/L)
A29814 i - - Phosphorus (¢ P/day)
(L/day) TS (mg/L) aY P (mg P/L) Laae
1 3,640 32.92
2 4,770 44.46
Feed 3 1.64 8,190 7,358 56.00 48.45 0.079
4 10,100 54.96
5 10,090 53.92
1 4,530 58.08
2 7,480 55.58
CSTR 1 3 1.64 5,220 6,774 53.08 62.58 0.103
4 7,520 66.42
5 9,120 79.75
1 4,530 58.08
2 7,480 55.58
Effluent CSTR 1 3 1.64 5,220 6,774 53.08 62.58 0.103
4 7,520 66.42
5 9,120 79.75

YX44



A1319% 4.3 USunauleanasangasiig o ¥eeszuy Two-stage CSTR (#10)

o ¥ Flowrate TS (mg/L) Phosphorus (mg P/L)
A29814 i - y Phosphorus (g P/day)
(L/day) TS (mg/L) Ry P (mg P/L) Laae

1 42,970 60.58
2 25,120 57.67

CSTR 2 3 0.82 30,800 35,018 54.75 59.50 0.049
4 42,690 59.75
5 33,510 64.75
1 1,930 64.75
2 1,820 67.88

Effluent CSTR 2 3 0.72 1,670 1,762 71.00 69.50 0.050
4 1,720 71.63
5 1,670 72.25
1 - 60.58
2 - 57.67
Excess Sludge

3 0.1 - 35,018 54.75 59.50 0.0060

CSTR 2
4 - 59.75
5 - 64.75

8¢¢C



AMARUIN 3
HANTTAATIZAYNVUNINAUNIE VDY

3¥UU Two-stage CSTR
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M19197 2.1 dnwarlalalivesdeqduvsduuemaissdanazanynrniglindeqansse
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M19197 2.1 dnwarlalalivesdeqduvsduuemaissdanazanynrniglindeqansse
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M19197 2.1 dnwarlalalivesdeqduvsduuemaissdanazanynrniglindeqansse

(%19)

EOLIAN

35°C CSTR
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M19197 2.2 KANTTEYAERUTIAUNTE
ZPLIAN HANSTBYaeuS | Azluy NUNBLUR)
28°C CSTR 1_1+M Bacillus cereus 2.189 Bacillus cereus DSM 31T DSM
28°C CSTR1_2+M Bacillus cereus 2.303 Bacillus cereus DSM 31T DSM
28°C CSTR 1_3+M Bacillus cereus 2.238 Bacillus cereus DSM 31T DSM
28°C CSTR 2_1+M Bacillus cereus 2.201 Bacillus cereus DSM 31T DSM
28°C CSTR 2_2+M Bacillus cereus 2.260 Bacillus cereus DSM 31T DSM
28°C CSTR 2_3+M Bacillus cereus 2.312 Bacillus cereus DSM 31T DSM
35°CCSTR1 1 Bacillus cereus 2.001 Bacillus cereus DSM 31T DSM
Stenotrophomonas Stenotrophomonas maltophilia LMG
35°CCSTR1 2 1.997
maltophilia 980T HAM
35°CCSTR1 3 Bacillus flexus 1.899 Bacillus flexus DSM 1320T DSM
Bacillus licheniformis
35°CCSTR1 4 Bacillus licheniformis | 1.706
- 992000432 LBK
35°CCSTR 21 Bacillus pumilus 1.631 Bacillus pumilus DSM 354 DSM
Bacillus megaterium
35°CCSTR 2 2 Bacillus megaterium | 1.516
DSM 32T DSM
35°CCSTR2 3 Bacillus pumilus 1.757 Bacillus pumilus IAM 12469 PAH
35°CCSTR 2 4 Bacillus pumilus 1.749 Bacillus pumilus 1AM 12050 PAH
35°CCSTR2 5 Bacillus subtilis Bacillus subtilis DSM 5552 DSM
Lactobacillus Lactobacillus plantarum
35°CCSTR 2 6 1.475
plantarum DSM 20205 DSM
Bacillus licheniformis
35°CCSTR 2.7 Bacillus licheniformis | 1.843
B CS 54 1 BRB
Acinetobacter Acinetobacter schindleri
35°C CSTR1_1+M 1.715
schindleri DSM 16038T DSM
35°C CSTR1_2+M Bacillus cereus 2.204 Bacillus cereus DSM 31T DSM
35°C CSTR 1_3+M Bacillus cereus 2.182 Bacillus cereus DSM 31T DSM
Bacillus subtilis ssp subtilis
35°C CSTR 2_1+M Bacillus subtilis 1.739
h DSM 5660 DSM
35°C CSTR 2_2+M Bacillus cereus 2.200 Bacillus cereus DSM 31T DSM
Bacillus megaterium
35°C CSTR 2 _3+M | Bacillus megaterium | 2.232
DSM 32T DSM
35°C CSTR 2_4+M Bacillus firmus 2.012 Bacillus firmus DSM 12T DSM




Intens. [a.u.] Intens. fa.u.] Intens. [a.u] Intens. [a.u] Intens. [a.u.]

Intens. [a.u]
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5 x104 35R1_10:C8 MS, Smoothed, BaselineSubtracted
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Intens. [a.u] Intens. [a.u.]

Intens. [a.u]
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ABSTRACT

Anaerobic co-digestion (AnCoD) presents a promising route for valorizing sludge generated from recycled paper processing. This study
explored the co-digestion of primary sludge (PS) and secondary sludge (SS) at various mixing ratios to enhance methane generation and
system stability. Batch biochemical methane potential (BMP) assays revealed that the 1:3 PS:SS ratio produced the highest methane yield
(918.66 mL CH,/g VS_fed) with a notably short lag phase of 1.59 days. Kinetic assessment using both modified Gompertz and logistic
models indicated that the former offered superior fitting accuracy (R? > 0.986), effectively describing methane production dynamics. A
two-stage continuous stirred-tank reactor (CSTR) system operated under this optimal ratio showed distinct functional separation: the acido-
genic stage facilitated hydrolysis and volatile fatty acid (VFA) degradation, while the methanogenic stage supported biogas generation with
stable pH and low VFA/alkalinity ratios. Microbial analysis confirmed a clear differentiation between fermentative and methanogenic com-
munities, with evidence suggesting enhanced electron transfer pathways. These findings underscore the potential of AnCoD for efficient
sludge stabilization and bioenergy recovery in the pulp and paper sector.

Key words: anaerobic co-digestion, biogas production, biokinetics, pulp and paper mill sludge, sludge digestion

HIGHLIGHTS

® 1:3 PS:SS ratio yielded 918.66 mL CH,/g VS_fed with highest biogas efficiency.

® The modified Gompertz model showed a superior fit to the Modified Logistic model (R? = 0.986).
® Two-stage CSTR maintained stable pH and VFA/alkalinity with clear phase separation.

® Bacillus cereus dominated in optimal co-digestion.

® Findings support co-AD scale-up for recycled paper sludge under circular economy goals.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC 4.0), which permits copying, adaptation and
redistribution for non-commercial purposes, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc/4.0/).
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INTRODUCTION

The T treatment sy in the paper industry generate substantial amounts of excess sludge, estimated to range
from 200 to 400 kg/ton of paper (Balwaik & Raut 2011; Turner ef al. 2022) and 40-50 kg of dry sludge/ton of paper
(Mahmood & Elliott 2006; Jele ef al. 2022). Typically, these sludges comprise approximately 70% PS and 30% SS. PS is gen-
erated during preliminary treatment processes, such as dissolved air flotation (DAF) or primary sedimentation. While a
portion of PS can be repurposed for low-grade paper products, such as boards and crates, a significant quantity still requires
proper disposal. SS, on the other hand, originates from secondary sedimentation tanks in activated sludge (AS) systems.
Preliminary data from a paper mill in Samut Sakhon Province, Thailand, highlight the significant volume of excess sludge
generated. This includes approximately 1,470 m*/day or 25.87 tons (dry weight) of PS per day, and an average of
2,090 m*/day or 36.83 tons (dry weight) of SS per day.

It is important to distinguish between paper sludge generated from virgin pulp production and recycled paper processing.
Virgin pulp production generates sludge with relatively homogeneous properties and lower ash content due to fewer addi-
tives. In contrast, recycled paper sludge contains higher amounts of fillers (e.g., kaolin, calcium carbonate), printing inks,
and synthetic binders, resulting in elevated ash content, lower biodegradability, and more variable chemical composition
(Monte ef al. 2009; Hubbe & Gill 2016). These characteristics make recycled paper sludge more difficult to treat using con-
ventional biological processes, and thus it requires customized anaerobic digestion (AD) strategies. Furthermore, the
increasing global demand for recycled paper - driven by environmental regulations, consumer preferences, and sustainabil-
ity policies - has led to significant growth in the recycled paper market. According to market reports, the global recycled
paper industry is projected to grow at a compound annual growth rate (CAGR) of over 5% through 2030 (Maximize Market
Research 2024). As a result, understanding how to valorize waste from recycled paper production is becoming increasingly
important for both industry and environmental management.

D
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AD is the most common method for sludge stabilization. Moreover, this digestion process using various anaerobic bacteria
produces biogas, including methane, that can be an alternative source of energy. AD has been successfully used for sludge
treatments of various kinds, for example, sewage sludge, waste AS and cow manure. However, very few studies have applied
AD for PS treatment due to its low nutrient content and poor biodegradability (Lopes et al. 2018).

