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Abstract

Aerobic granular sludge (AGS) can be classified as a type of self-immobilized microbial aggregates measuring more
than 0.2 mm. It offers the option to simultaneously remove COD, N, and P that occur in different zones inside a
granule. Also, AGS is characterized by high precipitability, treatability with high organic loading, and high tolerance
to low temperature. In this study, a sequencing batch reactor inoculated with AGS (AGS-SBR) is a new advanced
wastewater treatment process that was proven to grow AGS with integrated nutrient removal and low C/N ratio. A
pilot plant, AGS-SBR with a capacity of 225 m’/d was installed at an S sewage treatment plant in Gyeonggi-do. The
results of the operation showed that the water quality of the effluent indicated that the value of BODS was 1.5 mg/L,
CODwm, was 11.4 mg/L, SS was 6.2 mg/L, T-N was 13.2 mg/L, and T-P was 0.197 mg/L, and all of these values
reliably satisfied an effluent standard (I Area). In winter, the T-N treatment efficiency at a lower temperature of less
than 11°C also showed reliability to meet the effluent standard of the I Area (20 mg/L or less). Analysis of microbial
community in AGS showed a higher preponderance of beneficial microorganisms involved in denitrification and
phosphorus accumulation compared with activated sludge. The power consumption and sludge disposal cost were
reduced by 34.7% and 54.9%, respectively, compared to the domestic SBR type sewage treatment plant with a
processing capacity of 1,000 m*/d or less.
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1. Introduction A e FAGE ol &t A E AT F e S
Ag7le2 4#A AThDe Bruin et al., 2004).

A9 WA SASe) BE B ALST 27z A%, o = oA Qasts 9 FAY, A, TH 5 TES 5y
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Table 1. Specification of equipment
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2. Materials and Methods
2.1 Pilot plant

2 ATE SAl FFstEAgAIEd AHE&F 22
AGS-SBR pilot plantE A28t JAPsRh FYFE o5

G
=8
=
=
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Item Specification Material
Equalization tank 2,400 mm W x 2,400 mm L x 5,000 mm H (4,500 mm He) Steel/Fiber reinforced plastic(FRT) lining

AGS-SBR 2,400 mm W x 7,000 mm L x 5,000 mm H (4,500 mm He) Steel/FRP lining
Multi-function tank 3,600 mm W x 3,600 mm L x 5000 mm H (4,500 mm He) Steel/FRP lining
Discharge tank 3,600 mm W x 1,500 mm L x 5,000 mm H (4,500 mm He) Steel/FRP lining

Drum screen #16 mesh, 1.15 kW STS304
AGS separator 1,200 mm, #0.2 mm, 2.2 kW GC200/EPOXY
— Effluent

Fqualization
tank

AGS-SBR
reactor

Fig. 1. Schematic diagram of AGS-SBR.
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Table 2. Characteristics of the influent

Total Summer season Winter season
BODs(mg/L) 119.7 + 66.9(42.0~324.0) 93.1 + 40.2(42.0~168.0) 175.8 + 76.7(55.0~324.0)
CODyi(mg/L) 124.7 + 48.4(19.3~250.0) 1234 + 54.5(19.3~206.0) 127.0 + 35.1(58.0~250.0)
SS(mg/L) 106.4 £ 59.6(24.0~380.0) 85.1 + 36.7(24.0~189.0) 144.0 + 72.2(68.0~380.0)
T-N(mg/L) 385 + 7.7(15.6~553) 36.6 + 8.3(15.6~50.0) 420 + 4.8(30.2~553)
T-P(mg/L) 4.005 + 1.447(1.800 ~9.874) 4,070 + 1.223(1.920~7.200) 3.800 + 1.767(1.800~9.874)
Temperature( C) 19.2 £ 5.5(10.7~26.7) 23.0 £ 3.2(14.8~26.7) 11.7 £ 0.8(10.7~12.3)
CODw/N 1.88(1.10~2.97) 1.68(1.10~2.24) 2.26(1.78~2.97)
Aege] 12 FAAA T A o] &L H7|3F % 2017 24 EMeE 3 diy
d2€ 69 ~7€ 28¥U(F 145¢¥¢)°l AT} Pilot plant IFEE A 2 Ay BESE 24 QT (Biological oxygen
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L= A9 A4S Table 201 UebdTh
2717 54 FUTFY L9ER 5= BODs 42.0~324.0
mg/L(3Z 119.7 mg/L), CODy, 19.3~250.0 mg/L(BT
124.7 mg/L), SS 24.0~380.0 mg/L(BH 106.4 mg/L), T-N
15.6~55.3 mg/L(B 35.5 mg/L), T-P 1.800~9.874 mg/L
(B 4.005 mg/L)°l At Pilot plant7} X8 79 7
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Table 3. Operating conditions of the pilot plant

