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34 25 22 IUK-GWPP)S ARSItk (1) THAIE CSM 713t 52 204 A, (2) A4 AS R 2234 714, (3) DQO
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3 A2 ASHE 7|5k AT e

FR0|: Xokr A HH|, FXPHEZZ(CSM), Atz 2 =SH(DQO), Ik 7[2HAHS ZA|(Graded Approach), AO[E-22| AIAZ(CPS)

ABSTRACT: Recent detections of elevated tritium concentrations at the Wolseong nuclear power plant site highlight that Korea's groundwater
monitoring framework remains largely static and low-frequency, falling short of its core safety functions: structural integrity assessment,
early detection of unintended releases, and prevention of off-site contaminant migration. This study analyzes the integrated groundwater
monitoring strategy adopted at U.S. nuclear facilities, which combines Data Quality Objectives (DQO), a Conceptual Site Model (CSM),
risk-informed graded monitoring, and a voluntary reporting system to enable proactive detection of subsurface releases before they reach
site boundaries. Case studies from Braidwood and Vermont Yankee demonstrate how early-stage CSM inaccuracies and insufficient monitoring
resolution can produce Type II errors (false negatives), while the Vadose Zone Advanced Monitoring System (VZAMS) at the Hanford Site
illustrates the evolution of early-warning technologies capable of detecting leakage signals within the unsaturated zone. In contrast, Korean
monitoring systems rely on single-screen wells with limited depth resolution, simplified Equivalent Porous Medium (EPM) modeling, and
lack real-time sensing technologies, making them insufficient to capture minor leaks, transient concentration changes, or preferential flow
activation. Based on these findings, this study proposes the core components of a Korean Groundwater Protection Program (K-GWPP): (1)
transition to a dynamic monitoring framework grounded in high-resolution CSM integrating geological, hydrological, and structural
information; (2) adoption of real-time water-level and water-quality monitoring, supplemented by VZAMS-type vadose-zone surveillance
where necessary; (3) institutionalization of DQO-based monitoring plans and risk-informed graded monitoring; and (4) a trigger-level reporting

Copyright © The Geological Society of Korea 2026
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system for rapid disclosure of anomalies. These elements collectively provide a foundation for transforming Korea's static, reactive groundwater
monitoring paradigm into a dynamic, predictive, and intelligent system, with potential for future expansion toward a Cyber-Physical System

(CPS) framework.

Key words: groundwater monitoring system, conceptual site model (CSM), data quality objectives (DQO), risk-informed graded monitoring,

cyber-physical system (CPS)
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[| Optimise the Design

Refine the process to ensure the
best possible outcome.

Set acceptable error margins for

|| the decision.

Create a clear and logical rule for

decision-making.

Establish the scope and limitations

of the analysis.

List all the necessary data and
resources.

Determine the specific decision
that needs to be made.

1 [| State the Problem

Clearly define the issue that needs
to be addressed.

Fig. 1. The seven-step Data Quality Objectives (DQO) process used to establish a systematic planning framework for environmental
and groundwater monitoring. The steps include: (1) stating the problem, (2) identifying the decision to be made, (3) identifying
the required inputs, (4) defining the study boundaries, (5) developing a decision rule, (6) specifying acceptable limits on decision
errors, and (7) optimizing the design to achieve reliable and defensible monitoring outcomes (U.S. EPA, 2006; U.S. NRC, 2007).
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Table 1. Comparison of DQO, CSM, and GA frameworks for nuclear power plant groundwater monitoring system design (U.S.

EPA, 2006; U.S. NRC, 2007; EPRI, 2008).

Category DQO CSM GA
Definition Data Quality Objectives Conceptual Site Model Graded Approach (Risk-based
differential monitoring)
Purpose Quantitative specification of data Integrated interpretation of Risk-based allocation of

quality requirements, error
tolerance, and
performance criteria

geological, hydrological, and SSC monitoring resources to maximize
structural elements for monitoring detection performance
design

Core question

“What quality of data is required?” “Where should monitoring occur?” “How intensively should

monitoring be conducted?”

Regulatory U.S. EPA (2006) U.S. NRC (2007) U.S. NRC (2007)

basis U.S. NRC (2007) EPRI (2008) EPRI (2008)

Procedure/ Seven-step systematic planning  Integration of fracture zones, Risk assessment: likelihood

Method process backfill, drainage structures, consequence; high-risk SSC zones
(problem — design optimization) surface water-groundwater receive intensive monitoring

interactions
Inter- Overarching framework governing Foundation for DQO and GA Execution strategy based on DQO
relationship CSM and GA; defines minimum implementation; provides spatial ~criteria and CSM spatial

data quality standards

basis for monitoring design

information
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3] o] ZHAFAE B o] YQlo|H(Vermont Department
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3 )73 AF Atlo)chRucker et al, 2011; PNNL,
2018a). o3t GA 7)4te] 2|5}4= ZHA] o] k4 uf
A7} 27148 75-S AYH 02 PPATITHE AL Bl
‘6‘1— s Olq
olo} 2 BAA AHE Tele v, ) YH 2Ao
Aok A A A= A Y- H A A 25 Hloju,
SSCs Y =-AA FLZR-8F AHAZE 7|Hto 2 3t A=3}
H A A=ro=m HehE davt ok ols &5 AU

oA = Il Aok Al AAY 24 FA—HE

»‘?‘—EHb HE, 199 79 E57 A, A E 5
ﬂgo}‘— g @4Holm, 32 R HE T2

(K-GWPP)©| x| &= 4] A4 7]&o0| Hrt.