Previous studies on the properties of excess sludge generated by the paper industry have highlighted notable characteristics
of both PS and 88. Both types of sludge exhibit high moisture content, ranging from 53 to 77% (Simdo ef al. 2018). However,
PS poses specific challenges due to its slow biodegradability, primarily attributed to its composition. It contains approxi-
mately 5.7% lignin, 32-81% cellulose, and 6.5-12% hemicellulose (Lopes ef al. 2018; Simdo et al. 2018). PS is also
characterized by a total solids (TS) content of 32-80%, with volatile solids (TVS) making up 32-58% of TS. A significant por-
tion of the TVS, approximately 55%, is composed of ash. Additionally, PS has a high chemical oxygen demand (COD) of
around 64,300 mg/L (Lopes ef al. 2018; Chakraborty ef al. 2019). Despite the presence of organic matter, PS is nutrient-
poor, with a carbon-to-nitrogen (C/N) ratio ranging from 32:1 to 930:1. This ratio significantly exceeds the optimal range
of 20-30:1 required for efficient AD (Veluchamy & Kalamdhad 2017).

Given the characteristics of excess sludge from the paper industry, its integration into a co-anaerobic digestion (AnCoD)
system presents a promising opportunity for resource recovery and waste management. The high organic content, particularly
in PS, combined with the relatively low biodegradability, makes it an ideal candidate for AnCoD when paired with substrates
rich in readily degradable organic matter and nutrients (Callahan 2023). Co-digestion helps balance the nutrient profile,
especially the C/N ratio, optimize buffering capacity, and enhance microbial synergy, thereby improving methane yield
and process stability (Mata-Alvarez et al. 2014; Syaichurrozi 2018).

Moreover, AD involves complex biochemical pathways including hydrolysis, acidogenesis, acetogenesis, and methanogen-
esis, each governed by specific microbial communities and sensitive to substrate properties. In co-digestion systems,
synergistic effects can occur when complementary substrates facilitate each stage of the biochemical process (Appels ef al.
2008). For example, PS contributes high organic content (mainly lignocellulose), while SS contains more active microbial
biomass and available nutrients, enhancing both hydrolytic and methanogenic steps.

Microbial community analysis in this study further revealed the predominance of key anaerobic groups such as Methano-
saeta spp., Methanosarcina spp., Clostridium spp., and Bacteroides spp. in the optimal 1:3 PS:SS ratio. The presence of
Methanosaeta and Methanosarcina is particularly important for acetoclastic and hydrogenotrophic methanogenesis, while
Clostridium supports hydrolysis and acidogenesis. These findings align with improved methane production and shorter lag
phases, indicating active syntrophic interactions within the system (Ziganshin et al. 2013; De Vrieze et al. 2015).

However, most existing studies have focused on either batch BMP testing or mono-digestion, with limited research inves-
tigating real industrial sludge co-digestion under continuous flow systems (Gievers ef al. 2022). Additionally, biokinetic
analyses often rely solely on Gompertz-type modeling without evaluating alternative models that may better reflect complex
substrate degradation behaviors.

To address these gaps, this study was designed in two phases. The first phase involves batch tests using the biochemical
methane potential (BMP) method to determine the optimal mixing ratio of PS and 88. These tests evaluate the synergistic
effects of different proportions on digestion efficiency and biogas production while providing critical biokinetic par-
ameters, such as methane yield, lag phase duration, and maximum methane production rate. The biokinetic data
obtained from the BMP tests were used as the basis for designing the continuous anaerobic co-digestion (AnCoD)
system, ensuring that the identified mixing ratios and microbial activity align with the requirements for stable and effi-
cient operation.

The second phase focuses on operating a continuous two-stage continuous stirred-tank reactor (CSTR) system using the
optimal sludge mixing ratio identified in the batch tests. This configuration allows for phase separation and improves acido-
genesis-methanogenesis stability. The system’s performance was evaluated under steady-state conditions by monitoring pH,
volatile fatty acid (VFA)-to-alkalinity ratio, and organic matter removal efficiency.

In addition, a comparative kinetic analysis was performed using both the Modified Gompertz and Modified Logistic
models to evaluate model accuracy and interpret microbial dynamics. The hypothesis of this study is that integrating PS
and SS at an optimal ratio in a two-stage co-digestion system will enhance methane production and process stability, and
that biokinetic behavior can be better captured using alternative models.

These contributions aim to fill key research gaps and demonstrate the feasibility of applying co-digestion to real-world
paper industry sludge under scalable and sustainable conditions.

bv auest

from

panline. licle-pdf/doi/10.2166/wst.2025.118/1587545wst2025118.pdf




249

Water Science & Technology Vol 92 No 5, 686

METHODS
Excess sludge: sample collection and storage

Excess sludge used in this study was obtained from a paper mill located in Samut Sakhon Province, Thailand, prior to the
dewatering process. The collected samples comprised:

* PS: Retrieved from the primary sedimentation tank of the wastewater treatment system.
* SS: Collected from the secondary sedimentation tank of the AS biological treatment system.

Following collection, all sludge samples were stored at 4 °C to preserve their physicochemical integrity for subsequent ana-
lyses. These included characterization of physical and chemical properties (as summarized in Table 1), assessment of
biodegradability, BMP testing, and performance evaluation in a two-stage CSTR system.

Batch experiments

This study aims to evaluate the biodegradability and BMP of excess sludge generated from recycled paper production
through both mono-digestion and co-digestion approaches. Batch experiments were conducted under mesophilic conditions
(35 + 5 °C) using various volumetric ratios of PS to SS, including 1:0 (PS only), 3:1, 1:1, 1:3, and 0:1 (SS only). These ratios
were selected to investigate synergistic effects on organic matter degradation and methane yield. The initial pH of the diges-
tion medium was carefully adjusted and maintained at 7.00 + 0.02 throughout the experiments. All experiments were
conducted in triplicate (17 =3).

Biodegradation experiments

The COD of the sludge was fractionated into four components, as illustrated in Figure 1, following the method described by
Wentzel et al. (1995). These components included slowly biodegradable COD (BPCOD), which plays a critical role in anaero-
bic conversion pathways. Total COD (TCOD) was determined using standard procedures, while biological oxygen demand
over 20 days (BOD,) was measured under inhibited nitrification conditions using an OxiTop*-C measuring head (Boursier
et al. 2005). The biodegradable COD (BCOD) fraction was subsequently calculated using the TCOD and BOD, values, fol-
lowing the procedure outlined by Boursier ef al. (2005).

BMP reactor setup and operation

The biochemical methane potential (BMP) tests were conducted in batch-mode anaerobic reactors with an effective working
volume of 4 L. Each reactor was connected to a gas collection system comprising an external container filled with 1.5N
sodium hydroxide (NaOH) solution, which served to absorb carbon dioxide (CO,) and hydrogen sulfide (H,S). Methane pro-
duction was quantified by the displacement of the NaOH solution, as illustrated in Figure 2.

Table 1 | Physical and chemical characteristics of primary sludge and secondary sludge (Mean + SD)

Characteristic PS ss
pH 6.02 + 0.00 7.46 £ 0.03
Moisture (%) 95.41 + 0.77 99.70 + 0.01
Total COD (mg/L) 67,904 + 1,575 10,653 + 2,232
Soluble COD (mg/L) 10,774 + 6,494 7407 + 1,166
Total solids (mg/L) 24,390 + 127 13,790 + 1,626
Total suspended solids (mg/L) 19,550 11,340
Total volatile solids (mg/L) 15,010 + 240 4,340 + 665
Total Kjeldahl nitrogen (mg NH4-N/L) 37.35 +2.89 37.64 + 1.65
Alkalinity (mg CaCO5/L) 7,380 + 355 752 + 118
Volatile fatty acid (mg CH;COOH/L) 2,341 + 116 1,225 + 53
C/N 1,840 274
TBOD,,/TCOD 0.35 0.83
TBODs/TCOD 023 040
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Figure 1 | COD fractionation of sludge.

All reactors were maintained under mesophilic conditions at a constant temperature of 35 + 1.0 °C. Prior to gas volume
measurements, each reactor was manually agitated for 1 min to ensure homogeneity. The digestion period was set to a
hydraulic retention time (HRT) of 31 days.

All experimental sets were inoculated with anaerobic microbial sludge at a concentration of 2 g VS/L, following the
method described by Rajput & Sheikh (2019), to ensure uniform microbial activity across all treatments. The initial pH of
each reactor was adjusted to 7.00 + 0.01 using either hydrochloric acid (HCI) or sodium hydroxide (NaOH), and sodium
bicarbonate (NaHCOs) was added as a buffering agent.

Anaerobic conditions were established by purging each reactor with nitrogen (N,) gas for 3 min. Gas volumes were
measured by collecting the displaced NaOH solution in a graduated syringe. The cumulative methane production was
recorded daily throughout the experiment.

Kinetic modeling of meth producti

The actual methane production in each experimental set was determined by subtracting the methane volume generated from
the blank control. The specific methane yield was calculated relative to the amount of volatile solids (VS) added per HRT
during the BMP test.

The experimental data were used to plot the cumulative methane production curve over time. Kinetic modeling was con-
ducted using two well-established models: the modified Gompertz model (Lay ef al. 1996) and the modified logistic model
(Zwietering et al. 1990). These models were used to describe the methane production kinetics and to estimate key parameters
including the methane production potential (P), maximum methane production rate (R,), and lag phase duration (). Curve
fitting and parameter estimation were performed using SPSS software, and the goodness-of-it of each model was assessed
using the coefficient of determination (R?).

The modified Gompertz model is expressed as follows:

} M

where M(f) = cumulative methane production at time ¢ (nL CH,); P = methane production potential (mL CH,); R, = maxi-
mum methane production rate (mL CH,/day); A = lag phase (d); e = Euler’s number (~2.718).
The modified logistic model is given by:

M(t)= P- exp{—exp[R%Je(A —f+1

P
Ml)= ————
1+exp[%(/\—t)+2]
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Figure 2 | BMP test setup: (1) reaction tank, (2) NaOH trap, (3) gas collection container.

