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ABSTRACT: This study evaluated structural alternatives for managing water quality problems by reinterpreting and then
applying the robustness-cost index (RCI) for urban flood problems. Cases of endogenous hormone pollution in treated
sewage and proliferation of protozoa in intake-water were chosen as representative examples because they have different
types of regulation standards for the treatment. Current facilities and structural alternatives with robustness indices (RIS)
greater than unity were determined to be robust. The Rl was combined with the cost index (Cl) to obtain the RCI values. For
the endogenous hormone pollution in treated sewage, a human-oriented estrogen 175 -estradiol was selected as a target
pollutant. The Rl and RCI values for a structural alternative, extension of the current sewage treatment facility for advanced
treatment, were greater than the values for the current practice of conventional activated sludge process. For the
intake-water pollution by protozoa, UV and ozone disinfection facilities were evaluated for inactivation of Cryptosporidium
parvum. The RCl values for ozone disinfection were greater than those for UV disinfection. Based on the results and the logics
involved in the calculation of RCI for water quality issues we studied, we proposed procedures for establishing and
implementing structural alternatives for the restoration from and prevention of outbreaks of water quality problems.

KEYWORDS: Resilience, Robustness-cost index, Structural alternative, Water quality problems
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S| A (resilience) ] 71'd-2 Al lo] /@9
2ol ofel} el o] 752 Al , 8/ I
oS or AyE 4~ ‘}{ll:} (Vugrin et al. 2010).

7VEisle} QiAo Algkelg 240 2 Q1a) S
715k gl QA B iRfale] ke 0 2 g
= EAIZ 2409171 $iol, Shekel el Ajsl 14
F20] 225 Sk

2 Q7L EA] S B o2 S|
274 gjge] slerel S Brlal7) 1) v Hhe A

4= (robustness-cost index, RCI)E Akt v} )Tt (Lee
etal. 2016). AIRKRE 2| st= AR 915 25k AHsfo]
Rk Bt Al RS ERSIA] AR H A 47|
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of| oJgt o= A 2|4= & LAEANCH = =]
AYEAZZ YL (Cryptosporidium sp.) 28 AHIE
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QAR EE vjEEl= YA o AEZA (endogenous
estrogens)-> S| A S 4 rsto] HiErAl = 9
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A Al Azt weke d.o 4= Qe A o2 ATA §
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f159] slepAEs7g o] E25 Aoldt n|he AEEE Al
Ast7] S1sll Al 7o) oh 7] whizell, L AlA f-go]
Bt 81.7% 2 0| A=A T AlASF ol Hlsh At
Z o g2 Ut} (Luo et al. 2014). WA 7|29 EAlEY
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-

)& Ao 283] A7} Y=t (Teunis et al.
1997, Lee et al. 2013). $2Uztol A= 201218 A-&f
A A ol 126%0] M5 71 Akl e vl
9101 (KMHW 2013), £ G0 = £4-2lo]) 2 =
YEAT T3 BAG] Hhe) A 45 O
FEHI QL AN U QEAE FHE FaA tielo.
2 48R RCIE F3f B7sk3ie

2. A7 UH
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2 Aol A= T 0] 2] Tibe]] Tt Witd
B71= ¢J3l] Lee et al. (2016)0] A|2ksk vf Q1= U143-
HI-§ A5 91510, 5l A 2)4=9] viEA| S E2 &
QEA) B -9 PHER WARAS e 9 7]
A 2 Tkl sl e Brlslelc 4
O] Z-f-olli= Lee et al. (2016)0] A|QF3t 24| F7ieh=
o] 42070 B Afele) e 47
T} S8 AJe] Yo ek Eloirk 34 ek )
b4, Y43 |4 (robust index, RD)E Eq. 13} Zo] 4=
Z5FH a1, H]-8- R4 (cost Index, CI) = Lee et al. (2016)
SH5 s AN Bl (Bq. ). W4 Akl g A4
S 55t d-H18 A9+ (Bq. 3)5 = 4= Itk RIZL
o] 1 oJArd AL & 7|HiA|Ad & L2 tfoto] WAL
TPl 249 T 0 502 0
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S RCI ZF& o]&3f A3t 4= 9Jr} (Lee et al. 2016).

