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ABSTRACT

Site remediation of nuclear facilities represents the final stage of decommissioning and is crucial for both environmental safety and
economic value creation. This study systematically analyzes radioactive contaminated soil remediation technologies and site
remediation strategies. The regulatory framework including Multi-Agency Radiation Survey and Site Investigation Manual
(MARSSIM) methodology and Derived Concentration Guideline Level (DCGL) establishment procedures are examined, comparing
unrestricted release and restricted use strategies. Remediation technologies are classified into physical, chemical leaching, and
biological methods, each selectively applied based on soil characteristics and contaminating radionuclides. Cesium(Cs)-137 removal is
particularly challenging due to its strong binding with clay minerals, prompting development of innovative technologies using cationic
polymers and magnetic nanoparticles. International cases including Hanford (USA) and Gundremmingen (Germany) are analyzed
alongside domestic cases such as Kori Unit 1. Emerging technologies including digital twin modeling, Artificial Intelligence (Al)-
based contamination prediction, Unmanned Aerial Vehicle (UAV) surveying, and modular remediation systems are presented. For
upcoming domestic nuclear decommissioning projects, securing safe and economical remediation technologies is essential. Key future
directions include waste volume reduction and transition to resource circulation models. The study emphasizes the importance of site-
specific technology selection through decision-support models, integrated treatment for complex contamination, and ecological
function recovery assessment. Successful site remediation can transform decommissioned nuclear sites into renewable energy hubs or
industrial complexes, contributing to regional economic development and social acceptance of nuclear energy.
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Fig. 1. Site Remediation Process Flowchart.
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skl A7} olet. o8 FEs) $i8) 2 vheat 2

© Ba18 7)4So] AE gtk (1) FoleH mE
2 o83 HE U AHE Hel, ) A thedAE

h83F 9o QIz1e] 27| A 34, (3) HE 8] (exfoliation)
S 2351 27 Al =& 9 22 [Kim et al., 2020] 7]
& 5ol St} ol=et 7|&E2 vlAl YAt e Cs &
= Aol @5k stolBEeE I o R A, 7|E 7|
ou] 30-50% FAHE A EES mol Aoz B
E 32 i}k [Kim et al., 2021].

il

(S
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Cs-clay separation

* PEl-grafted Fe;O,

Cs-clay particles [ ]
i’ii iSand' @

137Cs-contaminated soil

—)

Cs desorption

eFe,m@Sioz@KTti
’

A
<4 4

Yoo oowoo.

1

@ Treated soil

Fig. 2. Schematic diagram of Cs-contaminated clay separation and desorption process using magnetic nanoparticles [Kim et al., 2021].

3.4. SM7| M3} 7|& (Electrokinetic Remediation)
FA7] A3} Ve BEY gt A= ARk 4
7 AYS dojgeo], A7 @S S8l 2 24 ol
FAA AART. o] 7S B ATt Yol E9 B
o] Al FEA E(Clayey soil) H3to] 43t
7lgolth. /7] A3ke] F8 7F o R = thgo] St
#7]0]%5(Electromigration)2 312 w o]2(d]: UO,™,
Csho] ditf] H3sfe] HIo & o]Fdle dAfoln, A4k
E (Electroosmosisy= EOF F=4=0] 3 20] LA &
=07 o]gstn && 04 EHS ust= Aol
7171995 (Electrophoresisy> AslE ® F2o|= A7}
ol 58t Aotk 2t HIAYUEY 7|o= B4 pH,
ol e, FE 244 E o AT 34 FHjof o
2} g2txlt} [Bay et al., 2025].
7] A3t 7 & 71ed A A= Bl
MYsh= 543 pH W3tz I3t o 249 =7]
At BoF 3= 9y @4folnt o] Aststr] flal &
o A o] EA|(EDTA, citric acid), ©]2ngH2- o]
3t pH Ao 7]go] AljtE| o, o33t Hx &
A2 22F HH ekt A2 v8-S S7HAE 5= Sl
t} [Gidudu & Chirwa, 2022]. T3t A= HA] =2 F
g 2], =9 A = vy d%F F89
oF gRlo=® AAE i}, webA 7] A3t 7
T A8 Hohs, 3k &0l AlE gskel gt
Rz 73t 7e2 &84 7Fsdol =

