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Abstract

This study established a hybrid constructed wetland (HCW) to further reduce residual pollutants in the treated
effluent from a municipal wastewater treatment plant (MWTP) and evaluated its removal characteristics and
environmental potential. Concentration changes in BOD, TOC, TN, and TP were analyzed according to the
operational phases, and pollutant load reduction was assessed. The removal efficiencies were 86.3 % for BOD,
97.2 % for TN, 69.23 % for TP, and 28.4 % for TOC. When applied to nationwide effluent discharge, the total
pollutant load reduction was estimated to be 147.3 ton/day. These findings indicate that hybrid constructed
wetlands can serve as an effective nature—based solution (NbS) for additional mitigation of pollutants in MWTP
effluent within aquatic environmental management frameworks.
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Fig. 1. Configuration of the hybrid constructed wetland
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Table 1. Comparison of water quality standards and effluent characteristics
Section BOD TOC TN TP
(mg/L) (mg/L) (mg/L) (mg/L)
Treatment capacity of 500
m® /day or above < 10 < 25 < 20 <05
(I District)
G City MWTP Effluent 3.30 4.10 7.14 0.12
CW Effluent 1.16 4.65 0.09 0.03
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Fig. 2(a)+= 9354 47 #5549 BOD 55
Bl Tefjmolrk. At 7|7t Ayto] A4 9 BOD Fke
2.0 mg/L ~ 7.0 mg/L ££22 fAHIoH, & 5=
£ 29 TAER FR3 Zolg Btk %7 A7
Phase 1A= #Z& BOD 5%7} 2.17 mg/L ~ 4.59 mg/L

& o] 2pol7t ot A|A Ggo] JiA o= Wkt
:Laqur 4 294719] Phase 2 o|FREE f& 5=/ &
28] Zaste] tHEE 0.00 mg/L ~ 1.31 mg/L H$] el
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2(b)et Fig. 45 5l 371 2-&7]%1 Phase 13 A|7hs &
52l Phase 2914 42 TOC #&7F ¢ TOC HEHT}
A3 Forxlol ‘/}E]r‘;l'E}. o] 7|zte] TOC AAREL
-58.01%%}t -84.71%9] &(-)9] AAE&S HAh

Phase 194 #&H -58.01%2] 2(-)9] AAEL 9

Z7] SAPRNA oA Wi EAstd A ndE 7199
z27] &4 #7194 DOC(Dissolved Organic Carbon)©]
SEE7] dgolzt sfAd. o]g 7] DOC &%
QAL AFTEHA A HiEE 27] B34 TA9] E4C
2 B39 v} QJti(Tanner et al, 1998). ©]% Phase 2014
AAEol —84.71%= sttt AL 2 AFFA & 12
o B9 ek FFEE B S0l 4708 ol

17} EO} OJ‘J']' ‘H—‘?—‘C %’:.O] AL gle AA F4o] &
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Phase 2 2% A7l Al™e] 2" R-DOC7} &5 HA
TOC #& 555 T7MIZAL o= QI8 -84.71%2] &
()8] AAEo] AR o= SiAH tH FAI A7)
o] BOD A|AEL 62.22%% 55+ vE e}, o]+= BOD%+
2 TOCe FEald f7187H 23tshe & A &ete
Zpolof A Z]lgteh, of A} o] AEwr 4 o7 =
Aol A= B F7152 AAEE v, G4
oo &% R-DOCO &2 2l TOCE O]/\]qui
SV 4 O]Q'(Garaa et al, 2010). §tH Phase 2 £7 &
=3 AN A g 2x]9F F71A o2 Y5 Phase 39
o|=2d TOC AAEL 28.36%2] F(+)o] AAER A%E]

o, &5 L 9A 1.35 mg/L ~ 4.12 mg/LE Yo}

A A o2 {AHSQIH. o= AlAHe] 7] EtEdS

SESHY PAE ARAH R GRS HojFErh
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4.70 mg/L= °F 1748 Z7Hl&el= Est, {&
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Fig. 2(d)° w2, F94 TP =7} Phase 13} Phase
2914 0.1 mg/L °Jste] W =& A5t7L, Phase 3
o o]22] 2% Z7lste AFS HAh G55 TP 5=
B 0.04 mg/L oJ5te] W FEE AR FASHT
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Table 2. Pollutant load of Phase 1 in hybrid constructed wetland