This model provides a sigmoidal description of methane accumulation and has been shown to accurately fit methane pro-
duction data under various substrate conditions (Zwietering ef al. 1990).

Two-stage anaerobic co-digestion in continuous operation

Based on the findings obtained from the BMP tests, a two-stage CSTR system was developed to evaluate the anaerobic co-
digestion (AnCoD) of PS and SS generated from the paper industry. The operational parameters employed in this system
are summarized in Table 2.

The experimental setup was implemented under semi-continuous feeding conditions at Suranaree University of Technol-
ogy, as illustrated in Figure 3. In this configuration, the first reactor (CSTR 1) was designated as the hydrolysis-
acidogenesis tank, while the second reactor (CSTR 2) was operated as the methanogenic phase for biogas production.

The CSTR 1 was equipped with a mechanical impeller to ensure thorough mixing, whereas CSTR 2 utilized an internal
recirculation system to facilitate uniform flow distribution and maintain anaerobic conditions. Both reactors were connected
to individual gas counters for continuous biogas volume measurement.

The optimal 1:3 PS:SS blend was identified through BMP assays, maximizing methane yield and biodegradability. HRT of
CSTR 1 was calibrated using the lag phase duration (2) specific to this substrate ratio, while HRT of CSTR 2 was determined
from the intersection of the R, (maximum methane production rate) and P (cumulative methane production) axes in bio-kin-
etic modeling of the same blend. This dual-metric approach ensured phase-specific retention times aligned with microbial
kinetic thresholds, enhancing system stability and biogas output efficiency in lignocellulose-rich digestion systems.

The start-up process commenced by seeding both reactors with anaerobic inoculum at 10% of the effective working
volume, in accordance with the recommendation by Hobson & Wheatley (1993). CSTR 1 and CSTR 2 had working volumes
of 3.0 and 22.5 L, respectively, and were seeded with 0.3 and 2.25 L of inoculum. The inoculum was sourced from the anaero-
bic sludge of a cassava starch wastewater treatment system in Nakhon Ratchasima Province, Thailand.
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Table 2 | Operational parameters for two-stage anaerobic co-digestion of primary and secondary sludge

Operating conditions
Parameters CSTR1 CSTR 2
PS:SS ratios 1:3 -
Volume reactor (L) 3. 225
Dimeter (cm) 15.24 (6") 15.24 (6")
Height (cm) 19 126.81
HRT (days) 16 24
Flow rate (L/day) 1.875 0.9375
Recirculation rate (L/day) - 84
OLR (kg TVS/m>-day) 6.65 0.21

e
Effluent
Primary
Sludge
Secondary
Sludge

Recirculation

CSRT 1 CSRT 2

Figure 3 | Installation of a two-stage continuous stirred-tank reactor (CSTR) system.

The system was operated in a semi-continuous feeding mode. Mixed sludge was fed and withdrawn daily in equal volumes
to maintain a constant HRT. For CSTR 1, 1.640 L of feed was added and withdrawn each day. The effluent from CSTR 1,
following hydrolysis and acidogenesis, was used as the influent for CSTR 2, at a volume of 820 mL per day.

CSTR 1 was equipped with a mechanical impeller to maintain uniform mixing. CSTR 2 employed an internal recirculation
system wherein both effluent and a portion of the generated biogas were recirculated. This mechanism enhanced contact
between microorganisms and substrate, reduced the risk of stratification, and promoted stable methanogenic activity.

Each reactor underwent a daily 2-h settling phase to allow solid-liquid separation prior to effluent withdrawal. Effluent
samples from both reactors were analyzed for a range of parameters, including pH, moisture content, total chemical
oxygen demand (TCOD), soluble COD (SCOD), TS, total suspended solids (TSS), TVS, total Kjeldahl nitrogen (TKN), alkalinity,
and volatile fatty acids (VFA). All analyses followed the Standard Methods for the Examination of Water and Wastewater
(American Public Health Association, American Water Works Association, & Water Environment Federation (2012)).
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Biogas production was measured daily using a gas counter, and the volume was calculated based on the number of
revolutions.

Microbial community analysis

Mixed microbial cultures were collected from the two-stage CSTR system and serially diluted from 10° to 10°, with each
dilution plated in duplicate onto nutrient agar (NA) using the spread plate technique, as described by Madigan ef al.
(2020). Plates were incubated at 35 °C for 24 h to promote colony development. To investigate the influence of methanol
as a carbon source, parallel cultures were also established on NA supplemented with 1% methanol, which supports the
growth of methanotrophic and methylotrophic bacteria (Nakagawa et al. 2012). Incubations were performed at both 28
and 35 °C to assess the effect of temperature on microbial diversity and growth. Following incubation, plates with well-sep-
arated colonies were selected for further analysis to facilitate pure culture isolation. Colony morphology was documented,
and representative isolates were subjected to Gram staining and examined under a light microscope to assess cellular and
colony characteristics (Gibbs & Hayes 1988).

For species-level identification, selected isolates underwent matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) analysis, following the protocol outlined by Zakavi et al. (2022). Briefly, single colonies were
prepared using the direct transfer method with formic acid extraction. Mass spectra were acquired using Flexcontrol v. 3.4
software, and protein mass fingerprints were analyzed within a 300 ppm mass tolerance. The resulting spectra were processed
with MALDI Biotyper Realtime Classification (RTC) v. 4.0, and identifications were assigned based on manufacturer-rec-
ommended score thresholds: scores of 2.000-3.000 indicated highly probable species identification, 1.700-1.999 indicated
probable genus identification, and 0.000-1.699 were considered unreliable. Only isolates with scores >2.0 were considered
confidently identified at the genus or species level (Zakavi ef al. 2022). The MALDI-TOF MS analysis was performed at the
Synchrotron Light Research Institute (SLRI), Thailand, which provided access and technical support for microbial identifi-
cation. Data on microbial diversity and abundance were visualized using tables and graphs to compare the effects of methanol
supplementation and incubation temperature on community structure.

RESULTS AND DISCUSSION
Biodegradability of excess sludge
The biodegradability of excess sludge from the recycled paper industry was evaluated through the fractionation of COD into
specific components, following the methodology of Wentzel et al. (1995). These components include total COD (TCOD), bio-
degradable COD (BCOD), and slowly biodegradable COD (BPCOD), as presented in Figure 1. The TCOD was determined
through standard analytical techniques, while the BODa was measured using an OxiTop™-C measuring head under nitrifica-
tion-inhibited conditions (Boursier ef al. 2005). The BCOD was subsequently calculated using the TCOD and BOD20 values.

The physical and chemical characteristics testing of excess sludge generated from the wastewater treatment system of the
pulp and paper industry, outlined in Table 1, reveals that both PS and SS exhibit remarkably high moisture content. This is
attributed to the fact that the excess sludge collected represents the initial discharge from both the primary and the biological
sedimentation tanks, which has not undergone the water separation process. This high moisture content is beneficial for the
biogas digester. The TVS content of PS and SS ranges from 42 to 62% TS and 28 to 31% TS, respectively. Moreover, it was
noted that the organic content in PS is approximately two to three times higher than that in SS, consistent with the findings of
Siméo et al. (2018). Specifically, the organic content of PS and SS ranges between 36-47.8 and 35-76.1%, respectively.

However, the biodegradation of only PS presents challenges due to the complex structure of fibers and cellulose, as well as
excessive organic loading for the anaerobic digester. According to Veluchamy & Kalamdhad (2017), the high lignin and cel-
lulose content in PS limits microbial access and reduces hydrolysis efficiency. Lopes et al. (2018) further emphasized the
recalcitrant nature of PS, highlighting its low solubilization rate without co-substrates. Bokhary et al. (2021) reported that
combining PS with nitrogen-rich substrates can improve the C/N balance and enhance microbial metabolism. Similarly,
Bayr & Rintala (2012) demonstrated that co-digestion improves the overall methane yield from fiber-rich sludges. Sun
ef al. (2022) also confirmed that mixed sludges perform better in terms of VFAs conversion and microbial stability under
mesophilic conditions.

Moreover, the nutrient content in PS sludge is relatively low, characterized by a significantly higher C/N ratio than the ideal
range. Typically, the appropriate C/N ratio for AD systems falls within the range of 20-30 (Veluchamy & Kalamdhad 2017).
A high C/N ratio can result in rapid nitrogen depletion by methanogenic bacteria during protein synthesis, thereby limiting
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their ability to react further with the remaining carbon in the substrate. Consequently, this can lead to lower biogas pro-
duction rates. In contrast, SS sludge exhibits high nutrient content, primarily nitrogen, resulting in a considerably lower
C/N ratio compared to PS sludge. Additionally, both PS and SS demonstrate pH values ranging from 6.02 to 7.46, indicating
a relatively neutral pH.

The assessment results of the COD fractions in the mixed sludge from the paper industry, with mixing ratios of 1:0 (only
PS), 3:1, 1:1, 1:3, and 0:1 (only SS), reveal varying TBOD,,/TCOD ratios of approximately 0.35, 0.40, 0.48, 0.58, and 0.83,
respectively. These ratios indicate that in the mixing ratios of 1:0, 3:1, and 1:1, the organic matter present in the form of
TCOD is predominantly difficult to biodegrade. Furthermore, the SBOD,,/SCOD ratios are approximately 0.87, 0.97,
0.95, 0.95, and 0.70, respectively, suggesting that the organic matter in the form of soluble substances can be relatively
easily biodegraded across all mixing ratios. Racho & Pongampornnara (2020) specifies that a BOD/COD ratio >0.45
indicates good biodegradability, 0.30-0.45 indicates relatively good biodegradability, 0.20-0.30 indicates some biodegradabil-
ity, and if less than 0.20, the wastewater is not suitable for biological degradation. Based on these criteria, the findings suggest
that the mixed sludge with ratios closer to 1:0 (only PS) and 3:1 exhibit relatively good biodegradability, while the ratios closer
to 0:1 (only SS) may have limited biodegradability potential.