RI=—"— (Eq. 1)
AE
DS(1 W)
=—1 Eq. 2
- 1+£ ( q )
cc
RCI= RIX CT (Eq. 3)

&J7]4] ST (standard)+= @ F=212] 4217, DS (disaster
scale) = U] L EE210] 55, AE (alternative efficiency)
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= @ 7NV REA] Tiete] A2 B8, AC (alternative
costy= T=2A4] tiobe] Wi (AR], HAR] 5) 9 CC
(current system cost)= &) 7|HHA[Ad Q] vlgo]ctk

Sl 224 HiEA B2 L BEA19 74, STl
A $271% (ng L), DSE 342 W B2 5= (ng L),
AE= 7 slpA] 257 2] E2 Al A& (%)olct. o] of, &
7IHEAV I A Tiobe) F5 9 sleeA] 2] Hlsof whet,
Bl S o8l AlAES HARich

A 3 Y8 EE LARAY A, AHEAEY
o] +47]120] Fevt obd BEAER AleEEE,
W A=) A o7 B asiet. iR AlgiR] 185
29 35)of W= A E Fe) ] fEA
A7 9] 7oA AHEAE T E TS 1S
99 ol AAL Z& WAL 9le & (KMGL 2016),
Aelad Yok ERES A7l s=Teldd
Eq. 1o i = 2-g5}7]oll= F2f7} Qiek. whebad, gk
Aol 7| B E R & A-ES YR 52V
2 2A8ISE W, AV S Yol ol e Eq. 1
Eq. 42 ¥, Asf4lsiSir

RI=-"_ (Eq. 4)

Z2E (log(No/N)),
AB= £5AEO R A 2243 E (log(No/N))oIth.

22 HiE+HA B2 2LEEH H 72X oot
PAESNE=S

H &3 Lof A= Johnson and Williams (2004)2] &1+
£ 28slo] S = AVAIE ol A o= WRshe o
= Aejgo]| e E29] w55 F45ISIr Aol i
A= Hie o] 0F99.7% = Aol 2 4UH &, Als s
T O] AFAE AR shtAE 8l sk A
2 9, B NFLE Bt 3kego] o) 214
o= B x| Ad = SREETHKMOE 2013).

Johnson and Williams (2004)+= EIAZAE S5 A
0 Q1o QlpAlgto] Bt 1 ol 51 ok g
= E29] Bt gk AAIRHE Qlok. 2 Atolld= Hke
E AA F7HJ A 8E ANA He o S
Qlelo] ol ZEE E2510] AN R 2 A
5 2 7145}, Johnson and Williams (2004) 2] A A| 4k

.

i

% el S0k E20] Wi AE1] B Anhe A1)
th E29] 739-4.019] log K, 4k 27 wl2of (Joss et
al. 2004) AB}2 WollA] B (feces) O.RHE] 2220 2 g
2] 7ljed4do] Ytk Johnson and Williams (2004)o1| A
A 5 F QT 29 vlfEe Hek el E A
7£-1.2+0.1 ug day ' person™, JAISH0J42] <191
+53 ugday ' person”, TEE |7 391 0JA419] H2-56
+4.5 g day” person”, #737] o} (504 02| 29
0.9 ug day' person” @ 7}917] o1 (15-494]) €] A<
3.0+ 1.5 ug day person™ o]t}

AlZA] B ' 2010 Q1 AR 22011
Agot 4= 5AIE 285101 (KOSIS 2016), 2010132 7]
o= TR ] EA 9] I (49.2%), 7171 o4
O] Bl (28.0%), H73 1442 Hl&- (12.5%), 2= A=
SR o] vl (3.5%) B Al F- o1 9] wle (0.2%)
= PSRt 53] Lee etal. (2012)9] G- 205 AH&-
5101 504 o) 01/ 2] 21.8% 7} T = A 25 WAL Qlet
ol Fstel 2 A 59 oile] vlgg w s

S 2ot 5% & AAE R fshe sk U
E29] 24w 548 ng L o]t}

_ PxXFE
) (Eq. 5)

c

o714 C= B2 5% (ng L), Pi= Q13T 8 Afgt 2
(person), EX= Q171 th W E2 vi&eF Yk9] (ug day’'
person’), Q= 31| 2]A14 $-J814: f2F (m’ day™)
olch,

ohE, S5 = AY Al Wf st 2|A 1A (197613 74,
T AKEH] 3,1209] ¥ 49)& AR T1.1%E A
ARl BdEH A 378 ol-8sto] A2jsh, 28.9%E 1L
=x2]34 (biological nutrient removal) = A’O
(anaerobic-anoxic-aerobic) 3 o850 A2 2
T (2007 5 9k, 5 ARIH] 1,4809] 2).