A U Asenel o) B ae At
fog
A, 1 O A3l S BA0] ola) 3451 2145
A 54 Sts et FAHoR olEehe B9t B
o} oleig 54 o] € B9l Ei 7] wele] 4] A
2 AFE £E AU BRI £ HsAo] 30, ol
= Type II Errorg F+2H 02 F7HA7]= Hlo] Hrt
U.S. NRC (2007)¢} EPRI (2008) o] 3k 7HA] Zuie
al2317] 918 @Hin-sita) AAIZE AZ 71%e] BAH =
W& gAHoE At gon, ol A3 2 A7
£ A BIF o H “27 AR 7] g om Halks
LA 4 943 7hEE
Z| 200 QTHAAIZE A 71 2A At A%
T A7NAEE 71587], @4 DA% (on-line) HAHFA G
7|(LSC), A4 7|4t Zet2g Aldgo]g, PMT (Photo-
multiplier Tube, 3F2REHTH/SiPM(Silicon Photomultiplier,
AE|E FHAAS ) 718 BHET oS HAAEA o
A Sk mlokRt BAL A5 E TR HESI AeE
ATl AATE A 75 sk d@A FHE A
olt}—, @A A5aed B4 A|AE|(FDTAS: Field-Deployable
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Tritium Analysis System) 5 TrFst Fe7} 7= ick
(Hofstetter et al., 1999; Sheen, 2012; Azevedo et al., 2023;
Huang et al., 2025). ]33t AA&2 =4~ Bg/L &
Z0] AESA BES 60-1205 7HA 02 BAa 4 glo],
AZHIAE SR04 7]& A4 7IRE A7) E40= 2
2202 b 29 27| 9A 58S AlFdth 53] A
St W AA A EE 529 @] 343 e o
A= AATEe R ZAFT 4= Qlof, =& WA AIFE 4
shar, @4e] 2] Whg S At AAA +Ede
FA8t= o] vi-% -85}

v AXZE ZHA] 7] RSk ol ol ARt A
T 5= Qlth= A7) QleH, rEo] EXIHE St
A Sh= & ol F ol 7IAVE AbEara, A7IHIA
o s} 5 EHT 4 girk. oleie BES) A UL
B 5}7] 98] v]=t Hanford SiteollA= VZAMS 1&38}d],
EX3 FoA B = AZRE 2710 A=
AZS =Yt Rucker ef al.,, 2011; PNNL, 2018a,
2018b). VZAMSE= A 7|4 A3} et Electrical Resistivity
Tomography, ERT), 544 & A5, 7|4 Asra
A & ot A 71eE 23t B Y R E 2
HEAY o5 AL E FAT= A AF 02, X5k
Holl =g A EX] FHoA FE5 AAFoE X
sh= o] A3l 7

o|2fgt EX3lt ZHA| 9] oful= 53] HH KR ol A
At} o] WS AA| Astero] EEs | 71K 9
o AR EAfeh, 2% 2o BusiojolH ShAb-E-
F3 50) e AN A £ o)) ks
oAb S 9k wheba] RS delolx] R AT
£ 7 2 ke, el 2.gdo] WAlE ol Hhgale
PEe) AFY A WAS ZRA R tAekT, 2717
W 52g wer e A % ek v1F Hanford 2
2] ) VZAMSE ol2igt Hgko] A7 37) o] uzket
RpEr 2010 g0 = 7t AR B b,

AT A 71e3 E3x23 A 7)< DQO-CSM-
GAet: dHsHA 2YE . DQO+= w5 27|13 EE ¢
3 Q7E= APt AR 48 35k, CSME
54 - A=A +& A7t oBA UsERE
q&stH, GA= AAE 7les 32 9P = SSCs =1 &
A A GSH=E A A BiAE 2 Z3ict AAZE AS
C2RE FHEE IV E ARe olF RE-THS H|A &
E3%H(model-data integration)§ E3f CSM HIEZ o7
7§A18FIL(U.S. NRC, 2007), A3 ZA] A A S 8% AFSF
o AgHaiA A Lshe H) AHE T Heh A7 B
9 B2t A 71w 22 @Y 71e 847t ofyet,
Aok Al AAY A4 S-S F2Ho=

M0 ek ZEA HIHI(K-GWPP) HIgH 323

&bt 7|& 7R 0 & 7] gt

fokstH, dA(in-situ) AAZE &X] 7]&2 AZEIA=E
7|8ke] & 27] |AE 7FesHA sk, BES A=
ek A A o d AN F& HAXE AT
A Type II Errorg S22 02 Fol= 9TE 3t} o]
g 7]&E2 oF & A7t Ajbehe = Askr B
Z2IHK-GWPP)9] a4l 7|ed 14 Q48 3=
(57), A714 o 2= YA Aok A AAE CPS 52
2 sk 715k 7]& R 7] 55k "ot

3

3. Ol= LH 3XE=EHA 2X1 W XIok: ZEA1 HIAH
X0

TAF R A R Ak A AlA= T A
7 SAHY FE FxoA4 "ol CSM, DQO, GA, A A
7F A, B2 A, 2E|3 A HuAAE A et
YA A A=re g Z13ts| ghrt. 53] vl 2000ty
ZH o]F o] =& ARdS AZIE o]t B AAl A
& F2)8}5193, U.S. NRC (2007), EPRI (2008), NEI (2019)
T TARR T AGA AL 3l =9 AAE FASst
Gt 2 oA = olggt A A F 7P F&23HE )=
O] FAAM 2 E FAHCE, 4 dE Asta gy
AL 7Hs8E EESH] A% 24 7|8k nhAgl

3.1. 0I=9] FHI-& 20F XISk ZHAL HIA|

nj=59] YA A8l ZA] AAl= TFAI71-(US. NRC, US.
EPA), AF4A|(EPRI, NEI), 12|31 XpEH2] H A A|(NED7}
A HOPA O 7 LS AlE LR (tri-layered framework)S
7|9ko 2 W) gkt o] A|AQ] Sl FER2 A5l A
£ @3 2 2UE"o| ofd, 45 7|WKperformance-
based) ¢HH 7|52 A YstaL, Holg 7|ut JArAA
AAE F3l Aot Al AA L FA] Al =9 A3
&2 o2 A7) ) et

A, U.S. NRC (2007)& nj= €A B A Y A3k 4
Al AA G 71e3 7|25 AlFshs B4R, Ak TA A
Aol DQO HALE A-&5to] A |54, 24w F4, AHA
Al, 27 73 (Type I-11 Error), A5k A A1 A1 2] HA| 2
Z|Slof| et WS AAISHL Stk E3F CSME 53 A5}
T A Ao FAlol Far, 2d-7|9 FAIE Sl TS
He-ZAR] &89 ASH 25 15T A A
t}. o] gk 7 g2 o] %2 HE AMYA A7 9] 7|yto] Hit.