From Figure 4, it is evident that the mixing ratios of 1:3 and 0:1 result in predominantly biodegradable COD fractions, con-
stituting 57.55 and 82.75%, respectively, of the total TCOD in the sludge. This indicates a higher proportion of SS compared
to PS. Further breakdown shows that in the mixing ratios of 1:3 and 0:1, the biodegradable fraction is divided into BSCOD
(rapidly biodegradable fraction), comprising 23.18 and 8.41%, respectively, and BPCOD (slowly biodegradable fraction),
comprising 34.37 and 74.34%, respectively, of the total TCOD in the sludge. Consequently, the proportion of COD that
cannot be biodegraded is only 42.45 and 17.25%, respectively, of the total TCOD. These findings suggest that sludge with
mixing ratios of 1:3 and 0:1 possesses a high proportion of biodegradable fractions, as most of the organic matter is bio-
degradable, with unbiodegradable fractions, primarily found in PS, present in lesser proportions. This makes the sludge suit-
able for biogas production.

BMP test results

The investigation into evaluating the influence of different PS:SS ratios on BMP Test indicated that the maximum potential
methane production was observed at varying proportions of 1:0, 3:1, 1:1, 1:3, and 0:1, with corresponding values of 23,684,
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Figure 4 | The COD fractions in various PS:SS mixing ratios.
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36,394, 38,510, 39,973, and 32,188 mL CH,, respectively, as illustrated in Figure 5(a). Of note is the proportion of 1:3, which
demonstrated superior methane production potential compared to other co-digestion ratios and even outperformed the
single-substrate digestion of PS and SS. The daily measurement of gas volume within the system enabled the computation
of cumulative methane gas production for each blending ratio under investigation. Subsequently, these findings were sub-
jected to analysis using the modified Gompertz equation (Lay ef al. 1996) through the utilization of SPSS software,
leading to the generation of predictive experimental outcomes, as illustrated in Figure 5(b)-5(f).

When considering the methane production potential (CH, Yield) from experiments with various mixing ratios, as shown in
Table 3, it is evident that at the proportions of 1:0, 3:1, 1:1, 1:3, and 0:1, the methane production potentials are 315.43, 576.96,
689.66, 918.66, and 1,170.59 mL CH,4/g VS_fed, respectively. This study reveals that SS exhibits a higher methane production
potential compared to other mixing ratios, consistent with the fact that SS has a higher proportion of particulate biodegrad-
able COD than other mixtures. However, the mixing ratio of 1:3 demonstrates a higher production potential than other
mixtures, including single-substrate digestion of PS, which, at a 1:3 ratio, still has a lower proportion of particulate biodegrad-
able COD than single-substrate digestion of SS.

Mechanistically, this enhanced methane production at the 1:3 ratio may be attributed to synergistic effects from co-diges-
tion, which improves nutrient balance, buffering capacity, and microbial community diversity (Ferdes et al. 2023). The
inclusion of SS contributes nitrogen and readily biodegradable components, helping to reduce the lag phase and accelerate
methanogenesis. Recent studies have indicated that co-digestion with nutrient-rich substrates not only enhances hydrolysis
but also supports syntrophic interactions between fermentative bacteria and methanogens, which are essential for stable
and efficient biogas production (Sharma ef al. 2024). Additionally, the balanced PS:SS ratio at 1:3 promotes more favorable
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Figure 5 | Cumulative methane production from sewage sludge co-digestion experiments: (a) comparison of different sludge mixing ratios,
(b-f) model fitting comparison between experimental data, modified Gompertz model, and modified logistic model for primary sludge (PS),
secondary sludge (SS), and various PS:SS ratios (3:1, 1:1, 1:3).
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Table 3 | Kinetic value for co-digestion of excess sludge from the pulp and paper mill industry with different PS:SS ratios

PS:SS ratio Model CH, yield (mL CHy/g VSeq) P(mL CH,) Ry (ML CH,/day) i (day) R?

1:0 Modified Gompertz 315.43 23,684 1,030 421 0.986
Madified logistic 1,028 5.02 0.988

31 Modified Gompertz 576.96 36,394 1614 229 0.989
Modified logistic 1571 282 0.985

1:1 Modified Gompertz 689.66 38,510 1,703 173 0.990
Modified logistic 1,643 2.15 0.984

1:3 Modified Gompertz 918.66 39,973 1,750 159 0.989
Modified logistic 1,687 199 0.982

0:1 Modified Gompertz 1,170.59 32,188 1,366 146 0.987
Modified logistic 1,317 1.85 0.978

The resulting data obtained through fitting to Gompertz model Ltlizing the SPSS program.

VFAs profiles, reducing acidification risks and stabilizing the pH within the optimum range for Methanogenic archaea
(Wainaina ef al. 2019).

This finding aligns with the research conducted by Sun ef al. (2022), which found that AD of 8S alone yields higher
methane production compared to PS. Moreover, in mixed PS and S8, it is found that at a mixing ratio of 1.3, there is a
higher potential than ratios of 3:1 and 1:1. Statistical analysis using a paired two-sample f-test revealed that the average
methane yield at the PS:SS ratio of 3:1 was significantly different from those at the 1:1 and 1:3 ratios (p < 0.05), indicating
a substantial impact of substrate composition on biogas production potential. Additionally, a significant difference (p < 0.05)
was also observed between the 1:1 and 1:3 ratios, further confirming that variations in sludge mixing ratios influence the over-
all methane generation efficiency.

These outcomes are comparable with several recent studies. For example, Jo et al. (2024) reported enhanced methane pro-
duction from co-digestion of cattle manure and food waste at specific mixing ratios, highlighting the importance of optimizing
substrate synergy. Similarly, Siddique & Wahid (2018) found that appropriate feedstock proportions can significantly improve
CH, yield due to improved C/N ratios and buffering capacity. In another study, Mu et al. (2020) achieved higher biogas pro-
duction from sludge co-digested with kitchen waste at a 1:3 ratio, which closely mirrors the present findings. Furthermore,
Kumar et al. (2020) demonstrated that co-digestion of textile sludge and agricultural residues at balanced ratios increased
the biodegradability index and methane potential. Lastly, Chow ef al. (2020) reported that pre-treated mixed sludge with opti-
mized ratios showed superior methane yields, confirming that co-digestion can overcome individual feedstock limitations.

Comparative evaluation of kinetic models
In this study, both the modified Gompertz and modified logistic models were applied to evaluate the kinetics of methane pro-
duction during the anaerobic co-digestion of recycled paper industry sludge.

Modified Gompertz model performance

The biokinetics analysis presented in Table 3 reveals that the modified Gompertz model effectively captured the cumulative
methane production profiles across all tested PS:SS mixing ratios. Notably, the mixture ratio of 1:3 yielded the highest
methane yield at 918.66 mL CH,/g VS_fed, accompanied by a lag phase duration of 1.59 days. This relatively short lag
phase can be attributed to the hydrolysis of constituents that are not readily biodegradable. Moreover, this ratio exhibited
the highest methane production rate (R,) of 1,750 mL CH,/day, indicating favorable substrate availability and microbial
activity.

Mechanistically, the Gompertz model assumes a sigmoid response reflecting microbial adaptation (1), exponential growth
(Ry), and substrate saturation (P). The high R? values (0.986-0.990) in this study support the notion that the co-digested PS:
S8 mixtures reached microbial adaptation quickly and sustained methanogenic activity. The elevated methane yield at the 1:3
ratio may be attributed to a more balanced C:N ratio (~26.4), enhanced buffering capacity, and greater availability of readily
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fermentable COD (initial SCOD/TCOD ~47%) - a finding consistent with Lay ef al. (1997) and Mata-Alvarez et al. (2000),
who reported improved kinetics with optimally pre-treated or blended substrates.

The results are comparable to the findings by Gievers ef al. (2022), who demonstrated that co-digestion of paper sludge can
enhance methane generation and reduce lag phases under optimized mixing conditions. Although their study used a different
substrate combination and system configuration, the trends in methane yield and biokinetics were similar. In addition,
Kumsiri ef al. (2021) reported similar improvements in methane kinetics when paper sludge was co-digested with food
waste, noting reduced lag phases and increased Ry, under optimized ratios, Likewise, Ma ef al. (2025) confirmed that co-diges-
tion with nitrogen-rich sludge enhanced the microbial hydrolysis rate and kinetic parameter stability across trials.

Modified logistic model performance

The modified logistic model exhibited exceptional predictive accuracy for asymmetric methane production curves, achieving
R? values of 0.978-0.988 and R,, 1,028-1,687 mL CH,/day (Table 3). This performance highlights its capability to simulate
substrate heterogeneity-driven dynamics, where spatially segregated hydrolytic (e.g., Clostridium spp. activity) and methano-
genic phases (Methanosaeta dominance) create nonlinear kinetics (Cebeci ef al. 2019; Gong et al. 2019). The model’s
asymmetric sigmoidal structure directly correlates with substrate accessibility gradients, as demonstrated by the 23%
longer lag phases in low-SS systems compared to PS:SS 1:3 conditions - a phenomenon attributed to rate-limiting hydrolysis
in cohesive substrates.