A0 THe Aats} mgo] EilE|=d|, o] 9ol AE
27 AAE0) Z7Isl= Ao R H ik v olok(Luo et al.
2014). A0 35 W kst whgef gk ] 1@E AR
A7k (solid retention time, SRT)0] w2 of| ~AEZ 7 A|
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A&9) o] 52 4=t} (Luo et al. 2014). Johnson and
Wiliams (2004)0] T AEA Syl T4 7
A1 E2 A 782 81.7% ©|t}. Servos et al. (2005)
& Aikel 3 o) et BYEE A T B2 AlAE
204.7%52 AIE il QIek. Wb, B 2 A ATEfo]
A o R BRE L S Al U B2 SR HE B
&R ZAA 1.0ng L, A0 2404029 ng L' 2
4k 7t g Ao] Tshe sl 1 v &S ol 83}
o] 53k 5) Aelgr  E2 5= 0.80 ng L & 54
g,

] RIS el R 710l 7

SRgol wehE & AP AlE sk AV Adiek Ak

o] S| Q. F4 B (L. AN
(Modified Ludzack Ettinger, MLE) & FARAIAETo]

T (SK biological aerated filters, SBAF))S- &3}
o 5 1,130,000 m’ day ™' ] kS w2 0 2 2|8
Aglo|m, 2016\ W $5-3 H3E = Z-3,2319 49 ot
o] Z=9]%] 71 9lt} (Seoul 2016).

2.3 ZIEATZ|C|R9| e e| ulot 7|=X =

A1 e] 71 (KMOE 2012)0] A1 S E2 327
U5 2550l tigh 7] A5 b A A] 200 w)
2t Th27| wlol| H7} Al AlAES] 48-8 BE5} 517

3 42171 (KMOE 2012)& 7|2 2 APgs} it
B 8l7] SlelA Al e Aol s
Saohs AedAle A (KAA 2016 7R A
D8 AmE arste] BrpriaAtaet 7S 29
S13ICt (Table 1). A/dS] AdH= 2715 7] o= =
EAH) 712 71gsio] AR,

A12]7]% sdA] (NIER 2013)0] w29 55
ExrzdyEe] Gl 7S 284 E0] 2 logo]
B, B ATo|A 2t A2He) S HEYES 2
log® 7|20 & 23ato] QFF] A3 7l 1.5 log€} 2.5
log o wj F71E Sk3itk. 7k A] 7]E9] A=A S
SEAES 25 2 R 2 7SI 3L A
AP A B A BT A2 3= AR
ol 207t A7) AlES &9 Al WHE-R1E A4S
APgstaict.

229 %5, AA12]71% (KMOE 2012)0] s
E7] %% (concentration, mg L&} AEA] HZA|7¢
(time, )9 F-& 9n|eh= CTaugS 7|52 =2 sh=1,

]

21t BESH S0l wet o] gho] debdnh Kim et al.
=y
[e)

(2011)°f wh=H 2007. 1-2009. 12 717+ EF 2451 3+
759 4-2:0) 7S 16-18°Co| B2 o] gk 5 347
A

2712 (KMOE 2012)404 7% 15°CS %7
S0 AR AR ASAE A
(NIER 2013)0] w2 & o2272]0] 4 ARAIZke

off,

Table 1. Data and basic assumption for robustness-cost index (RCI) evaluation of UV and ozone disinfection processes.