m]I

ofo o X
ax o

94

o o 4
2 230

lo

o

3.5. MESIH™ H3} 7|& (Bioremediation)

e A3} 7| n Rt A2 A 7%
= o-85to] 2 B8 AASAY Y stsk= W
2 7]golth. ey WA dlF gEshHos 2
Ex] fomg yEshd A3l dFY Fes e

ofsba] e "ol w2 Mol 2He =0

il

il
Ay

3.5.1. 215 A3} (Phytoremeidation)

A gsle B4 4% £9 3% F434 598 ¢
$5to] Eok U WARY B2 AASHE 7] &olch 22
AFR-E|= AlE 2L gjule}r](Helianthus annuus)@} %t
(Brassica juncea) 50| o, o]5L £ Hjo|QujA
AT 545 54 58S 7ML Utk [Li et al,, 2019].

4ge B G ZEIT LHCHT F5oke 7

22 24 sotd oz GARE Al%(Cs)T AEEE(S)S
991 F4=3teh Al (C) K 4412 B3, Sr Ca™*
A2 53

p

=3 A5 U= Y} [Li et al, 2019]. &
o & % A3 ags EY U w9 e
G Hll(Speciation), = pH, 12|31 A= FEHiet7], 4t
5)e B4 wet 2 FEE d=n A
= BAIA BEAdol il 2 asdo] F2 g4
A FRiolu, B A3} 7lef vsj 1
Az e mdshe WY
o} di/dol e t= Alofol nt. HTole T4
o} 7lene] dAE FS B Ul & 28 o
SAAA HE T BES 35-50% oY A=
T A= RuEa Qlet [Li et al., 2019].

fob o op
o)

A

3.5.2. ]y E A3} (Microbial Remediation)

54 nES ol&sto] && 2R (UVD, +67h=
=84 FEREUAV), H47he s SHIAIA J-AAZIAH,
Aol FAAA ol g AlRtsh= 7]&o|th. Sk
Hel wreejoht A g vtE|jolrt 2 AREEY, F
7] 24 AR FoIA| (el otMEAL, dEH)E AlE
sto] mjAgE EA4S X o] 7le2 ek 24 A
AXth= X @ @9 St WA 9 R|shg oo A
siot. ohet 28 27 (pH, Atelet 9], %)o] Haket
A5 A" fehwol AEEE 7HsAdol o, A7l
2 g gl tigt B4l do] EA 3T} [You et al., 2021].
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webd HAE Ashe B 7lenchs 4] Be) e
o uz FgEL o] WAt

3.6. Z Mot =& Hsie| Hlw ¥ S X2

A3t 719 A8 A we FE HE, 94, W
A QHR ] SHA Fa3t ouE ZHRI @R A
SHinsitye 09 E0kS sk gk ALX A A
2ot Ao m, F47] 43}, AlE A}, B Al (Soil
Flushing) 0] o]0 ST}, o] M4 Kz 712 9]
Aol iAoz a1 Z3}F v]go] 4] Fout, A3t +
94 %] R He2) 71710] ol % ek [Aparicio
et al., 2022].

W 22 AR Exsips 08 E%E Fho] Wrol
Ao A gt WA &, EQF AlF o] thEA o]t} o]
A2 o5 7ol SHRo] w31 A sk wEA,
=2 I oA vlAF WA 2 QI 23} ¢ P =2
ol-2n] Blgo] SHEECE QA A AH B, Kt
52 ghel, A A 5 Soh obd 22 ole) A
H]-8-0] 30-50% Z7}3F 4= It} [Aparicio et al., 2022]. w}
S A RAB LA el FeuThs, 08 B4
2A 27T BRE TR BAH BUA A% 2T
o] 714 BAHQ] We HohEch, Aol A A
< (Phased Approach)o] A|¢F=]aL Qlet. &, 27|ol& =
% HRE L oAU A4S AR 17 9
of tisir= A A3} 7w A7) AEsl= sto|He=
ko] vl-g-ax} SHo|A 3t A o= i Qi