Validation against previous studies supports the model’s reliability across critical bioconversion phases. Sanae et al. (2022)
reported a 79% reduction in lag phase duration, from 5.46 to 1.04 h, following thermal pretreatment. This is consistent with
our observed lambda value of 1.99 days in PS to S8 co-digestion systems at a 1-3 ratio. Similarly, Gong ef al. (2019) showed
that SS-enriched substrates increased VFA production by 1.8 times during secondary fermentation, which supports the
model’s accuracy in capturing transitional phase behavior.

Comparative studies in the literature, including those by Cebeci ef al. (2019), Gong ef al. (2019}, Sanae ef al. (2022), con-
sistently report that the modified Gompertz model is generally more suitable for kinetic analysis of AD systems, particularly
those involving heterogeneous substrates and multi-phase microbial dynamics. This preference is typically supported by
slightly higher coefficients of determination and lower fitting errors reported for the Gompertz model in such contexts.

Comparative interpretation

Given these findings, the modified Gompertz model could serve as a complementary or alternative kinetic tool for predicting
methane yields in complex sludge-based systems. Its superiority in fitting cumulative methane production curves underlines
its adaptability to substrate heterogeneity and metabolic succession, especially under two-stage CSTR configurations where
spatial microbial stratification enhances phased degradation. The observed differences between the two models emphasize
the importance of selecting modeling approaches that not only provide statistical accuracy but also reflect underlying biologi-
cal processes.

Performance of the two-stage CSTR

The 1:3 PS:SS ratio was selected not only for its high methane yield (918,66 mL CH,/g VS _fed), but also to ensure the co-
utilization of both sludge types, reducing treatment costs while improving biodegradability and buffering capacity. Although
SS alone (0:1) yielded more methane, it excludes PS, which poses disposal challenges. Co-digestion thus offers a more holistic
and cost-effective solution aligned with circular economy goals.

To match microbial kinetics, HRT in CSTR 1 was based on the lag phase (1 = 1.59 days), while HRT in CSTR 2 was set from
the intersection of R;, and P values from Gompertz modeling. This dual-parameter design ensured stable operation and effi-
cient biogas recovery from lignocellulose-rich substrates.

The characterization of influent and effluent from the two-stage CSTR system demonstrated significant variations in phys-
icochemical properties, highlighting the system’s efficiency in organic matter removal and sludge stabilization. These
operational outcomes are indicative of phase-specific biochemical transformations occurring within the acidogenic and
methanogenic reactors. A detailed summary of the influent and effluent parameters is presented in Table 4.

The pH profile of the two-stage CSTR system, as depicted in Figure 6(a), underscores the efficiency of the system in ditfer-
entiating the acidogenesis and methanogenesis phases. The influent exhibited a relatively stable pH within a slightly acidic
range of 6.6-7.1, indicative of consistent feedstock characteristics. In CSTR 1, the pH increased slightly to a range of
6.64-7.33, reflecting active acidogenesis and sufficient buffering capacity to mitigate excessive acid buildup. Conversely,
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Table 4 | Characterization of influent and effluent in a two-stage CSTR system (mean + SD)
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Characteristic Influent Effluent
PS:SS mixed 1:3 -

pH 6.96 + 0.16 725+ 0.18
Moisture (%) - -

Total COD (mg/L)

Soluble COD (mg/L)

Total solids (mg/L)

Total suspended solids (mg/L)

Total volatile solids (mg/L)

Total Kjeldahl nitrogen (mg NH4N/L)
Alkalinity (mg CaCOs5/L)

Volatile fatty acid (mg CH;COQH/L)
C/N

TBOD,,/TCOD

42,019.17 + 12,888.14
23,911.17 + 8,304.86
35,469.62 + 17,193.44
10,640.89 + 5,158.03
64.18 + 2221
2,134.37 £ 377.81
1,460.18 + 468.68
84527 + 758.93

20,553.98 + 7,146.08
10,113.77 + 5,245.92
1,727.25 + 88273
51817 + 264.82
34.33 + 12.01
2,674.89 + 33566
585.89 + 276.26
655.15 + 333.90

TBOD5/TCOD -

CSTR 2 maintained a consistently higher and more stable pH range of 6,91-7.58, creating optimal conditions for methano-
genesis. Statistical analysis using a T'test confirmed a significant difference in pH between CSTR 1 and CSTR 2 at a 95%
confidence level (p < 0.05), validating the distinct metabolic activities in each reactor.

These findings align with those reported by Meghana & Shastri (2020), who observed distinct pH separation between
acidogenic and methanogenic reactors in two-stage systems treating high-strength industrial wastewater. Similarly, Sun
et al. (2020) emphasized that maintaining pH above 6.8 in methanogenic reactors is critical for methanogen viability and
methane production. Effective pH regulation in this study is also consistent with previous findings that highlight the role
of inherent buffering agents such as bicarbonates and feedstock alkalinity in mitigating system acidification (Rau 2008).

The VFA-to-alkalinity ratio, as illustrated in Figure 6(d), exhibits a decreasing trend as the flow progresses from the influent
to CSTR 1 and subsequently to CSTR 2. In the influent, the ratio often exceeds 1, reflecting a high acid load, whereas in CSTR
2, it consistently drops below 1 after day 80. This reduction signifies the system’s transition from an acidic environment to a
well-buffered and stable condition, with a ratio below 1 in CSTR 2 indicating a healthy AD process where the buffering
capacity effectively neutralizes acid production. This stabilization ensures system reliability and prevents inhibition caused
by acid accumulation.

The observed trends in alkalinity increase, VFA reduction, and the decline in the VFA-to-alkalinity ratio across the two
stages underscore the effectiveness of the two-stage CSTR system. CSTR 1 facilitates initial acid degradation, while CSTR
2 provides further stabilization and enhances biogas production. Similar trends were noted by Hasan ef al. (2015), who
reported that VFA/alkalinity ratios below 0.8 were correlated with high biogas yields and microbial stability. Moreover,
Peters et al. (2021) demonstrated that two-stage reactors could more effectively manage acidification than single-stage con-
figurations, particularly under variable loading rates. These results highlight the critical role of maintaining sufficient
alkalinity to support microbial activity and mitigate acidification, particularly in anaerobic systems treating high-strength
organic wastewater.

Figure 7(a) illustrates the trends in TVS removal efficiency across a two-stage CSTR system over time. The solid line rep-
resents the TVS removal efficiency (%), while the dashed line shows the effluent concentration. The system exhibits
fluctuating removal efficiency, ranging from approximately 84.03 to 99.06%, suggesting dynamic operational performance.
Periods of peak removal efficiency correspond with lower effluent concentrations, indicating a potential correlation between
operational stability and TVS degradation efficiency. These observations align with those of Li ef al. (2019), who found that
efticient TVS removal is closely linked to reactor phase balance and effective microbial retention.

Figure 7(b) shows the trends in TCOD removal efficiency and effluent TCOD concentration over 220 days. The removal
efficiency (%) varies significantly, with stable conditions yielding a value of 56.55 + 17.88. This fluctuation is likely influenced
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Figure 6 | (a) pH values, (b) Alkalinity ratio, (c) VFA values, and (d) VFA/Alkalinity ratio of the CSTR system.

by feedstock characteristics and reactor operational conditions. Effluent TCOD concentrations range from approximately
20,553.98 + 146.08 mg/L, with inverse patterns observed in relation to removal efficiency. Periods of higher effluent concen-
trations coincide with dips in removal efficiency, highlighting the challenges of maintaining stable performance in multi-stage
digestion systems. These findings are consistent with those of Tsegaye ef al. (2023), who noted that variability in TCOD
removal is often tied to organic load distribution and VFA accumulation in two-phase systems.

Figure 7(c) presents the removal efficiency of soluble chemical oxygen demand (SCOD) alongside effluent SCOD concen-
tration. The SCOD removal efficiency exhibits a pattern like TCOD, with stable conditions showing a range of 56.80 + 6.55
throughout the experimental period. Effluent SCOD concentrations vary from approximately 10,113.77 + 5,245.92 mg/L.
The trends suggest that the reactor’s capacity to degrade soluble organics is sensitive to operational conditions, possibly influ-
enced by feedstock variability or internal system dynamics. Enhanced SCOD removal efficiency is observed during periods of
reduced effluent concentration, reinforcing the importance of optimizing system stability for effective organic matter degra-
dation. These findings are supported by observations from Donoso-Bravo ef al. (2015), who demonstrated that process
stability directly enhances SCOD degradation kinetics in two-stage anaerobic systems.

The first two graphs in Figure 8 reveal insights into nitrogen dynamics, biomass concentration, and substrate utilization in
the reactors. In Figure 9(a), TKN levels in CSTR 1 exhibit significant fluctuations, with peaks above 70 mg/L around days 110
and 170, indicating inconsistent nitrogen removal or varying substrate loads, while CSTR 2 demonstrates more stable TKN
trends. Figure 9(b) complements this by showing that mixed liquor volatile suspended solids (MLVSS) concentration peaks
dramatically (above 60,000 mg/L) around day 152, likely reflecting microbial growth stimulated by substrate accumulation.
The inverse relationship between MLVSS and F/M highlights the balance between substrate availability and microbial
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activity, underscoring the reactors’ operational dynamics. This pattern is in line with the findings of Chen ef al. (2023), who
reported that elevated biomass concentrations can suppress gas production if F/M ratio is not well balanced.