=4, EPRI (2008)2 U.S. NRC9] 7|&3 7|4k AA|
AA A & AN A W Aot A AAE &
517] Y3t AR A Z2EEZS A A8kt EPRI A2
< 7Fs/d0] & SSCsE FH LR GAE AgstaL, 5
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3 A2, BEF A=, AR AF] HlE, A AST] =
Y 97 5= AEEEl et 2SS ste=E Attt
(EPRI, 2008). T3+ 241 R4, 37 2], 2.0 24
T &% TAY HAA] dAE] AAIste], CSM 7]4EE]
Sfeba 7hA HS A 29 Weom AP @dw
o) Jabe Tk

A, NEI (2019)2 A 7153 FasHA| AFdAE 2
2304 ARE AR 4F oS A FES BE3
H ZA] B8 E Q45 H= APHA B W (voluntary
reporting) WA UZE vlAs59L) ¢ Braidwood2} Vermont
Vankee 1+ A 0|7, 91 41219} £3& Foih] 9
o SR AEH PH 2, 7|43 704 AABE ohjek A}
317 bATgo] Hehs 433t

ol Al 7HA] 84 717t 7|4 EY(U.S. NRC), 4
52 £.o(EPRI), AY51%] A1) R ANEDS Hrshe,
YA A Aok 24 AAE A2 2714 R 7S
F(adaptive) 22 F2A|7|= ] 284 JTS 3k ®
3 o B Frl TR AR AT, AN A,
VZAMS, 29 7|4t A2 53K model-data integration)2]
=S A8k, @ IS S AA A CPS =59 3
Al QA= 3 = e EYE ATl st ol o|%
3.248 oA t}E o = A (Braidwood, Vermont Yankee,
Hanford VZAMS)2] w&-& o]af|5}aL, 43 of| A ] ZHA]
AA L) +22 FAE s, 57| K-GWPP 24
Aej2 A= ol 34 7o) e,

32 FREE A R uE

o= 48 A F2] Yol A AR As g 7 A
S(U.S. NRC, 2006b)Z R|5}= ZHA] A A 24 F{oF
< By, @A 3 A Aol =Y =7 7R 7|
A=A S FUS 2338 A7IE AFstit & 4o
A= dE AR 9] ¢185)= Braidwood, Vermont Yankee,
T12]3 Hanford Site®] VZAMSE £4]0 2, ZF A7 =
A AL DA gAY o8 B3l €= 5 e 34
REL BA5] 404 T R 74 AAlS] T2 B
A% B3 B7Ae, SHoIA Algkehs K-GWPPe] 417
& A Hsk= 7|5to] ot

3.2.1. Braidwood &&: X|E-XIote: &SEE20
ZEAI12E ARZEXICH
Braidwood ¥&(Exelon Nuclear, 2006)o| A= Hj&4
A=2] AFu}ty] W E (vacuum breaker valve) Q&5 02
gl A 120 s T FEEH AU S.
NRC, 2006b), GA| A|5k= ZA] A A= Aok f-50] 7
A W @FA(cooling pond) .2 F= +FE Ao|= 7MY

jus
10

o
0X
[
oo
0x
[0

= 7|8k 2 A I Ty AA| L G2 A F-A|
I AT A8 B3l HA BAE dol A2 AR W A
t= BA7HR] SHAE QLA o) 271 CSMo| A| #4435}

AA F2E B=shA Tedit 2t ERIE I &,
FAIHo] AelA 85 7 Z(preferential pathways)E S8
] 28kA] SESHHA Type I error7h A= AP 4] A
At

o]l The3HE CSMO| 24 FoPAdS E4d 9A A
o] CSMOJA = FAFSHA Yehdth QIZE2ARH(2023)2
A RA oA Aok 59 AT Fato] FuldH|
(permanent drainage structure)2 $~33tch= 7S 1)
2 CSMo) 3y 74 842 st Tet o A
Hl= AAA ez vieg a3shs 554 AlAo] olyzl
Aet97F 44 ARE 28 Di(overflow) £79]
52 Ut A|5kr7t vl E 5= 5 (passive) FEEO|Th
THA] T, A9 2oA = 2l 214 viE
HA(hydraulic sink) H&-& 3HA] gomn, g 27|
FAEE 717l 28 AA YAV EES Aokt 2
o] HjrAEZ FAEA B3 A -5 7 Z(alternative
pathways)E F3fl 0|58 7Hs/do] EAgch

ol2fgh Hollx] &4 CSMellA Aok Fulj=AnlE
A3} 459 “X|uj& 4= A(major convergence point)”
o2 715 HL, Braidwood Al|oIA] veRt 23 B
Palom AXpAele AL A7HEETE WE
Sawle A4S WETT 5] 95 2AL ol
event-driven) E4& 7IXE2&, o]& 1% (stationary)
A02 755 sl 5 A ofmo] W 4
 BEgol WiAIE SIA7} A7) 2 Aok TASA
TRsAo] F71RI of 2 2] ol 2 Ex
7] 3% Wske E2514) 8 Type 11 ErrorS 23 5
T2 AL ks AR £2E 4 o