Step 1 Step 2 Step 3
Influent flow(m'/day) 150 188 225
HRT(hr) 12 10 8
Operating cycle(Cycle/day) 4 5 6
Exchange percentage(%) 50 50 50
Aeration time(hr) 4 3 2
Operation period(d) 53 30 89

COD), ##EZ(Suspended solid, SS), FZA(T-N), &9l
(T-P) =& FHLYITPAEH 7€ 2 45t H
AE 3 B4 A8 E £H°14 DNAE AY FEotaL
EAst] HBEY FHAE EA5HE Metagenome A3
3] gelstath. Sampledl Al DNA FZ(PowerMax® Soil
DNA Isolation KIT) ¥ Fluorescence-based quantification”]
HE o] g3ty IFA 9 HolE(Pass 7] &% 1.0 ng/ul)
£ #H 3} PCR(Nextra XT index KIT) 218 & Sequencing
(Illumina MiSeq® System) 8} th.

3. Results and Discussion

3.1 Treatment efficiency

SA7]17+5¢t Pilot plant 559 v 2 AYIa&S
Table 4°] YeElW T Q9 EAYE f&559 55 9 AHa&
< BOD;s 1.0~4.6 mg/L(B 1.5 mg/L), AT L& 98.3%,
CODyjy 4.6~19.5 mg/L(BH 11.4 mglL), MB &L 89.5%,
SS N.D~12.0 mg/L(Bd 62 mg/L), X2 && 93.6%, T-N
74~17.0 mg/L(Bd 132 mgl), AIEE 64.6%, T-P
0.021~0.540 mg/L(B< 0.197 mg/L), AT Z& 944%= Y
Ebtth 70 SRT €90 w2 U2 Jo&eix] dAge = 2
3 84 - FAe & F7HE A(T-P) AAE =3t
AYHA R A& B EBAMY HAAVIE HRTE 12~
24 hr(AFsF)e =z g4 dey 2 7]&2 42 HRT 8
~12 A& RE 5 tdiate [ AY FRFINES
FgH o2 W&

3.2 Effects of F/M ratio

F/M¥](kg CODy/kg MLSS)ell WE CODyy,, SS, T-N, T-P
Ag £&E Fig. 201 YeERth £471H5% 2982 ¥
T+ AYEEE CODwy 89.5%, SS 93.6%, T-N 64.6%, T-P
94.4%=Z UEIGTE SS9 T-P= AENSE ool PGS
SRA FPoE F/MH] W3l *‘?Jr"i o] FFAA MHag
< YERI 24 CODy,, T-N9 -2, 0.050]35+] 22 F/MH]
oA Mg dso] AstE o] 21313%% 2z 75%, 45%74A
ol on olgdt AFe U2 f71E F37F AGS FZel
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Table 4. Characteristics of the effluent