The biogas production results, as shown in Figure 6, indicate that CSTR 1 did not produce biogas throughout the entire
operational period from the start. This was due to the low HRT, which prevented fermentation within the system. Addition-
ally, no biogas production was observed in CSTR 2 during days 0-35, as this period was required for the acclimatization of the
microbial community. Biogas production began on day 36, with an initial volume of 68 mL, and continued to increase, peak-
ing at 2,545 mL as time progressed. However, the current average daily biogas production is 430 mL. This reduction is likely
due to the high microbial concentration in the system, which may have resulted in a high food-to-microorganism (F/M) ratio,
leading to a decrease in biogas production. The impact of microbial overpopulation on methanogenic inhibition has been
similarly observed by Zhou et al. (2022).

In Table 5, the biogas production is examined across two continuous stirred-tank reactors (CSTR 1 and CSTR 2) under
different operational conditions. The operational days were set to 220 days for both reactors. The co-substrate (PS:SS)
feed rate varied, with CSTR 1 using 0.41 L/day and CSTR 2 using 1.23 L/day. The organic loading rate (OLR) was much
higher in CSTR 1 (6.65 kg TVS/m’-day) compared to CSTR 2 (0.21 kg TVS/m>-day), indicating a more intensive substrate
input in CSTR 1. The HRT was considerably shorter in CSTR 1 (1.6 days) than in CSTR 2 (24 days), which may reflect differ-
ences in the digestion rate and overall system design.

Table 5 provides insight into the operational performance of the reactors, particularly focusing on biogas yield. CSTR 2
achieved a biogas yield of 1.8 + 0.48 mL biogas/g TVS_removed-day, reflecting moderate efficiency in substrate conversion

Table 5 | Summarizes the operational performance results

Parameters CSTR 1 CSTR2 Unit
Operating days 220 220 Days
Co-substrate (PS:SS) 041 1.23 L/day
OLR 6.65 0.21 kg TVS/m’-day
HRT 1.6 24 Days
Working volume of digester 3 225 Litres
Biogas yield - 18 TVS_removed-day + S.D.
Biogas production - 043 +0.13 L/day + S.D.
D from hitp:/i icle-pdfidoil10.2166/wst.2025.118/1587545wst2025118.pdf

bv auest




262

Water Science & Technology Vol 92 No 5, 699

1s0no Aq
a

Ipd'gLLSZOTISMSESLES LIBLL'SZDZ 1ISMWARLZ 0L 0P/ pd

U ¥Z 10J 2. GE 12 PR1RGNIU| PUE [OUBLIBW %L LM PRUAWRIddns WN Lo paleanind,
U pE 40} 3. SE & PAIRGNIUI PUEB YN UO PARALIND,

4 ¥Z 404 D. 8Z 38 PSIEGNIUI PUB [OUBLRSLU %1 UMM (YN) JESE JUSLANU UO PEIEARIND, 'SPIIOS Papusdsns aRe|oA ‘SSA 'sHun Suiwiog Auojoo N4 &oN

TI0T - Auojod aemaaa quaredsunip snu g A
zETT + Auojod wmoxd ‘anbedQ  wnuamwiaue g €z
00Z'T + 2oupms [Np ‘remaard ‘anbed SHa2D g zz
urdaew A
€01 80 F 00°ST €8T F ¥ 6CLT - ARMpUN YuA jualedsuen ‘proanpy Shuqns g 1z %T + 00 S€
SHIO fray T
000 F 1 £F8T - AOBLINS [[NP Yitm JudsedsuR ‘IRNOID o L1
L0 + €0 SLYT - 19332 dRMpuUN im Juaredsuell, wnavinyd 77 a1
Zre * ¢ 988'1 + Auo[od prosnur ‘s SHqns g [
w1 F1 6FLT N uopeuwEid Mok s Juasedsuely, snjimnd g 1
000 F 1 LELT + Auoo2 aenoatn ‘uadedsurdy, snjrund g €1
100 F T 91sT fuojoo anbedo awnony  wnuewRaw g z1
€50 0t F 008 L0 F €0 €91 Auojod proonw ‘uaiedsuriy, snjund g 11 oD €€
v1’0 ¥ 90 zIgT + uidrew juaredsuen s anbedg SN2 9
zTT LOD F SE0 09ZT + urfrew sempun s anbed 12 g [ R0 z
S+0 T oc+1 LT T gg9 LZT F 9% ze + Auojos proanu Juasedsuely, SN g v ST + D, 8T HISD
e ¥ €T 81T + widiew ajenpun i anbedg SN g 0z
€8T F L +0ZTT - Auojod emons ‘anbedgy snau g 61 N
t6°E 90 F 00LT 6% F SL SILT - fuojos proonus Juasedsuely, Lappuyas Y Q1 0T + . €F
IIUDD MRNPUN LI SIMLIO [l 3]
90L'T + Auasedsuen ‘proanpy " o1
6681 + A0RJINS [NP I JuIedsuely, snxapl g 6
LE66'T - Auojod proanu quaredsura), pydoyow g 8
ZLe €T F 00w ooz + wdiew ajenpun pis anbedg Sna@d g L e €
2KTT 4 proonuw ‘wifew juaredsuen s anbedo snams g ¢
€0ST urdaew ;empun i anbedg snaud g 4 N 1
¥ £90 +2€Y L0+ g9 120 + S9°¢ 68T°C + Auojod proonur uaredsuely, §naiad g 1 %l + 0. 8T HISD
(0L ") (1/3) ssA (Iw/n42 (oL ~) (w2008 SW Sujes uopezuayoRIRY [e130j0ydiow aweu  aejosi UORIPUOD  J0}EDH
. SSAS eueq uopejndod /N4 0L7)  HOLIaTYIN wein |epayoes
J0 JequinN 1eoL eua e

('S + uea) SUORIPUOD UOIIBARIND Jualajip

Japun wasAs ¥1SD a8e)s-oM] e JO Z W1SO pue | Y1SD ul elep uonendod pue ‘LonReaynuapl SIW 401-1QT1vIAl ‘sansualoeleyd wesd pue [eaiSojoydiow ‘salejos! [eualoeg | 9 alqel

wouy




263

Water Science & Technology Vol 92 No 5, 700

to gas despite its low OLR (0.21 kg TVS/m’-day) and long HRT (24 days). The daily biogas production was 0.43 + 0.13 L/day.
The lack of biogas yield data for CSTR 1 prevents direct comparison, but its significantly higher OLR (6.65 kg TVS/m’-day)
and shorter HRT (1.6 days) suggest it prioritizes throughput over efficiency. These findings highlight the critical balance
between operating conditions and biogas production efficiency, with optimization necessary to enhance gas yield and
methane content.

Microbial community

The two-stage CSTR system demonstrated distinct functional stratification of microbial communities between reactors, with
CSTR 1 primarily facilitating hydrolysis/acidogenesis and CSTR 2 supporting acetogenesis/methanogenesis (Table 6,
Figure 9). In CSTR 1, Bacillus cereus dominated under all conditions (MALDI-TOF MS scores: 2.189-2.303), consistent
with its role in hydrolyzing cellulose and hemicellulose in paper mill sludge via extracellular enzymes such as cellulases
and xylanases (Normand ef al. 2017; Morel ef al. 2018). In CSTR 2, the microbial shift toward Bacillus megaterium
(2.232 score) and Bacillus firmus (2.012 score) indicated acetogenic activity, where these species typically oxidize fatty
acids to acetate and hydrogen (Hsueh ef al. 2014; Mirtelmaier ef al. 2019). Methanogenic archaea, critical for biogas pro-
duction, were not identified due to MALDI-TOF MS’s bacterial profiling bias (Vianna ef al. 2021), highlighting a key
methodological gap in resolving methanogen activity.

Temperature profoundly influenced microbial functionality, with 35 °C incubation driving a 5.6-fold increase in bacterial
populations (42.00 + 2.2 x 10° CFU/mL vs. 6.35 + 0.7 x 10° CFU/mL at 28 °C) in CSTR 1 (Table 6). This aligns with meso-
philic optima for hydrolytic enzymes (Zakavi ef al. 2022) and supports enhanced substrate degradation rates. Methanol
supplementation at 35 °C enriched methylotrophs like B. firmus, correlating with a 1.8-fold rise in VSS-normalized bacterial
density (9.72 x 10% vs. 1.47 x 10° cells/gVSS at 28 °C) (Khot ef al. 2012). The temperature-dependent community restructur-
ing mirrors findings in full-scale paper sludge digesters, where 35 °C optimizes hydrolytic-methanogenic synergies while
mitigating VFA accumulation (Kim et al. 2015; Schulthess et al. 2016). However, the lack of methanogen quantification
(e.g., Methanosarcina or Methanobacterium) prevented direct links between temperature and methane yield, underscoring
the need for complementary methods such as merA gene quantification (Schulthess ef al. 2016).

CONCLUSIONS

This study identified the 1:3 PS:SS ratio as optimal for anaerobic co-digestion of recycled paper sludge, achieving the highest
methane yield (918.66 mL CH,/g VS_fed) with a short lag phase (1.59 days), reflecting balanced nutrient availability. In the
two-stage CSTR system, CSTR 1 removed up to 70% of TCOD with stable acidogenic conditions (pH 6.64-7.33), while CSTR
2 maintained methanogenic conditions (pH 6.91-7.58), reduced the VFA/alkalinity ratio below 1, and sustained biogas pro-
duction, yielding 1.8 + 0.48 mL/g TVS_removed-day.

Kinetic modeling using Modified Gompertz and Logistic models confirmed good fit, with the Gompertz model offering
better accuracy (R” > 0.986). The two-stage CSTR system exhibited clear functional stratification, driven by shifts in Bacillus
species composition. Dominance of Bacillus cereus in CSTR 1 suggests a key role in the initial hydrolysis of lignocellulosic
substrates, while the diversified consortium in CSTR 2 facilitated enhanced acidogenesis and methanogenesis. These findings
highlight the metabolic adaptability of Bacillus spp. as a critical factor in stage-specific optimization of AD.