w}2b4] Braidwood AR#jeh 214 R2]o] CSM 74 4]
2 A2 e AW U 4E WL AT GG, 27]
CSMe] HestEl ZAZ o] Al 74 A 27
o] Qs olold 4 ek FEH LEL AFT ol
g A Ak Aok A AAY A A 4R 54
A, ANA 1R wEY BE(FE A9 FHAE
A, FrafaAdu], g 718 Asho] A9 f-F 7
25 FHHoE Wgsh= Aol IR de x5, o]
T GALH AATE A 71 =99 HeAds Addske
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3.2.2. Vermont Yankee &&: &g J|HF it L]
0N MEHM Q= A=Z9| 0|ET]
Vermont Yankee A o)l A= 2009-20103 Alo] =]} v
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B o At FEEGOH, Rt o T
Qg et | R A 0 2 o)} HT e R
7oz HILshe AFE B Y Vermont Department of
Health, 2010). A3 27], &9 BS5F ZH o AR
SO, A8k A AA 7 B=shA TedkE CSM= 7|
o g2 dAEo] LAg Aol -5 HEE ZASHA| &
gAY @ d A 27] DA A FAEHA] skt

Z7] A5t AT A o] A2 A 7HR| =2 A2 Er

A, P20 BEFo] HA| 7 F5d FE2= 14
Eo] lo] A= & Qo] 3 Bt = SHTCEHN
E4 dg9diy SR E a2t ol Edte L ds AT
T Ak T2 il 3R XA o2 2] F0)7] i
of dEHE wAHA| Y= ST 2 WS A
A FRttt

A, ZAE AAY AA7E | st 5 ZEol
EPMo] 7|9ket e 24 Rk -5 TH=oHA HE3lsl3l
ot EPM 7|9t 22 ohgke) o o A2 =4
A 5 BEE WA £ 7HsA0] 2, o] = Qs
AA| Azt f500 ot LHEAY AT FEIF =2l
A AARE =k 72d 4= qlck

AR, #5537 740 Qi B4 f-5 S(flow axis)2t
26| nAPSHA] Folf AL 37t =T W A H
oAl ZAH LHEY AT F9o| #EF= AlE 5
sho] FR|5hA] 3t A o= EAE QI

o] AR O] F AP A= 307 o] AFe] At TEE- 7t
AAekaL, tA e dijA A LS AEst] A o5
Aof| gt 7P S AT 2N AR LFEE 9]
T AEE TEE 5 AU o= Tgo] WEE ot i
Zo|A A= ZFA|(multi-level monitoring)7} <=3t
7167 27 Aol ohjet 27] =% BAIE Sfet B
2292 AN

Vermont Yankee ¥4 A= T3] “TSFo] 53
= AE Qo 9E-gHtE F4E G tieS
sl EPM 7|5t 2edlvt M4 7t §-37F 22 255 54
o] BA-ARIE R|etg FA| AAZE +2AH L2 Type 11
ErrorS §38 4= Qlok= AE ®H oJ& o)k Vermont Yankee
AR B2 Y A5l A] AA A Type 1T Error 7} &4
3t AL G ECSM-EZ- 53 AT AA- AR s e
o] FAIE Est= Aok AAl AA Y 22 FHoH of
Zoltt. o]¢} 22 FAl= = ¥A BA—53| 9ol T
92t Sfet o S RAAE FUsHA EAAT 5
Ue A= FF K-GWPPE sk B4 GA,
T A, A= 7|8 AlS, T3 = Al37HALR SHEs)
of Sttt TS At

M0 ek ZEA HIHI(K-GWPP) HIgH 325

3.2.3. Hanford Site: 2XtH ZAI(VZAMS)E E
SHMHA X718 HH 23

Hanford Sitet= 344 193 Au]of|A] RHEH o2 =&
o] IRt FA& v L E2, A5l =g o] THA9A
& A5 x| 93 EX3 7|6t 27|HE AAE
TE53 2 A AlFolth. 7]E Yol AskH ol ol
A9l £4-5=9] 7|9 TSo] JEFPTHH, VZAMS = +&
o] EXIE Tt &% Uehbe = olF o
(water-content anomalies), 7| A4} A&44, A 7|8 A
W3], o7 £Z HE 52 AR B AR 2
Ao mH, TR 9] Al F7H] AR R E T2 2 E90|
+= 983 3ttHRucker et al., 2011; PNNL, 2018a, 2018b).

VZAMS 9| 714 24+ thg Al 7S SRt AolA
S0t ERT= +E& U3f 5716t & T BskE
TH-pAHog gord 4= glon, FAA HF(neutron
logging)& = A& =& £ 9| W35 JF3let= ¢ a1t
2ot} E3t 7| s A EX3 oA 2
sh= 571-4A| A2 Hli(phase partitioning) 7|9k o5& A
Ao 2 FAT = Qlo] 7] & AT E HASH IS5
Hop g wEA A5 5= ok ol2et 7le A 232 A
29 ol ¢ EFAAo] & X BN E 2 EA
A =E FHE = =S A=A

Hanfordo| A= 2¢E &3 o) st B35 A
£ 53l Aotrd = Aol ol AT E 27| XAt &
Al A% t3(ullg= R P A B AT =
343t AL 7F B E YITHPNNL, 2018a). o] 7]&9] &
Sheff W Ret= 718E AREO 2= EASE 4= gl B2s)
o FHofl et AA| A ZHAl(proactive monitoring) 9] 7hs
A9 7917 SSCs FH | 7HA] 48HE w25 GAY &
Y HojZe

Hanford ¥%] 4] -85 VZAMS9] 9]ol= k&3] “&
23| ZHA] 71ES AT = E S 9ol T 22
TF2A 1S AlFeitt