Total Summer season(5~ 7<) Winter season(2~49)
Conc.(mg/L) Removal eff.(%) Conc.(mg/L) Removal eff.(%) Conc.(mg/L) Removal eff.(%)
BODs 1.5 £ 0.7(1.0~4.6) 98.3 1.4 £ 0.5(0.1~2.9) 98.0 1.7 £ 1.1(1.0~4.6) 98.8
CODwm, 11.4 £ 3.6(4.6~19.5) 89.5 104 £ 3.7(4.6~19.5) 90.9 13.3 £ 2.5(74~17.0) 89.1
ss 62 + 2.9(N.D~ 12.0) 9236 59 = 3.0(N.D~ 10) 932 6.8 = 2.7(N.D~12.0) 045
TN 13.2 £ 2.0(7.4~17.0) 64.6 13.0 £ 1.9(7.4~16.6) 63.2 13.7 £ 2.0(9.4~17.0) 67.1
0.197 + 0.109 0.178 + 0.101 0234 + 0.113
=P (0.021 ~0.054) 944 (0.021~0.540) 954 (0.038 ~ 0.480) 93:5
Tempera-ture(‘C) 192 + 5.5(10.7~26.7) 23.0 = 32(14.8~26.7) 11.7 + 0.8(10.7~123)
FBAA T A7) dEelth 57148 2dE 9 34 Table 6. Characteristics of the influent for the domestic sewage
of W YA AE ¥F, EEY 4 5% 22 EYH treatment plant
42 #7118 Fotgol 43d g&ESH(Lee and Choi, 1 Specification
o Ryl =y1a = tem
2009), 718 #3517+ F7hgtel meh &9 }5';717} 52 High loading type | Low loading type
x 2] =7kl 3 oL A o 5
052 mm°1]] j q1.0 mm7J]'o] o7tol%l¢ AGS7}F Aoz o HRT(hr) 1224 24~ 48
X AT Azl §So] SEA ;
ofM A7 A &0l T4 ATKKIm and Ahn, 2019). FMPl(g BOD/kg MLSS) 02—04 0.03—0.03
T3, Extracellular polymeric substance(EPS) 7= ¥l 2] of
) ! ‘ > MLSS(mg/L) 1,500~ 2,000 3,000 ~ 4,000
A 738 28t J4stE ZH K Tay et al, 2001). 7
s P g Exchange ratio(1/m) 12~1/4 1/3~1/6
W steAEld e LE9EEE FE(ME, 2016)9 FEwET— P P
AL 5 B2 o] AA A Y (Korea construction standard center, 5 yele(number )L T a0
2017)% ;m Table 59} Table 691 LFEFITh. AGS-SBRE xygen conc.(mg/L) i 2
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Fig. 2. Removal efficiency of CODw,, SS, T-N, and T-P
according to the F/M ratio (kg COD/kg MLSS).

Table S. Characteristics of the influent for the domestic sewage
treatment plant

Influent
Item
Pilot plant | Domestic sewage treatment plant
BOD;s (mg/L) 134.8 70.1
CODwy (mg/L) 69.7 49.8
SS (mg/L) 67.1 73.6
T-N (mg/L) 304 272
T-P (mg/L) 5.09 345
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3.3 Characteristics of nitrogen removal

3.3.1 Organic and nitrogen removal according to HRT

HRT w3slo] W& CODwi, T-N B E& WIS Fig. 3,
Fig. 4ol 27} Yeldth HRTE 122417, 10417, 8212
W3l A AE 23 Pilot plant +259 CODy, 55+

-

FTE7IE 20 mg/L ©lst2 FFAHeZ X FHIJL CODwy
AYE&L 72+ 89.1%, 89.4%, 90.0%=E e} HRTWH 3}
o W& Wiyl A9 gl TN 3%, 237|3% 5ok

FTA7F 20 mg/l 2 vl FgHoz A FHAT
HRT 12A1%F, 10217, 82417 & o A2l & &°] 27 66.8%,
66.6%, 60.6%= UEFG o™ HRT SAIZFe = W7 & A g
g0o] Yozl Ao g Holy ol FYFI TAZ QIS GF

T O o
o2 FRIEYT AGSE RE7 231 2UeH L nAE

°o 7k o 2= 9= ExO
FE A AR5t FHdE A2 F e 58S 7HAH,
CODMn inf. ® CODMn eff. 4 CODMn removal eff.
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E 150 1 60 5
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Fg. 3. Concentration of the influent and effluent, and

removal efficiency of CODy, according to HRT.
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o|Z QlF] FH AFAITAAME HFHA At 7HestA
TK(Tay et al., 2001).
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Fig. 4. Concentration of the influent and effluent, and removal
efficiency of T-N according to HRT.

[

Nitrogen removal according to temperature

2% mZ T-N NH;-N&E H3E Fig. 59 Y}
Utk ASE §94 25 Hd 11.7C((10.7~123C)°l 3
I ALA A9 V7Y Y957 255 i 23.0C(14.8~
26.7C)01Hth ALE FEFTY T-NEEE 3+ 13.7 mg/L
(9.4~17.0 mg/L), NHy-N5E= HF 09 mg/L0.1~4.5
mg/L)oIAL ALHE AL 717+ FEF TNEEE 3
 13.0 mg/L(7.4~16.6 mg/lL), NH;-N HZ== Ha 0.3
mg/L(0.1~0.6 mg/L)Z YEIY} ALE FEF9Y NH:-Ng=E
7b vtd FTFstR o A2 ofg Aitst nAEY] &g A
e UehdA gtk AL 11T o8t 3 F2oA
FETY NH:-NEE7F vl 7ttt ov A o
2st Adle UeA E%a 55 TN s&27F ¢RF
2 71 20 mg/L oletE FBA LR FA ST 11T ©]st
o] Skl A4S RAEe] g WAAERT Sl
A7} 5.8 ol wHSA] Hag ARt EY] W Ee e
LR A A5t o ALE BIuFEYe U AGSE X
g5t 2 v E T2 Epsoﬂ A A X Ho 2 A #%
ANME FGHQ tAFEF Attt &o] A=A &
Aoz AFHATKMo et al., 2019).
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Fig. 5. T-N and NH;-N concentration of effluent with
influent temperature.