Data type

Value Reference

Treatment capacity per day of the water treatment
facility

Personal communication

3
1,620,000 m" d from KAA (2016)

Water treatment facility construction cost

Personal communication

73.4 billion won from KAA (2016)

Surface area of the ozone and UV disinfection facility

3,125 m? Assumption in this study

Ozone disinfection facility
-Total construction cost
-Operation cost per day
(1,500,000 m* d™)

86 million won (construction cost)
310,000 won (operation cost)

Lee (2014)

Ozone disinfection facility

-Ozone injection cost per day (1 ppm) 10,000 won Son et al. (2013)
Height of ozone disinfection facility 2m Assumption in this study
Ozone contact time 10 min Assumption in this study

Initial construction cost and operation cost per day of

77 million won (construction cost)

UV disinfection facility . Lee (2014)
(1,500,000 m® d") 600,000 won (operation cost)

UV disinfection facility

UV dose cost per day 150,000 won Lee (2014)

(1 mJ cm?)
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£0] F7etol w2 RCI o] o} 2 st 3irt (Fig.
). 1A e 7 eR %‘ 78 4 st U
E2 A|AE0] 81.7%0°l4 94.7%2 Z71517] w0, RI
e 0.3990]14] 1.38712] 2718k, 2/3u] 271l uf
2} CI ZE2 19114 0.436714] 225190tk (Fig. 1). £
o2 IE3HE 0%, 28.9%, 50%, 85% X 100%] st
RCI 312 7+210.399, 0.400, 0.396, 0.486 2 0.601 0]t}
(Fig. 1).28.9%2] 7%, §4) A"0 40 s} 9=
S g 2ulsked], o] 8¢RI glo] e 217] wh
off 7IRE Al 28o] AfsiE et o= Sl Uiad o] 2Hkls
A S-S o3t} 3, 85%2] 75, 201219 3=
o @A) 715 5]l = MLE 240] s}t gz 5l
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Fig. 1. Robustness index (RI), cost index (Cl) and robustness-cost
index (RCIl) plotted against proportion of advanced
treatment process in water treatment processes of the
Jungrang Water Reclamation Center.
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ERNCEESS
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7|02 F7 ) whizell, Al e} 71 A 2 log®] $HFI 7
ol 1.5 log, 2.5 log gk Z33}5L). o]uf A= A0l RI
L71710.75, 1, 1.252 A[d9] Ag)s5o| lao}xw PAES

o] gl fpobA|u] 2] 7] % BEYBHE L 25 58
Zpsto] o] S sk A %

HAARIgre] 1<
% e,
AR AEAA L] AL BEAEO] 1.5 log, 2 log, 2.5
log®d ), 2.30]}4] A3t} 2ho] A=A 2] 7] (KMOE
2012)0]| W2 Ado] A1 UV dose=217}3.9,5.8,8.5
mJ em™ o]t} wkA] 207 AJAE] 99 A], Cl= Zhzt
0.89,0.87, 0.84 % LFERF T RI ZFS ¥FJ31 RCI = 212h
0.67, 0.87, 1.050]c} (Fig. 2(a)). 2.2 A2EAH2] 7
$eo0] 15Co|a AJAe A5 EEAEo] l.Slog,
2log, 2.5logA| 227152 CTaugr2219.3, 12, 169]
o} ZARRITE 10802 1148191 'IH, 717l C 4k
20.93,1.2, 1.6 2% YElr] Cl & 229 §3lkof o}
ek AP afol ARt 9.2] 79 jep uhE C ghe)
AE dEst717F o87] diiZol] & w=oll= Akl C
= tifdsto] T @Fo] B SEE Ik 718t
of A GHIE C1 4P B 0.9988 = AlLke]
Ik W], 2067k Al 93 A, ST RS 7}
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Fig. 2. Robustness index (RI), cost index (Cl) and robustness-
cost index (RCI) plotted against the logarithmic rate of
Cryptosporidium sp. inactivation (log(N¢/N)) by the UV
disinfection facility (a) and the ozone disinfection facility
(b) for 20 years of operation.
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41 GEA) A 0GB ure 9l o]
7bE0E 9198919 sjojo] Alaelojof ghck. 4 o
A SAIE E 509 Abe] - wjegolekE 2ol
QIS 4| Fapo] ol B5kaL 710 SAAA
oflA] Heial7lo] ofete: o] glglom 3| WAy A7k
2] 24 Thoto] %o 914 Gl welA] $1@ 2]
2 HA3| Shrgo = FAA Aefe) RS HAER
% Qi 72 Thke] S-glo] WAt it ofjel, 4
el gk 72 vjeke] - o} 245210l muER)
& Sa5to] G WA 4= QL SIS el E AT
T Thote] WAL 2T Afalh WA e
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(No. 2015R1A5A7037372).
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