AR, FE2 BEA] Xk 223t F @A == A
o] ofyz}, 1 o] H DAM = F=3] 'A| st A
ojct. o]= 71& A AAY AlZF A1 A I A AIXITE

A, EXId= FEEH0 Feke M 27 AR
o)A}, Z3Hf W A|sfrofl A Hrk 7 gRAke] ¢JRFo] A7)
2o A& o F-2-H|(signal-to-noise ratio)7} § o} &
7173 5ol 25ttt

N, B 7|5k FAl= gd7]&o] obd g} thaAlA
Fo] 87EE= AAZ HZolw, o= Askg= A AA7E
7129 A-32 W oA CPSE Z13}st= 4 TA ol

Hanford Atgl= =W €4 727} ot di=3 E4S
Zka §lo] - R H o7 B Xk 5 ARV
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Table 2. Summary of major tritium release incidents at U.S. nuclear facilities and key lessons for groundwater monitoring system
design (Vermont Department of Health, 2010; Rucker et al., 2011; PNNL, 2018a, 2018b).

Item Braidwood NPP Vermont Yankee NPP Hanford Site

Facility type Commercial NPP Commercial NPP DOE defense waste complex

Release cause Vacuum breaker valve Underground pipe Repeated releases from
malfunction failure high-risk tanks

Transport Surface water- Selective flow through Vadose zone

pathway groundwater interaction bedrock fractures migration

Monitoring Oversimplified CSM; EPM assumption; Limitations of

failure cause surface-groundwater full-screen wells; saturated-zone-only
connection not modeled insufficient spatial monitoring

resolution

Key lesson CSM must incorporate Multi-level monitoring VZAMS provides
surface water-groundwater essential in fractured rock; early warning capability
interactions and EPM limitations before groundwater
preferential pathways recognized contamination

References U.S. NRC (2006b); Vermont Department Rucker et al. (2011);

Exelon Nuclear (2006)

of Health (2010)

PNNL (2018a, 2018b)

gote] 2ol S| A3l A o] DA S22
HAE B8l 9= FEol Ui 271 E Vs s
5taL, d/d AReol Al gl Type 11 Errore] WS A4
517 i3 23] AAIE =R A5k A AA AR
o] 84S AAIsHATH

3.3. O|= SXFE=ELMA 2X] L XISk ZHA1 AkIC] Al
A

tl= YA Aok FA| 5 At 242 A5k A
A7} Gt A4 5 SHY A FRolA By
A8l dagt H4 2453 AT AE-=7 21
] vj 27} A2 Tt = E5512 Braidwood, Vermont
Yankee 2 Hanford A= ZE5F o2 %27] CSMe] B3
S, A =) B, A7) A& AR S48 ARlE
B9 A, A -5 H 2 AaB7} X3
AlS] B4, 223 1299 FHof gk T3 HAl A7t
Type II ErrorE §43k= 8 HJSUS AXSHAH E
gk o] & AR 9] &2 AR WA o] AL TF5t
A A 7laS EYUste WAl 2 7|E Aok A
AA ] LEHQA FAE HET 5= gleu2 A A|A 9
A Ast I RA7E F2A 2 JfAE o oF e AJAL
Eig=g

o2 Apele] B wES 2A ] /A2 Ak

AA|, B=stA De3HE CSME 2|8k A AA 4
SFY AR AFE 5= leug, AA| AA L ST
Aegsta 71702 WA 7hsd CSME 7Hdske Ao
AUk

A, 4A9) BAT A2 BAS ARHo R FAsHE

DQO 7[&t Axpr} 71& A4 T2 S4 AT A4
7|RE A A 2 Hgslr] 918 - = AL o] =] ofof gt}
AR, AT =7} =2 SSCs I A A8l -5 7
2o S A viAIsk7] f18 GAE Al A9 B
A FA AF=F FAlof EHsl7] Y B Ao |tk
A, AAZE HE AR 718F ZA|-EEZI AE
A AT A Ve Y] £ Aot IRF 5=
IS Z2Fs}7] Ql8f) REEA| FeshH, o]Hgt 7|4
3 AAG-2E-A R TF 8 A 29 At o
ST A PRI Ak gL
Lol AAE vl= A 9] F-A AAE, & =l &
Al A A7F CSM-DQO-GA-AAZHE3E3 ] ZHA-2E 7]
gt ez o]ojR|= T AAZ AgE ofof qrh= J
ojtt. X8t Al gt A Ao /S ZFste] &
e A5k Al AAZE AL E I @A o]FE wf YA
FA Y Ret AAL FEs 270 gASL B S
Aoz Heske 53 -23F AAl AAz dd
T Utk ol o AWM =9 =W Al AAY
HAE B7Fshe 710l EHH, 5ol A Algtsh= K-GWPP
A A9 AE sk £47 7|9k Alsgich
3tH, 2 ¢31= U.S. NRC-EPRI-NEI A A S Z4l0
vZe] YA A U Hake A e BN e o
AT ol vlTo] R 32 sk A0 Bk AP
AAA 0|1 FAE A AN ZHAHZDQO, CSM, GA)
£ 753t low, AA| £ A9} ool gk Al A|A
WA o] s EASHE o] Qlof 3= AAl AA A2
Aol Rxut) ti e g2 74 Agelr] otk B3, =
U] &8 97 (OPR1000, APR1400)-& =]=2] Combustion

ol
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Engineering & Westinghouse AAE 7]&Z o2 #4535}
L Lo, ul=e] FA-AMY ZEAH 2T} = Y FA]
7H ARG AR 71l ARAE et d&, =TS, 9=
T B 94 F=Y A5t A A A vl AL 3
& Aol A Z13ge of g o|rt.