4. DLl HXEHEHAE EX|=H At

4.1. s{e| HXIHAE EX|5H

4.1.1. EZ=(Hanford) F-A|&ZH (v]=))

= QA E S0 %3t Hanford Sitet= 19431 5-¥
198771A] BREE A MR eYEge, 28
(Cont A HECSe, PTe §)o] Fulop Fo §
5= S v Aol 29 BAG. Aska gkt 2t
S 93t )+ Pump-and-Treat A|AE]o] 7|20 2
g glon, HTds EY W 2 285 AAE 9
3] E9F M)A (Soil Flushing) 7]<0] Wa) HE=1 9jct
[Carroll et al., 2022]. o] Algl= g B3 0 HX
oM ehdsh st 917 aleh St Aw F49)
7] Ad=fol Ao, A3} 7|sHtt RUE I A
w4 $A7 o Fage & 4 ok

4.1.2. Y= (Fernald) B2 29 (u]=)
L35fo] @5 HdE(Fernald) $-2hs 7 AlES w2

AT FFA0-60%)S 2 B B0 ol8), 7] 4
E AN EF AA 719 Hgo] BAHeR &1
3 Aom BAEUT. 4% LEE QUEE oRR A
B, ABE 0QEE B2 vl A48 A8 A4
(OSDF, On-site Disposal Facility)o]] wjH3}l= Aoz
A3kttt [U.S. DOE, 2024; Ohio EPA, 2021]. o] A}
= B B4 g 27 54 H7Pt 71s AR A
& A%o] AAHH L WA WS FFE A
El

At Aol A HHo| FHe ohjeks AL A

4.1.3. AgtE = (Sellafield) F-A]E5H (F=)

= b E(Sellafield)y= AfA 2] Ay} =5 A%
ol AT AR 8] AR EoF} A|skt Bt
o o8 I Agolth. o xe Z7kael 9 4
3}, =)t & Greenfield2d o= 93 7|ut Ex] g
(Risk-based Land Management) A2FS 2J&Hs}A ). 21
o] HE ggo] L diiw 22 o4l 44 =U
(Sonic Drilling)#} 2-& A4 Al% 748 o8] ©8e
AW mEsh S WAshe o st gl
ol 212087k B714 ] AR oz HAE He|sAlrt
+ A& oI [Cruickshank, 2012]. o] ARl A
2 Bl A Sl M= A EY e 7t g

Al Aol & 5= 55 HojFe tiwA Algolt

L) s

4.2, sli2| HEXHEUTA EX|5H

4.2.1. W2l 9F7] (Main Yankee) ¥4 FXEH (1]=)

¢l 7] ¥ (900 MWewk PWR) 1997 g+ 4
A % 24 HAS Mesto] 20059 S| £AS A0t
28 Green field 7]%& (NRC 25 mrem/y ©|3}, & 7|&
10 mrem/y)©. 2 55 SRS 2 0 B =
2k HejE o, st VCso] 3 dF o2 el gl
AT HAF7E YA|] AASH= Independent Spent Fuel
Storage Installation (ISFSIy= 72 A& ¢l Hxe <
@ Foltt [Laraia, 2012]. o]= vl=r W g ¥ FA|
of 43Ael WY AR FAlT. o] AE vad w
Eit o9 S4T weke Al B e A4S, 34
shAlel 9d Belo] kAo S 4 9l Hojnt,

422. FYE]A 9F7] (Connecticut Yankee, Haddam
Neck) 917 3259 (u]h)

FUEA 7] A2 19679 25, 1968 A&
AJZFSE 590 MWed PWR=Z 19964 129 A+ AX]
19989 54 siAIE 2=eokiek. 20079 7€ A A