To enhance methane content and system performance, further development could focus on strategies such as extended
HRT, selective enrichment of methanogens, and integration with biogas upgrading technologies. Additionally, pilot-scale vali-
dation and life cycle assessment are recommended to assess upscaling feasibility, supporting industrial applications, and
circular economy implementation.
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Abstract: This study investigates the optimization of co-digestion ratios of primary sludge (PS) and secondary sludge (SS)
to enhance biogas production. The experiment evaluates various mixing ratios of PS and SS through biochemical methane
potential (BMP) tests. Results indicate that the mixing ratio of 1:3 (PS:SS) exhibits the highest methane production potential
at 997.19 ml CHa/g VSted, with a lag phase duration of 1.59 days and a maximum methane production rate of 1,750 ml CH4/d.
Furthermore, statistical analysis reveals significant differences in average methane production potentials between mixing
ratios, with the ratio of 3:1 showing notable disparities from ratios of 1:1 and 1:3. The study underscores the importance of
optimizing co-digestion ratios for efficient biogas production and highlights the potential of the 1:3 ratio for practical
implementation in biogas production systems,
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Introduction

The wastewater treatment system from the paper industry generates excess sludge in the range of 200-
400 kg/ton-paper (Balwaik and Raut, 2011; Turner et al., 2022) and in the range of 40-50 kg-dry
sludge/ton-paper (Mahmood et al., 2006; Jele et al., 2022). Generally, these sludges are consisting of
70% primary sludge (PS) and 30% secondary sludge (SS). The PS is generated from preliminary
treatment processes such as dissolved air flotation (DAF) or primary sedimentation. Although a portion
of PS can be repurposed for low-grade paper products like boards and crates, a significant amount still
requires proper disposal. The SS is produced from secondary sedimentation tanks in the activated sludge




268

18" IWA World Conference on Anaerobic Digestion 2-6 June 2024
Istanbul-Tirkiye

(AS) system. Preliminary data from a paper mill in Samut Sakhon Province, Thailand, indicate that there
is a significant amount of excess sludge to be disposed of. This includes approximately 1,470 m*/d or
25.87 ton-dry PS/d, and an average of 2,090 m*/d or 36.83 ton-dry SS/d.

Previous studies on the properties of excess sludge generated by the paper industry. Both primary sludge
(PS) and secondary sludge (SS) exhibit high moisture content, ranging from 53% to 77% (Siméo et al.,
2018). However, PS presents unique challenges due to its slow biodegradability. This is attributed to its
composition, which includes approximately 5.7% lignin, 32-81% cellulose, and 6.5-12% hemicellulose
(Siméo et al., 2018; Lopes et al., 2018). PS also has a total solids (TS) content of 32-80%, with volatile
solids (TVS) ranging from 32-58% of TS. Notably, a significant portion of the TVS (around 55%) is
ash. Additionally, PS has a high chemical oxygen demand (COD) of approximately 64,300 mg/L (Lopes
et al., 2018; Chakraborty et al., 2019). Despite containing organic matter, PS suffers from a low nutrient
content. Its C/N ratio falls between 32:1 and 930:1, exceeding the optimal range of 20-30 for efficient
anaerobic digestion (Veluchamy and Kalamdhad, 2017).

Several research suggest that anaerobic co-digestion (AnCoD) of PS and SS offers a promising solution
for improved biogas production. Studies have demonstrated that a PS:SS ratio of 2:3 can generate
significantly higher biogas yields (150-170 ml CH4/g VSteq) compared to pure PS substrate (Veluchamy
and Kalamdhad, 2017; Bokhary et al., 2021; Lopes et al., 2018; Bayr and Rintala, 2012). AnCoD also
outperforms pure SS as a substrate, with potential biogas production improvements of up to 59% (Bayr
and Rintala, 2012; Sun et al., 2022). Based on these findings, this research aims to evaluate the impact
of different sludge mixing ratios from the pulp and paper industry on the biodegradation ability and
biochemical methane potential (BMP) through anaerobic co-digestion and biokinetic studies.

Material and Methods

Excess sludge sample collection and storage: This study utilizes excess sludge obtained from a paper
mill located in Samut Sakhon province, Thailand, before the dewatering process. The samples comprise:

o Primary Sludge (PS): Collected from the primary sedimentation tank of the wastewater treatment
system.

o Secondary Sludge (SS): Derived from the biological treatment tank (secondary sedimentation
tank) of the activated sludge (AS) wastewater treatment system.

Following collection, the samples are stored at 4°C to maintain their integrity for subsequent analysis of
physical and chemical characteristics. The collection is used to characterize biodegradation and BMP.

Experimental design: This research investigates the biodegradation ability and methane production
potential of excess sludge from the paper industry through single digestion and co-digestion approaches.
Batch assays under mesophilic conditions (@35+1.0°C) are employed to assess the impact of different
mixing ratios on these processes. Table 1 is shown the initial mixing and sludge characteristics.

o Initial pH: The initial pH of the digestion medium is maintained at 7.0 + 0.01

e Mixing Ratios: The co-digestion experiments utilize PS and SS at various volumetric ratios
(v/v): 1:0 (PS only), 3:1, 1:1, 1:3, and 0:1 (SS only)
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Table 1 The initial mixing and sludge characteristics.

2-6 June 2024
Istanbul-Tirkiye

’S:SS ratios

Influent Substrate (mg/L)

22,440

10,021

Biodegradation experiments:

The COD (Chemical Oxygen Demand) of the sludge was fractionated into four categories in Figure 2,
following the method described by Wentzel et al. (1995). These categories are:

» Unbiodegradable Soluble COD (USCOD)
¢ Unbiodegradable Particulate COD (UPCOD)
*Readily Biodegradable COD (BSCOD)
e Slowly Biodegradable COD (BPCOD)

The total COD (TCOD) was measured, and the BOD (Biological Oxygen Demand) was determined
after 20 days with inhibited nitrification using the OxiTop®-C measuring head (Boursier et al., 2005).
The biodegradation fraction (BCOD) was then calculated from the TCOD and BOD20 values.

Toal COD
Tcob)
|
-
Blodegradable; BCDD Unblof;%anda"le;
e (TCOD-BCOD)
I
Slowly biodegr: Readlly biodegradabl Unbiodegradable
pricin vl LIS im0 Uit
BSCOD) ! (UCOD-USCOD) a 2,

Figure 2 Biodegradation experimental set-up.
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Figure 3 Installation of the BMP Test consists of 1) reaction tank, 2) container containing NaOH solution, and 3)
graduated container for measuring the volume of NaOH solution replaced by methane gas.

Biochemical methane potential test (BMP Test) experiments: The reaction vessel was connected to a
container filled with a 1.5 N sodium hydroxide (NaOH) solution for the absorption of CO2 and H2S. As
methane gas was produced, it displaced the NaOH solution. The BMP Test installation is depicted in
Figure 3. The temperature of all reaction vessels was maintained at 35+1.0 °C (mesophilic temperature).
Prior to gas volume measurement, the reaction was shaken for 1 minute. The system operated with a
Hydraulic Retention Time (HRT) of 31 days. All experimental sets were inoculated with 2 g VS/L
(Rajput and Sheikh, 2019) of microbial inoculum, ensuring consistent inoculation across all sets. The
pH was adjusted to 7+0.01 using HCI or NaOH prior to system initiation. NaHCO3 was utilized as a
buffer, and anaerobic conditions were established by introducing N2 gas into the reaction for 3 minutes.
Gas volume measurements were obtained by substituting the NaOH solution with a graduated syringe.
Methane gas production was quantified daily through BMP test results. To minimize errors, each
experimental set was conducted twice.

Biokinetics: The actual methane production in each experimental set can be assessed by subtracting the
methane production from the blank experiment. The methane production potential will be calculated
relative to the volatile solids (VS) concentration added per hydraulic retention time (HRT) in the BMP
Test. The experimental results obtained can be used to generate a graph showing the relationship
between the accumulated methane gas volume produced each day. This can be achieved using kinetic
equations for the BMP Test, such as the modified Gompertz equation (Lay et al., 1996), as shown in
Equation 1. SPSS software will be utilized for curve fitting and estimating kinetic parameters from the
experimental data in the BMP Test. The efficiency of the model will be determined by the coefficient of
determination, R-squared (R2).

M(t) = P-exp{-exp[(R_m-e)/P (A-t)+1]} (1)

Where M(t) is the accumulated methane gas volume produced (mL CH4), t is the cumulative time of
methane gas production (d), P is the maximum potential methane production (mL CH4), Rm is the
maximum methane gas production rate (mL CH4/d), A is the lag phase duration (d), and e is the constant
value (2.718).
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Results and Discussion
Sludge Characteristics and COD Fractions

The physical and chemical characteristics testing of excess sludge generated from the wastewater
treatment system of the pulp and paper industry, outlined in Table 2, reveals that both PS and SS exhibit
remarkably high moisture content. This is attributed to the fact that the excess sludge collected represents
the initial discharge from both the primary and the biological sedimentation tanks, which has not
undergone the water separation process. This high moisture content is beneficial for the biogas digester.
The total volatile solids (TVS) content of PS and SS ranges from 42 to 62% TS and 28 to 31% TS,
respectively. There was evident that PS exhibits relatively high COD and VS values, indicating a
substantial potential for biogas production, which can reach as high as 0.22 m*® CH4/kg-dry PS.
Furthermore, it was observed that the organic content in PS is 2-3 times higher than that of SS. However,
the biodegradation of only PS presents challenges due to the complex structure of fibers and cellulose,
as well as excessive organic loading for the anaerobic digester. Numerous studies have highlighted that
anaerobic co-digestion processes can effectively mitigate these challenges (Veluchamy and Kalamdhad,
2017; Bokhary et al., 2021; Lopes et al., 2018; Bayr and Rintala, 2012; Sun et al., 2022).

