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ABSTRACT

Urban development has led to an increased proportion of impervious surfaces, leading to the accumulation and runoff of
nonpoint source pollutants that degrade water quality. Effective mitigation requires the strategic allocation of best management
practices (BMPs) considering both pollutant reduction and cost. This study optimized the spatial allocation of three BMP types
—bioretention cells, permeable pavement, and green roofs—in a 43,893 m® urban catchment in Seoul using the Storm Water
Management Model (SWMM) and the multi-objective NSGA-II algorithm. Total phosphorus (TP) load targets were calculated
for each subcatchment using local water quality standards, with differential safety factors (15 - 40%) applied to account for
uncertainty. Representative scenarios were selected from Pareto-optimal solutions based on TP loads for each safety factor
with minimal installation costs. Results showed 136 Pareto-optimal solutions from 4,102 scenarios, highlighting a trade-off
between installation costs and TP reduction. Permeable pavement dominated the installation areas due to its low cost and wide
applicability, while bioretention cells were limited by spatial and cost constraints. Green roofs were concentrated near
downstream areas, consistent with prior findings on placement efficiency. The study presents a systematic, cost-efficient
framework for BMP allocation that incorporates site-specific hydrological and topographical conditions and local water quality
standards. This approach can help guide urban water management by identifying priority installation sites and supporting

phased implementation under varying budget and water quality objectives.
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SWMM (Storm Water Management Model)-2 EPAOS]| 4]
MRt AP RERGLR, 5 &Vt oYt 8 |
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(b) Land Cover

Table 1. Subcatchment parameters

Fig. 1. Study area

Subcatchment Area (m?) Imperv (%) Slope (%) Width (m)
1S 145.16 100.00 0.00 6.19
28 347.07 100.00 0.00 24.34
38 248.74 100.00 0.00 14.73
4S 622.32 100.00 0.00 32.93
1478 186.31 100.00 4.57 16.92
148S 246.22 100.00 16.69 18.05
1498 307.43 100.00 6.47 17.95
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Table 2. Buildup and washoff parameters
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Institute  of Environmental

Landcover Area (m?) Buildup Rate Constant (kg/ha/day) Event Mean Concentration (mg/L)
Residential area 14,437.98 0.00600 0.20
Industrial area 2,930.85 0.00600 0.50
Transportation area 24,189.29 0.00391 0.20
Public facilities area 911.01 0.00295 1.30
Artificial grassland 1,336.63 0.00447 0.30

Representative Rainfall Year Selection
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Fig. 2. Rainfall event selection
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HE E;qjqi /\1] M— 1:,_; }_é q]x]—z]g Hx%—a}
ATt Fig. 32 Al 7P7\] HIH L AANAAAEY 24 A
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SlsAe  2AM=SHGreen
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Roof, GR)E <|u|gttt.

2.2.2. NSGA-IIZ 223t C1=x |X35}

B ATOIAE TP Rol AAT HHLGAUAL A
A vlg Aol F 7HA Stk 545 FAl0 A
Askst7] YA NSGA-II  (Non-dominated Sorting
Genetic Algorithm I)E &85}t NSGA-II= 44 &

o

1EE 7INke] ohEA HAS dAFZO R, St F
7N olFe] HAE Al aEste] Y E A6 HeS
EAIStE A2 B2 02 Fch(Deb et al., 2002). A=, W
A, ol & Eofl M= At off Yt st HlA|
v %= (non-dominated sorting)= Eof 53t & AE
gttt S BP9l BEEE E9 T E A E =5
ot 1Y 15 93} Python 3.13 ¥ DEAP T|7|R| & &
$3}900], F 7p B2 PHL 212 SWMM 23S 5
o) WS 2% RETC) TP HaF H4sel w90
AUAA AR W Hasie elelsit. 44 vee
Rahman et al. (2025)9] 945 Zalsto] & WA o H]

2 7|&0 2 A5 tH(Table 3). 274 H4= A 714
HIH L AANAAA §3ol 2 ti el A=A

o Hgt 75 et o] Mz dAste] 285k
BFE 1, 4834 S A4S 022 A5kt 27

AT AUl eE tofst siE 2T = JAEE 8471
4289 = Fukol 271= AL, Y| 427]1= njFLgo
2 AAS T B2 E YAt E s AT 27
=100, At &= 5002 Ao wa 85 0.7,

Sello] 8L 022 AAste] TEATt Z7te] Ay
Zools A9E AAE Tg AEAE Rofsert.
Table 3. Unit costs by BMPs
BMPs Unit Costs (¥#/m?)
Bioretention Cell 31,983
Green Roof 42,643
Permeable Pavement 21,322
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Table 4. Allocated

load calculation by safety factor

Safety Factor

Allocated TP Load (kg)

15%

3.550

20%

3.341

25%

3.132

30%

2.924

35%

2.715

40%

2.506

28 mYstel UL

wsto] WE AN AL

) ot 0] WE A4 HgSl 54 F gl

z3teA 47

3.

3.1. NSGA-IIE

a7t hAE 3
EHE AYERE
AE e,

ME]REH OH% H9ls Aot
EHE A U2] 2= NSGA-IIE &3

o} = ﬂ&oﬂ N 5 AL TP FFHIFL
Hl.go] Hael AuteleR Ayt

27 Y 1%
288 O=y HxsE 21

AT o] THE NSGA-l 75 & %
ASlskol % 4102709] Alvkel ezt

o] & 136719 M E HHH7t =E=HA

o). Fig. 45 2 AU Qo] T HY o AAZIAA A4

Hl g3t TP Folepe] BAS

Scatter Plot with Pareto Front

Uk AHEolch B Q.