4. =L AT 21| XIoks= ZEA1 HIAHIS THEIH

4.1. S ZAl- 71l ol

U LA FA] 2 ZJsla= A AAR F2 TAAEEAH,
2 723k B (NSSC, 2017a), 123 ARIARZ} 2G5k
HIAFXAZEE 7R A8 (Radiological Environmental Monitoring
Program, REMP)°]| oJsfj g =|o] SFeHNSSC, 2017b; KINS,
2024). o] AAE ¥ FA] YR A S o= sh= A
T4 AN Al F2E SAHLE St dREekLd
3] 3IA] AJ2017-27Z(NSSC, 2017b)A|13ZA43HEA L
o) Ao o A HEsk] I3 Aat E FAIUE
T AstrY AAAG S FAIEA N 2HA =Hsto] Aldst
ofof gttt ) ol A= FAIA QL sk Aol Tt Akato] A
Ao} QIA] St kA AR A B2 WolA Ay
sk HIAIE A 555 27)9 "AISIAL R[kp-12E A
325 AAREe R Frksl7] A% A 7152 A=A
7|12 o2 AgHA ot

REMP= = tf7| BE4F- A1 & FA| &F 2759 v
AMA G B7HE 38 BF 0 2 shu, A5k o] HJA W
oflA] v &4t A RE ERISt= B FEOE FHTEo
ittt o] v|=2] NRC-EPRI-NEI7} 7 FX] Wj(on-site)
Aol AAIE A 752 73t A a o) 220
thU.S. NRC, 2007; EPRI, 2008; NEI, 2019). |2t +
Z2] Zol= = Ask A A7 A8k 7]6Ee] 27
AE 715& A=A or 553] vtgstR]| Xl ¥elo]
.

LA 22 ) sl 7 A AR
e &Y He7H A, #E5FY AR A= A3 A4
A& AQF F7] Foll tigt BFA-71e3 7]&o] FA s}t
AAE LY BA oA i ¥ BT AR FE2¢
7HAR #EF YHE FYE= A AdE = U= AR A
H|7} mjejsiAL, =8 ahfdiof 2|2 A o 2 AA 5
A gh= Aol 239o] AR E o] Qlof, #E A= &
ol A7} Stk Aol A E vF JITHRITERAR, 2023).
olf WEF X EAL Askr 75 I A=A
o|d/do] & F32|4 o]F UNLOZ o] Foj7l LA B[4
A Aok s AR E TR X8 e =3

A& YF = SHINE 3 HA AA= T2 4=
7] ©12) A7) A= ZF el gEstar glom, B K(in-situ)
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Table 3. DQO-based reassessment results of groundwater flow modeling at the Wolsong NPP site (U.S. EPA, 2006; U.S. NRC,

2007).
DQO Step Assessment Item Current Status Key Limitations

Steps 1-3 Representativeness Insufficient Inadequate monitoring well depth/spacing;

(Problem statement, of input data lack of depth-specific hydraulic testing data;

Decision, Inputs) monitoring wells not aligned with fracture
zones

Step 4 Boundary condition Insufficient Steady-state assumption; temporal

(Study boundaries) specification variability (rainfall, tides) not captured;
permanent drainage structure
oversimplified as stationary boundary

Steps 5-6 Type VII Error Insufficient EPM smoothing obscures preferential flow

(Decision criteria, management paths; Type II Error risk elevated;

Error tolerance) high-concentration observations near SFB
not explained by model

Step 7 Iterative Not No feedback structure between

(Design optimization) improvement cycle implemented model-observation-monitoring network;

single-scenario results not linked to
monitoring network optimization

Hom, X3k=E AA A1) WA Qb A &
22 Aotz Aok A AAC] gt ek Lz
Ago] F @slrh= A AAFIC

AR, FUW A8k A AAE A W A3k gt
A a2 5HZRA A diido] obd, REMPS] 519 &
2oz I3t QUHNSSC, 2017a). 0] u]=+2] NRC-
EPRI-NEIZ} Zro] AbiA|e} 1471 3e] A Bt A8t
T A B2 HEo 94 Al A W AR s b
7)o 2 BEate] Fg8taL, B2 Y gk FAIE 4
Sk vl A Aet 24402 giu|Et. &, U x|k
AA7E “HliE G FRlrolgt= A 75 HEY 9l
of, |9 F&5 270 Aok oM 71502 2
817] ot} o|gt A Ao A2 ek AT
AA, A7 B 7S, B AA 5 3A AA A =5
S ZEZ o0 2 Agheict

A, AAAA AAZE Fagt CSMe| 7]9ksER] oot
ot - wha - 21 914 EAJ(], backfill- i F2HA| S, G
v 5) 9 A 7528k AA B Aok -
ng 7 3ol A HAEEHA qrdsiA] gttt €4 1A
W Gulledu)of gk vl A 2 A2 weshd
CSMQ =& 9 o] & 0|3t X3k -5 B /doleh=
T2 EAe] Q1 dflo|ch(TIRERARE, 2023). ©f= Braidwood
AHE B0 A AXE CSM T3] W Type 1T Error
Aol Ylo] H, GAE 53 A AEHE Sl 119
A1 FAe 27]) & & At 2 AHA 2ok 75
ARE 18R Z3t Xk A AA FolEhe A
2] YAIBHHU.S. NRC, 2006b).