Table 2 Characterization of secondary sludge samples (Mean + SD).

Characteristic PS S8

pH 6.02=0.00 7.46+0.03
Moisture (%) 95.41 +£0.77 99.70 £0.01
Total COD (mg/L) 67,904 £ 1,575 10,653 +2,232
Soluble COD (mg/L) 10,774 £ 6,494 7,407 £ 1,166
Total Solids (mg/L) 24,390 £ 127 13,790 + 1,626
Total Suspended Solids (mg/L) 19,550 11,340

Total Volatile Solids (mg/L) 15,010 + 240 4,340 £ 665
Total Kjeldahl Nitrogen (mg NH4-N/L) 37.35+£2.89 37.64 £1.65
Alkalinity (mg CaCO3/L) 7,380+ 355 752+ 118
Volatile Fatty Acid (mg CH:COOH/L) 2,341+ 116 1,225+ 53
C/N 1,840 274
TBODx/TCOD 0.35 0.83
TBODsTCOD 0.23 0.40

Moreover, the nutrient content in PS sludge is relatively low, characterized by a significantly higher C/N
ratio than the ideal range. Typically, the appropriate C/N ratio for anaerobic digestion systems falls
within the range of 20 - 30 (Veluchamy and Kalamdhad, 2017). A high C/N ratio can result in rapid
nitrogen depletion by methanogenic bacteria during protein synthesis, thereby limiting their ability to
react further with the remaining carbon in the substrate. Consequently, this can lead to lower biogas
production rates. In contrast, SS sludge exhibits high nutrient content, primarily nitrogen, resulting in a
considerably lower C/N ratio compared to PS sludge. Additionally, both PS and SS demonstrate pH
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values ranging from 6.02 to 7.46, indicating a relatively neutral pH. Furthermore, their alkalinity,
predominantly in the form of HCO3-, is relatively high. This elevated alkalinity aids in the better
precipitation of positively charged ions in water, such as Ca2+, and can act as a buffer for acids generated
during the acidogenesis process (Racho et al., 2012).

The assessment results of the COD fractions in the mixed sludge from the paper industry, with mixing
ratios of 1:0 (only PS), 3:1, 1:1, 1:3, and 0:1 (only SS), reveal varying TBOD20/TCOD ratios of
approximately 0.35, 0.40, 0.48, 0.58, and 0.83 respectively. These ratios indicate that in the mixing ratios
of 1:0, 3:1, and 1:1, the organic matter present in the form of TCOD is predominantly difficult to
biodegrade. Furthermore, the SBOD20/SCOD ratios are approximately 0.87, 0.97, 0.95, 0.95, and 0.70
respectively, suggesting that the organic matter in the form of soluble substances can be relatively easily
biodegraded across all mixing ratios. Racho and Pongampornnara (2020) specifies that a BOD/COD
ratio >0.45 indicates good biodegradability, 0.30-0.45 indicates relatively good biodegradability, 0.20-
0.30 indicates some biodegradability, and if less than 0.20, the wastewater is not suitable for biological
degradation. Based on these criteria, the findings suggest that the mixed sludge with ratios closer to 1:0
(only PS) and 3:1 exhibit relatively good biodegradability, while the ratios closer to 0:1 (only SS) may
have limited biodegradability potential.

From Figure 4, it is evident that in the mixing ratios of 1:3 and 0:1, predominantly biodegradable COD
fractions constitute 57.55% and 82.75% respectively of the total TCOD in the sludge, indicating a higher
proportion of SS compared to PS. Further breakdown reveals that in the mixing ratios of 1:3 and 0:1,
this biodegradable fraction is divided into BSCOD (Rapidly Biodegradable fraction), comprising
23.18% and 8.41% respectively of the total TCOD in the sludge, and BPCOD (Slowly Biodegradable
fraction), comprising 34.37% and 74.34% respectively of the total TCOD in the sludge. Consequently,
the proportion of COD that cannot be biodegraded is only 42.45% and 17.25% respectively of the total
TCOD. These findings suggest that sludge with mixing ratios of 1:3 and 0:1 possesses high
biodegradable fractions, as most of the organic matter comprises unbiodegradable fractions in lesser
proportions, primarily found in PS. This makes it suitable for biogas production.

JBPCOD]_|BSCOD_JUPCOD[USCOD
0,70 145

3,50 1,24 353
1371
a1 |
61,67
2436
10,48 .
1:0 3:1 1:1 1:3 0:1

SLUDGE RATIOS

Figure 4 The COD fractions in various PS:SS mixing ratios.
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Influencing of Sludge Mixing Ratio on Biogas Production

The investigation into evaluating the influence of different PS:SS ratios on BMP Test indicated that the
maximum potential methane production was observed at varying proportions of 1:0, 3:1, 1:1, 1:3, and
0:1, with corresponding values of 23,684, 36,394, 38,510, 39,973, and 32,188 ml-CH4, respectively, as
illustrated in Figure Sa. Of note is the proportion of 1:3, which demonstrated superior methane
production potential compared to other co-digestion ratios and even outperformed the single-substrate
digestion of PS and SS. The daily measurement of gas volume within the system enabled the
computation of cumulative methane gas production for each blending ratio under investigation.
Subsequently, these findings were subjected to analysis using the modified Gompertz equation (Lay et
al., 1996) through the utilization of SPSS software, leading to the generation of predictive experimental
outcomes, as illustrated in Figure Sb.
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Figure 5 The Cumulative methane production resulting from the co-digestion of sludge at varying mixing ratios; (a)
observed in the experiment and (b) obtained through fitting to Gompertz model utilizing the SPSS program.

When considering the methane production potential (CH4 Yield) from experiments with various mixing
ratios, as shown in Table 3, it is evident that at the proportions of 1:0, 3:1, 1:1, 1:3, and 0:1, the methane
production potentials are 353.72, 628.33, 747.59, 997.19, and 1,280.80 ml CH4/g VSfed, respectively.
This study reveals that SS exhibits a higher methane production potential compared to other mixing
ratios, consistent with the fact that SS has a higher proportion of particulate biodegradable COD than
other mixtures. However, the mixing ratio of 1:3 demonstrates a higher production potential than other
mixtures, including single-substrate digestion of PS, which, at a 1:3 ratio, still has a lower proportion of
particulate biodegradable COD than single-substrate digestion of SS. Additionally, this finding aligns
with the research conducted by Sun et al. (2022), which found that anaerobic digestion of SS alone yields
higher methane production compared to PS. Moreover, in mixed PS and SS, it is found that at a mixing
ratio of 1:3, there is a higher potential than ratios of 3:1 and 1:3. The results of the statistical testing for
the differences in average methane production potentials in this paper indicate that the average CH4
Yield at the mixing ratio of 3:1 differs significantly from the mixing ratios of 1:1 and 1:3 at a confidence
level of 95%.
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Biokinetics

In the biokinetics analysis presented in Table 3, it is observed that the mixture ratio of 1:3, which yields
the highest CH4 Yield at 997.19 ml CH4/g VSfed, exhibits a Lag phase duration of 1.59 days. This lag
phase duration is attributed to the hydrolysis of substances that are not easily biodegradable. Moreover,
this mixture ratio achieves the maximum methane production rate (Rm) of 1,750 ml CH4/d. These
findings indicate that the mixture ratio of 1:3 is well-suited for implementation in a biogas production
system. Conversely, the mixing ratios of 1:0, 3:1, 1:1, and 0:1 exhibit longer Lag phase durations.
However, it is worth noting that the modified Gompertz equation effectively explains the variability of
cumulative methane production (M(t)) at any given time with an accuracy exceeding 98.6% to 99% (as
observed from R2). This high level of accuracy underscores the reliability of the model in predicting
methane production kinetics across different mixing ratios.

Table 3 Kinetic value for Co-Digestion of Excess Sludge from the Pulp and Paper Mill Industry with diferent PS:SS ratio.
(The resulting data obtained through fitting to Gompertz model utilizing the SPSS program.)

PS:SS  CIL Yield P R Fy R
ratio (ml CHy/g VStea) (mL CH) (mL CH4/d) @
10 353.72 23,684 1,030 421 0.986
31 628.33 36,394 1,614 2.29 0.989
11 747.59 38,510 1,703 173 0.99
13 997.19 39973 1,750 1.59 0.989
01 1,280.80 32,188 1,366 146 0.987
Conclusions

In conclusion, this study demonstrates the effectiveness of co-digestion of primary sludge and waste
acticated sludge for enhanced biogas production. The findings reveal that the 1:3 mixing ratio of PS and
SS yields the highest methane production potential, surpassing single-substrate digestion and other co-
digestion ratios. The optimized ratio exhibits a shorter lag phase duration and a higher maximum
methane production rate, indicating its suitability for biogas production systems. Additionally, the
modified Gompertz equation provides accurate predictions of methane production kinetics across
different mixing ratios. These results emphasize the significance of optimizing co-digestion ratios to
maximize biogas production efficiency and underscore the potential of paper sludge and sewage sludge
co-digestion as a sustainable waste-to-energy solution in wastewater treatment facilities. Further
research could focus on scaling up the optimized ratio for practical application and exploring additional
factors influencing biogas production kinetics in mixed sludge digestion systems.
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