@ All Scenarios
@ Pareto Front

05 1.0 15

2.0 25
Cost

Fig. 4. Scatter plot with Pareto front
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Table 5. Representative scenarios based on the TP allocated load

Representative Scenarios TP (kg) TP Reduction Rate (%) Cost (W)

Baseline Scenario 3.790 -

Safety Factor 15% 3.534 6.3 60,287,555

Safety Factor 20% 3.324 11.8 93,720,514

Safety Factor 25% 3.303 17.4 95,842,053

Safety Factor 30% 2.921 22.8 167,312,872

Safety Factor 35% 2.714 28.4 213,219,138

Safety Factor 40% 2.493 339 277,386,439
GAZAE A vlgo] Z/FASE TP Rolgo] Zadt  BYEL AFL BASKYT ok AWT £5%50] o
< A58 A (Trade-ofE BRI = AUt T E 2| 2]5) A2 AR AB A 243 EXo]g E4S 3Rt 3
AL DL Y otFo] 2AH, Hepy HoE T 7] ROz sy
Fato] EAFYTE o] F HHLAAZIAL 4 vl geo] £ ATE FPHILL | F0E HYGATIA A
F|40]3 TP Fshgo] il Ao HA g2 HE &g Y I HAE =EFo RN, ddAY
60,287,5559, TP R3}L 35340ke® EZEQTE ¥t A% 4 95 S4o 42 58HQl WY ALL vl
H HH L FA LA AA] Bl-go] Fdjo]al TP F-3}Fo] T A= AARIT. of2fRt e % et 2 &
FaQ AL e9] d3] Hl-E-2 283,825,549¢, TP Fob  HY BH-G 2 A8oto] BA 2 W HFHLGAGA
g 2479 kg2 =EEQIG =EE I E HA AY A9 A A A9E AASHL olE dAFCE gis
< B AAXGAE A v a4 A 5y 749 < WA AZE sHste dol 282 & o

A2 AE JFH oz AATgOoZH, =dst =3 A
2z HE H]R §go] =2 H|HQAAAAY 23}
WS AET 5 e YA A 2AE A

Bt

vl

3.2. TP ZRoIFS et HIHQHNAAL
HH X]

ES|
21

HIH L AAHAIE S A-&5HA] b2 Alve] 2 (Baseline
Scenario)?] TP Fo}lH2 3.790kgOC 2 A E| o, o]
£ 712082 A% A3 7 bdEE TP A& 6.9%
oA 33.9%2] HEZE Hth 2 AFoA= 7 kg
TP FFHESIFo| TE i AHUZE =&5132H
(Table 5), ZF AlU2| oA BIFHLFXNAAIELY T4
HIX| = Fig. 5¢F 2t} &/453t= B &/ vls| /&
Tofl JIFT AFe] SAFoE A== GOl
Hlon, bHgol A Tt & FHE
gjEl= 4% Btk ol= AN AEY |
Ao wet sl A, shr AA7F AR AXE
o LAEE Aol o anAolgarl AARE o APA
F9] AE9E GX§HH(Fan et al, 2022; Lee et al,
2022). E3E B4 T AR bAEo] AFEeE A
A EAEANA 2ZH Ao AT Aoz AZEH

o e o
ST

LS

A AUEOE ASE BE ALt ood By 17
o) 7V £ Ao ehith oleldt At Fay
o) g Hs Wao] APARAL oF 0.5, 4}
o oF 7M. WmA W SA, & A Hlal Wb
Aeor] s SAE, v AMARAL 23 7
ol mspoleks the 4y @7 Axeln B
(Hunt et al., 2008; Nazarpour et al., 2023), Y AU 2
oA AEE A ATt ol= 2 AT WAV 1
TH Ao Jx|ste] AFAFAY] HA| 7Hs HEA AA|
7t Alete 232 wobE E13F 99 A AR Y
T ® HHo| Yol B4 xR0 A& 7hsAdol w1 @t
7h A@sto] Blg mE&Ao] 95t BH, AAIFA= A
5 AL HE AFe g <l RX ZFHIL offthe=
Zeng et al. (2020)9] A+ AXpetE R3it) ol= A
o] Al F27F A ¥ 7]Rke] W  AATAI S
&ot= dl Qo] 24 AV EATE HojEt A-
FAo] AP 118 glol=, 8 iAol axbEQl A
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Fig. 5. Representative scenarios by allocated load

Table 6. BMP area of scenarios

Representative Scenarios PP (m?) PP (%) BC (m?) BC (%) GR (m?) GR (%)

Safety Factor 15% 1,572 11.8 303 21.8 400.5 8.1

Safety Factor 20% 3,458 26.1 175 12.6 337.5 6.8

Safety Factor 25% 3,820 28.8 0 0.0 337.5 6.8

Safety Factor 30% 6,122 46.1 0 0.0 862.5 17.4

Safety Factor 35% 8,275 62.3 0 0.0 862.5 17.4

Safety Factor 40% 8,507 64.1 175 12.6 2120 42.8

Available Area 13,274 100 1390 100 4924.5 100
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