AR, HEFol Ax BFE, A= 1708 A5 74

of W& 7] st BE A 23 A5 2 =W
Aot AA AAE 3 LEEE v 294 59 22
2o 2 A|oF Atgolt. ©rgo] W E ot BR|oA= A
Sl -5 A= ddo] Wgd B4 Axe HEEH= 7
$7F gt A= mE 1 A o] LB A 32
A 7 38 AR B2 2FGE s s FHFeRE
A AA LEY FE B AHE FdsHA EAs)
A| %3 ek Vermont Yankee AbEof A= Thil = ZHA|
53 Aok A A EUFCZN 5= HE 18
o] &3} tH(Vermont Department of Health, 2010). ©]
o Zro] A= A BFo] LHe9 4 £ EAS 4
AsHA GAsto] Type Il Errorg Ash=t| $83 9
= T3t

A, 4271 871 A& AQF] 7159 A= A=
TF2 7] W3 @S TR ¢ glow, o= AAIH '
A-AsA 7 AFH- @ 71 ZAAE 202 A 2 v
=+ A9} =4 djH])Eck(Sheen, 2012; Azevedo et al., 2023).

2 A7t SjAH=E= Type 1T Error WA 9] 714 HIssH o
¢lojct.

AR, AE = 7REY] S2F B A R = Vs3]
EA) Al o) AelE AlE] 94 SuolHE Fjebd
Z#gtth NEI (2019)= A 713 F386HA B5%
AEs FE A8t AHE 7128 2718 49 24
BASkEE Qe ol x<Aks] AlHE Sus)
L8y spste 2 ssgich 2Ad AlleAs A
HAl &F AA WollX HE a2 7|8k 27 B A A7}
n]H] gk Filo] gl gicth

ANA, BEAR-ZE-ZAT 7+

N

lfl;:m‘o

)

¥
&

flo

2714

gl

M4

=



330

rot
0l

M4 27k FEEe] 914 itk US. NRC (20071 A3k
22 ZPAR] %S X517 $18) CSM -l gz
Al AR} Wk o2 o]2ojAok Stk AAJSACh
Teht ) AR D AR 2ol oleid &8 1z
2 AASIL o[ WSHES SH= A4 Uhgo] HAISITE wet
N Q4 A5 55 mERe B3 T el At 9
%3 CSM 7hA, ZPA 2118} B 271 BET ARjoh gL
NI AR 2} AR b ol

uhxEro 2, ) Askd AARE A7 B, Tl
A, BESH 7, AEAR A 5 TIE A 7%
o] =Jo] A9 o]Rofx|x] gok, n} A Al el o]m]
TR 23 43 A AAeh ket 42 walch
ol Tt 714 £9 = BAZL ofeh, Asle: A E
Arjedac] £ A4 SRS IR EYY F5on
QA Qe AEA Aol s Aoz dxg
2 9.

Saste, S 9A A A5 A AAE
(1) il that S 4] 24
(2) CSM 7|¥h 7] 5.5
(3) AE-BF A7 = R
(4) ToE A= g 9 A )4 2R
(5) SIBE 719 74 ) g
(6) A B2 A A
(7) &3 A% HH5 72 2R

5o 722 FAE WESIL 9o} Type Il Error 43
5 golx ulte] A ol 7144 294 A=A
e} A ofela Mrke SYA Agtek K-GWPP
7h et 7% £ Hol A Wste) dake Waw ¢
< Wehs) Hojze

5. 3t XI5k B2 ZE1E(K-GWPP)Q| &H|

]

o

470l BRI vkt o], Ff LA B A3H A
AAL CSM 719 A4 54, A=-B1 AR Y= 25
5 724 GAS 23 Uk olgfat PAL Bes] BET
shpolut A WA ALY 5 gom, At 4
2 949 29 A o] e 5YH )02 A
ot A7) Wote] AT a7k o} 9o £ A7
U.S. NRC 5<(U.S. EPA, 2006; U.S. NRC, 2007)0] AA| gt
DQO, CSM, GA, AAIZE A, B8k ZAIE 7uto s
SEESERERERERTESERSE S,
A3l B3 T2 ;W (K-GWPP)E A|¢tstth K-GWPP=
A3t A AAE AH-ATEG TR A5G- A
29 722 AVIE AL BER o5, ol WY /)& &

0 rot

o )
& - HYE - YEH

ol ozt 7|& Al =P ob-Ee T AAT-

5.1. K-GWPP2| si] Z| #le|

(1) 7HA 7Heg CSM 714F ZHhA] A1 A -4

K-GWPP| 3 W17 A7 §12]:= CSM 9 2|44 7jAd&
THoR sk Al AACIT. CSM2 A dA 2.4
B7hAsle - Rl SRR 7R 02 27] 7h
A9 Stk BA Az A2d 4= ok S 9 74
= T 7] ok Sk A, A R e
Z(Z 2 A A FHAEA), Aok YR 5 =55
A& 7B R, Tl CSME 102 ARgSh= A
A 545 WIskA] 23 A =S FUE e
At whEhA e FEAR(AS S A7 E
A= e @A HESHE BdSol Hitt R
. 24, WZ 7H5)o] 7|Rkste] CSME 713 0.2 A
I, HAE CSM& A A 2l 273 B A|A
22 0 2 whdshs 27t B asit

f

o % Ao

o

= Hr N

Hl ox r

>N
Ol O
=+ P

2

)

l

(2) DQO 7|3t ZHAIA 2 4

5 WA 4A Yol DQO Akl 7|uke AAH 2A
A2 SYolh. DQOE LAY B4, A= F4 /1%, 25
ST (Type L), 24} G, 47 HHs}8 3FHo=
Ao M 1A AAY A5 BT B3 %
AR B AR AP R LA 429 5
& AR, DQOE WAl AAZH Zolor & Ha
shgwet B @Al AAES P B7E 71
S gAIgo] B7) AR AR FHOE 2GEl] & BA
£ DQO ¥A¢] 27 Asfo]n, K-GWPP £YL 93]
A A5 724 A8 47 A DQOE 1f3tES A
A7 Sl Wk Zlo] Bastc

(3) Y= 74t A5 7FA] Z-8(Graded Approach)

Al AR AA dEe fEE 715 2 Aot &
7Fe’d H A o] =2 SSCs R 2 -
FeS(flow axis)oll= THE #53, IRE 49142 4
5, AARE A, 2Fs A= QH 5 L= dAE g
AAE0] A5 x| ook gtk BHA, A= oA
= B2A A7 Q3] AAREe 2 FEsith GAE= FA AHY
= 88 o= ujEstas BR A= EE A FA7I=
Agrolm, ol= w|=9| X5l A B AHolA] ¥HEZ]
© 2 3ol 314 Yzjo|tiU.S. NRC, 2007; EPRI, 2008).