N

191 Phase 3ollA= AAE HlolEl7} 55%0lA 85% Atel
wIEStH HEY Fo 17]'0}‘21‘:} olgiet Ag AF
2] A 2dlofA Q1o] S22 {3k I (finite process)©]
, B7] el wEr A9 01 A Hosl Az za}
(P-saturation)o] =ETo =24 35ty F2F 7|ghe] AA
71&o] TAagPE M-S AMARITHDrizo e al, 2002;

o= Estal B < 70%

Gao and Zhang, 2022). 219
o A7 B&S fAske A He| e BT,

_Eerl> ku

3.6 2EE31 A2 2z 2

3.6.1 test-bed 29| LU QAT BN

sfolmels A4 Axgel 24 2 BAE ogRs

A7) 52§ 0429 m’ /daye} DAY B FEE 7|

202 ASYT). Phase Fok EAolE 29 BAY B

7 RY-HE %5— dagos Agajgon, A2
e

[e]
= %4:]3 “QEE 01'7] H"LO]‘:}

Table 2= Phase 19| @ {Hst *2] ZiE A A}
TN(100%)3 TP(98.55%)ll A Fof Aol o] =2 4
58 B0}, BODE 19.33%=, A4 Yol 0.00035
kg/day9] H7el It TOCY AHS S(-)o AALES
Hylon, ol &9 27 @A &9 84S U
e, A|A"S] QHFSLE 919 A&54 Q] BHYE o] B
ot AJARRITE

Table. 32 Phase 2°] @ @Xst A2 AHE A ASHt
TN-T'/} TP= 100%_4 —rO]' ;(171-3 Eo]tq o]-z%xqo] x%a /H
52 gAokech. BODE 62.22%% Phase 1 tju] 7j415]
ot ol TOCE —84.71%2 ()9 A7&e yehd
=, ol *9 5 717 F HEAT 5 U 535%
AAF7E &9 AN ARl FEE dFe= siA A

Table 4= Phase 39 QIHSI *7] S AASH}.
TNO A9 79 £3} 0.00202 kg/day % 0.00196 kg/day
£ ARst] 97.23%°] &2 A7 &&& H3rh BOD &
3+ 86.34%9] =2 AAES Ut 0.00060 kg/dayE
st TP= 69.23%2] Al &&= 0.00004 kg/day
= AAste] FTEF AN A1 A2 T8-S &st

32 1
HCI

4] TOCE Phase 17} 2914 £()°] AAES uglo
1}, Phase 394 28.36%9] F(+)9] AlALR HFHE o]

Parameter Avg. Inf. Conc. Avg. Eff. Conc. Influent Load Effluent Load Load Reduction B§moval
(mg/L) (mg/L) (kg/day) (kg/day) (kg/day) Efficiency (%)
BOD 4.19 3.37 0.00180 0.00145 0.00035 19.33
TOC 5.93 9.37 0.00254 0.00401 -0.00148 -58.01
™ 0.27 0 0.00012 0 0.00012 100
TP 0.069 0.001 0.00003 0.00000 0.00003 98.55
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Z 0.00050 kg/daye] TOCE AASIATE. ©]+= Phase 1]
A BEE 27] 240l 9 SRVt 49 E fE
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of

otH o7 2% Phase 39 AIE 7|92, Test-Bed
TRo|A ERIE QAEE AA & A= steAH &
F B2 FHste] stolBY =y AFEA A8 Al 7|Hh

pil

W FEoteA A oF 44707047 29 FolH, 2024
d 7% % d9he 9982 20,455,202.2 m® /day=® B ETH
(Ministry of Environment, 2025). & 242 slo]|E=g
21552 Test—Bedo| A &Q1% Phase 39| ¢Hg=Ql A|A
aes duge= A8t M= 9] RSl et &
A @GRt A 7He/de st