3.3.3 Fate of ammonium and nitrate according to
reaction period

1 Cycle(4 hr) ¢ ¥HgA1ZE Aol ©E NH;-N, NO;-N,
SCODc, &% W3S Fig. 69 el TE wh-gA|Tte] <F 80&
AR LS w SCODe #A7F 853 NH;-N 247 334
sHAl doluvtes As &+ 3 13%01 AFe FEYLM
A= SHIGNABEY AR bE FAEE 7IlE A
o2 FA&EET WE 59 °kﬂl*£€°ﬂ g F71E A3
o Aol WA dojual o] EPFLHAE & 2
2bshit-g-o] dojtth(Van Loosdrecht et al., 1995). &40
2 A AP NH;-NETH AAHE NO;-N dAsHA & A=
Bol 5714 adlw £8A WHY AdLst e g3
71878oNA £ WielA Aidstet g2 ghgo] FAl
dojue= Aoz wokETh
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Fig. 6. NH:-N, NOs-N, and SCODc: concentration with
elapsed time for the bio-reactor.

3.4 Aerobic granular sludge (AGS)

3.4.1 Removal efficiency according to AGS concentration
LA7ZF B9 AGS B59 WE SVLFH 925 T-NE
9] W3E Fig. 791 Yeth AGS 55+ B 2,600 mg/L,
SV B+ 75 mL/gol L &g Ee A B9 S35 L
2 SVIy 100~150 mL/ggd ol FAFo] ot &

A i e AL BT

#EF T-N §&E< [ A9 TRFE7]|E 20 mg/L °lst=

O 7] =] 5 o=
fAGRA I AGS BEANE A A2 Al
20
140 |
{18
o o @
120 | o o { 16
* ° Qo0 %&@qg)oo =
0 00,6008 GBaa oo {14 5
= 100 00 @O0 B 5 S g
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Fig. 7. Relationship among AGS fraction, organic matter,
and nitrogen removal efficiency.
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3.4.2 Morphology of AGS
Z}An A S E45) Pilot plant X AT WE 5714 1
HeE 89 - AstE #FFSIL AvFE AZIE Fig.
8ol YEFATHMOo et al., 2019) & 7]7to] Aol wa} o)
Al EFo| Z4stal 32 FHY A7 7k =277
A AAE A& g1 & F Uk 4% JEA FAE o
E AEQ AFdA JF 89 2714
A= F2 FAHIFH Y dH otz T Jlen mji
st 21 U9 FHE Adoha RaHJA AE 2
AAE A=Y Est 540 ¢t EPS 2 & thFe =
B EPS EAEY 7tuAES &t st 1
= Aoz &HA AthYang et al, 2005).

3.4.3 Microbial community structure
Beta-proteobacteria= St5A T FGoNA 2 F Q1 FF o

FA = v E ZH(Class)>Z Burkholderiales, Neisseriales,

Nitrosomonadales, Rhodocyclales 4 7}A A€ wAE =
(Order) 2.2 AN E£3lA T Nitrosomonadales = tEUY o} 43}
#A st vAE AGO)L Burkholderiales, Rhodocyclales
A7 MBE AEE 22 <l 53 FAses AL
&2 A tHBoden et al,, 2017). 714 ZHE E2A
F9€8AY vAE +F 4 2AFHE Table 69 YeR T
Aol 23} v ABE  Nitrosomonadales® WSt AA
bacteria 715 WA ¥ &2 AGS7F 0.54%, Activated sludge
(AS) 0.23%= °F 2.34] %Sk3L, Beta-proteobacteria 715 7N
A4 W8-S AGS7F 3.3%, AS 1.00%= °F 3.3u] Egth <l
=48 v A E Candidatus accumulibacter phosphatis®l o] 5}
A bacteria 71F WA G HE2 AGS7F 1.8%, AS 12%=2
ok 1.5W] EE3L, Beta-proteobacteria 71% MAF HEL
AGS7} 12.0%, AS 5.0%= <F 2.44] E34th AGSHIA &2
9l FFo| #FASI= bacteriad] H[E°] AS Bt =4
Bt oW E3|, Beta-proteobacteria 715 MAF HlE&

i rlo &

B

Beginning

Elapse of 14 days

Elapse of 55 days

s

0.2 mm

&

& o
- E

Elapse of 168 days

Fig. 8. Feature of AGS according to the elapsed operating period.