(4) AN A L BES A =Y
o) A AA Qs AARE 7P 74Tt BEsit) A
Ejoltt. ul3e] Aol 4 1 Hhet o], 7] A= A



Ol= & XIokr ZIAHIAICI DQO (8 2410 o= 2

2 29 AA A= - 7h

A &) Type 11 Errorg 523t
T AlA, @& (in-situ) AEgA 41_1/\1, FDTAS, @A} 7|4t
s A BEAF 5 AAZE ASE A= AIARE Al
Foto] 2713 E9] 7Nk FATITh EF VZAMSOA
gRIE B3 FAl= Aske =2 A dAA & A

25 YA 5 Yol 71& A AA ] 724 ke B
sttt o] 3t 7|58 CSM-ZHA|H-2d 71 £314 7|4
TR EgE o EJ—]‘E: =Hiskete.

(5) FHA 719 A 2 %(Trigger-level reporting)
O A A Qe HE 2o 7|23 Byt B
A Aolct. {EFoA EF L‘—E W3l Bl ZAS 20 5

A ol4o] B A9, A LT Tl o Al
A BI-EAAE AAL 7144 A= ER ohet A8l

A= Aol iAot} NEI (2019)¢] A|AE
E3 0]/(]—__] o]/l]- AL S 27} F83h= A A= dAIYe] &
Lo Slal A7 12 AFAAE R G AL 7he] AlE]

la} 5 6}— A2 Bt o] Fe] tAl 71| A |
S AFTIAE 17 20] =435

o]x—] 7]

5.2. 24 GIOIE IH7IXI(MDP)2t BESHE! CSM i
mE 3

K-GWPPe] A3 78-& 9 A4 22 ] A3k 4

=42 ofalst] $Iet 24 Plole] 57]X](Minimum Data

ZEAL HIHI(K-GWPP) TiIeH 331

Package, MDP)E A 2|5}, o]& 7|Hlo & CSME A&
o2 AMsR AAS 23 U AATR= Aol
AZsjoF gt} o] U.S. NRC (2007)2} EPRI (2008)7}
FEH o2 AU Y W R4 Fuf A5k 24
AA7F WS e F23 TALE S5 % 7}
% Fa83k RRolrt

(1) MDP_Q] %_Q_H =] ;(]_E_H o]z‘,-HE_ _?41‘5]— _TLE 7]1:1]—

A Aol A BHelE kel o), ASFS] A=-HjA|o
ARE ASk 2915 AR AR E B, Bast
o FEO A, A|ska Ftli=dnof tigt D<=2te H

TRAZRACR N GestE CSMY AR B 7
2 79| Ko 7]Qg}. ol = AT CSMO)
BEA L AUES AGATIL, FAT AAS s,
w 7)uk o AS BEIsH RHETE ufeb K-GWPP
AMe A A 7|e2] 87 FAEE QtEA] grEsjof
3he 2p29] 4 W, Z MDPE 35 o5t o
£ EE3I5te Zlolth. MDP= 74 7F A3/ SEskal
A AAZ Bk 02 29at] e “FF ¢lol(common
ground)”o|H, o] ZrAIY A HA|, mEF, AR5 Tt D
28 72 AApe] Fuo] Wk

i

(2) MDP] 74 X8-S E- A2 HRE ol 92t
B9 A= YA

MDPE B9 39 A7t oheh AY-E AR
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Trust Anomaly Detection >
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Real-Time Monitoring & )
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Fig. 2. Schematic diagram of the K-GWPP framework architecture, illustrating the five core design principles and their inter-

relationships within a cyclic improvement loop.
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- LLM (Large Language Model) 2 AT (Artificial Intelligence)

(4) ©A1% gHik(Phase 3: Scaling-Up) 7|6k B4 BEs 33t 2717 U3t
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K-GWPP Implementation Roadmap

T
Phase 0 - Phase 1 - K Phase 2 -
Preparatory Pilot ) System
Stage Deployment '/ Integration
+ Establish site-specific » Select high-risk SSC + Expand continuous
MDP criteria zones as pilot water level/EC
L areas monitoring site-wide
* Reassess existing
monitoring well depth, + Install multi-level
spacing, monitoring wells with « Scale up multi-level
representativeness continuous water monitoring wells )
~—  * Reinterpret hydraulic tevel/EC sensors [+ Build integrated [ —
-_— role of permanent + Deploy limited in-situ | || data-model platform Va4
= drainage structures tritium sensorsand | | =
= f uto-sampl | | « Establish data e =
= Dovelop DOG basad MvRIeE [ assimilation-based Intelligent
monitoring plan i g
* Pilotvadose zone | [ | CSM-modeln Monitoring
« Reconstruct initial monitoring (ERT, / improvement cycle System
CSM incorporating neutron moisture
fracture/fault data logging) -/ |+ Expand auto-
and artificial * lteratively improve sampling and
high-permeability initial CSM using event-based
materials pilot data observation
+ Preliminary * Validate DQO + Standardize data
assessment of requirements QA/QC and
real-time/automated against field metadata
monitoring feasibility conditions

Fig. 3. Phased implementation roadmap of the K-GWPP, consisting of five stages from preparatory data acquisition (Phase 0)
to Cyber-Physical System (CPS)-level intelligent monitoring (Phase 4).
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