Table 5+ Phase 39| ZA¥E5 A= 9] HFpol it &
A ediFst A avsE AR A FH(Potential

Load)e 23 81542 W47} Phase 39 491 522

"E8S A8t At gte 2, stolHe =y Qg5 A&
Al 71 4= Qe 4] 7191 E AASH ] 915 d A 24
Axtott, Table 50 wr2® TN BODE Z+7F 93,352.31
kg/day(93.35 ton/day)@} 28,398.19 keg/day(28.40 ton/day)
o] 7} A3ko] 7hsste], & 121.75 ton/day®] @ HHF 5=
TAAZL = e AL Bt ol I A9 79
e dfdsta & 4ta 14 EAE ¢dlohs ol 54
3 A 7122 A4ACh TPE 1,897.73 ke/day(eF 1.90
ton/day)®] F7F A& Foll TN @74 FJFE ohz
Hom oslel 4 Q= ¢ A aatE HoEth TOCY
AA 'L 23,724.69 kg/day(23.72 ton/day) H5HE F
7 AR ol A Ul §EATAS] 1 AS gheletal, =
Z T Fgdstet 22 o WA AEEs AAAXI

4.2 2

=2

2 oA 2024 5UEE 20259 10974 18749 5
ot sfojuel=g AgsAe] e AB Y A 45S 29 @

Aol wet 3gdA 2 FESt] Hristiot. 7] H-e7)
(Phase 1)ollAl&= BOD A|lA&E°] 19.38%=2 E3tont, A

F

[e]
sro
A 9ol Z7HE Phase 2014 62.30%2 AFsstAal, 5
k. ol

7RG 78w 27 A2t L dEEo] TS on QHgat @AQl Phase 304 86.30%0l =53t ol=
otH, oli= stolB =y 1F527F A oF ot &A19] QB %57 oo ¢tAslE| I, A7 m&o] AAHAoR FAF
A edrst Fre Jehdd, 27 A7EF(Additional 9SS HojErh ogER ¥ EALS AyEW TNS
Load Reduction)> A4 st Phase 394 ASE 17 RE 9o SAA 97.23%2] = A7 §&L §A|5HY
Table 3. Pollutant load of Phase 2 in hybrid constructed wetland
Parameter Avg. Inf. Conc.  Avg. Eff. Conc. Influent Load Effluent Load  Load Reduction 'Rfamoval
(mg/L) (mg/L) (kg/day) (kg/day) (kg/day) Efficiency (%)
BOD 3.15 1.19 0.00135 0.00051 0.00084 62.22
TOC 3.99 7.37 0.00171 0.00316 -0.00145 -84.71
™ 4.68 0 0.00201 0.00000 0.00201 100.00
TP 0.07 0 0.00003 0.00000 0.00003 100.00
Table 4. Pollutant load of Phase 3 in hybrid constructed wetland
Parameter Avg. Inf. Conc.  Avg. Eff. Conc. Influent Load Effluent Load Load Reduction Removal
(mg/L) (mg/L) (kg/day) (kg/day) (kg/day) Efficiency (%)
BOD 1.61 0.22 0.00069 0.00009 0.00060 86.34
TOC 4.09 2.93 0.00175 0.00126 0.00050 28.36
TN 4.70 0.13 0.00202 0.00006 0.00196 97.23
TP 0.13 0.04 0.00006 0.00002 0.00004 69.23

Table 5. National-scale pollutant load reduction based on Phase 3

Avg. Inf. Conc.

Potential Load

Additional Load Reduction  Additional Load Reduction

Parameter (mg/L) (kg/day) (kg/day) (ton/day)
BOD 1.61 32,906.36 28,398.19 28.40
TOC 4.09 83,684.96 23,724.69 23.72

™ 4.70 96,081.01 93,352.31 93.35
TP 0.13 2,640.51 1,897.73 1.83
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o,
4z
ol

P2 oF 17.44 S7kol ol g2l A-E B
. BOD+= 86.30%°] a&= AAHo] +4°] &
Aot Ae-E F3stH, TP 69.23%°] &
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