Table 6. Microbial community analysis of Aerobic granular sludge and Activated sludge

Aerobic granular sludge Activated sludge
Microorganism (AGS) (AS)
All bacteria Beta-proteobacteria All bacteria Beta-proteobacteria
Nitrosomonadales 0.54% 3.30% 0.23% 1.00%
Candidatus accumulibacter phosphatis 1.8% 12.0% 1.2% 5.0%
Rhodocyclales
Thauera 0.126% 0.240% 0.050% 0.190%
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Al bacteria 71 Ht} A Yey steAel F&3 7Y

=°] 43 & Ae ¢ 7 ok

<

3.5 Economical evaluation of the AGS-SBR process
3.5.1 Electricity

3717 F< Pilot plante] dY AH AN FS Ao A

Aol 4
AE HIAHFAE 3l AT AGS-SBREE ] &

d AHLHFS FF 1514 kWh/dolQL 354 1 m® @ A
HAaH 2 0.78 kWh/m’ 2 235 9tk I SBRAIG 14
€% 1,000 m’/d °]&} stEAE g AP A FL 34 | m’
2 121 kWh/m’Z EIE oM, AGS-SBREFA <
34.7% A7 ATHME, 2015).

Table 7. Power consumption

. A
Average daily power verage power

Inflow(m®/d) . consumption per
consumption. (kWh) wastewater (kwh/m’)
195 151.4 0.78

3.5.2 Excessive sludge production

A7 B B AT 195 m/d, F9EHA
DAE 1.5 mYd, TFE 5% 7,674 mg/Lol At} &5 Cake
HAZS 676 kg/d(FFE 83%)°1H, &A1 A H&
76,470 Y/ton AERE @, 35 1 m’ B &£A AYH| &2
26822 Agdd. 2 SBRAE A& 1,000 m’/d ©]
3 steAE g £8A AYuES 5 I m’ G 57.692
2 BIHZNO™ AGS-SBRIFIFGAA F 54.9% HAEHUT
(ME, 2015).

Table 8. Sludge disposal expenses

Production of  Production of Expenses of

Inflow(m®/d) waste dewater sludge
sludge(m®/d) sludge(kg/d)  disposal(won/m’)
195 1.5 67.6 26
4. Conclusion

3714 adE EHAE o8& s EAE 714(AGS-SBR)
<] pilot plant(225 m’/d) =¥ & E7 AGS-SBRY 542 ot
<7 2t

1) Pilot plant ¥%5-9] BODs, CODwy, SS, T-N, T-P<] H
T 5=5= 47 1.4 mg/L, 11.4 mg/L, 6.2 mg/L, 13.2 mg/L,
0.197 mg/LZ [ AY BRFHAI|ES BF WEsAaL 73t
HEd % FPHA M &S YERTh

2) 2 AFAIZHHRT 8A1ZHANAH = AGSS W3 *
2 HAE FEE A HEAQA A7t Thesta Y AlA
£F ¥ B2 &9 s¢AT T teste AXEA D FAF

3) F/MH|(kg COD/kg MLSS) 0.2 ©]4¢] a¥at
7Hs8kaL 2,500~3,500 mg/L2] ®nE Y& MLSS
RN e R R T b g o=

H
TN 557 5742 712 20 mgl 032 FgH oz
A3 Agedl 9F ALAA 9

5 H8E 23 24 23, 3718 2dE s AdA 22
2 0 FHo| #HASHE bacteria®l Hl&o] BH&HA] Bk

= Uetd steAe e #&3 ndEo] ¢33 HAH.

6) =W SBRAIE 1,000 m%d o]t et A A7 vl wsh
A%, APanFH &R Hu] o] 47 34.7%, 54.9%
AZEE 5 AGS-SBRE 1F & AdUA stenEA 7

so|t},
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