(r Hor 2
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=22} Z+& Green field 7|2 (A7} 25 mrem ©|5hHE 0|
=+ LA HA Y35 Nuclear Regulatory Commission
(NRC) gholAd & FaE SRIgtth. & siA| #§ 8¢
3,500t g2l F EF-Ask HHo 7,5008 g2 A
sk HUE 21,0008 D&f7b 23 =ik B3
A 71 RHEe R 18% F7Fske], WA #7]&E 37,700
EEIYEEY F8 ¥7[&)og St iCs 2o
AE =2 o s Agshit [Necci, 2021]. 0]
Atell= afA ol FA] 54 B B8] AA A
A BEL Aol TRt FFE A 5= S AR
o} 53] EF-A5ke B vlgo] HA| A B]-EollA
At v5E RS ¢ S HojEth

423. 7tBd)g} (Cabrerrra) Y& HAEY (AHQ)

2|21 José Cabrera@tEd|el) YA A F-2|of|A] uf
T I AAE =22 QI WM ESF 2 do] 2RIES]
o, B AIF AEE F8l A o SR/
e #9), Y= (sieving), &= A& (washing)ye 24]-8
8 H7lE = EUthL Hasigit. o] 7] =2k
EFL oA Hzlstn, “Co, VCs 5 HF HES
A 7% olstE R A AAESAY E= T AE
< SHTh FFAIEE Cs LAESF A}t AAlElo] =4
A H)7) % A5 Hx 02 Z2EET 9t} [Revilla, 2023].
o] Al 23 B AR ollA A= Wale] #H7]
= 2|43t SHA Fag ticte] E 4= 9SS HojEr)h

4.2.4. = %A (Gundremmingen) Y4 B2 B2 (5Y)

sole A om 24 el 9 B ST
A A 8 AN BEZ ok S Heisn gk
=3 7 (Gundremmingen) ¥519] siA| A= A9 £
B Eake 42 A 14S olgste]l B =g}
34 BRI 093 AAGT el AR 1A o)
Al(clearance)sto] AHE =4 o2 AHEEsh= b 5
WS F9irh [GRS, 2013], W) =ew7l R ol
2] o) viEel A guleh ek Aol 2
S oyA slHE AHE-EEI Qlof, A FA|9 =2t
A7) mm FEem gk of Alls HAEA-A
Ae-g-oflu A Aeh 2 AART =2 FATF A siA &
del gimA 4% ARl Bohec

4.3. 2 Al

el A9, A AT AKAERDS S0
T A4 A9 A % R4 Heo] HyHom
P9t SeRFHBAAUCHS 4 F 24 A 3
A Fof B3 Fmo| sl 2E2AY ABFH ABA

bl
A~
T

-
i

/4 2] PRIDE(PyRoprocess Integrated inactive DEmonstration
facility) A2 Ao]-§-=3L At 53] UCF s 2]
A AR e B2 w7l Ry Age Slsl Al
HAE A7 R E e, B Ve U A
X B0 WA YA 7|42 BEET otk ALATE
YUALZ(KRR-1 & 2) EX]= A|A a4 &= & MARSSIM
TholERfelo] me b WARs BHE AH HEEI
AA(FSSRYE A& o, 11A17]8e] S-S wol 7
A Age gEshch WA 09 B Wiks SE
of mehk A 54 9 ] S AA A AL Ee
B WA ol Ais ¢hE3sFAT [Chung et al., 2010].

A8 QAo A, 2 12 157)E 2024 69 ¢
AP A AR R E ] 222 2|5l A 2 A (Final
Decommissioning Plan, FDP)E 4Qlqto} EA 9] 3
Aol 29 5Heleh. WA $H4 UAL 2 (KHNP): 11e]
157) 279 Aol gL Ia) R 1ol W PASS
BVl T A8 R AR SR
A-A(DCCLYE HAAsh= A5 3 Folth [Seo,
2019]. 20199 F++ AAE EA 127]= S92 =39
S Ak B F2E U AESaCH)e Ea-14(70)
oqlo] Babsl 54 W7k A SUskn glow, ol
kst SljA| AlFo] ARSI e} [Sohn & Lee, 2013].

5. z|d Jl&

O
oo

51. CIX|E E 2 Al 7|8t 7|&

Z| o= o) 2 HlolE et AAIZE AN HolHE &
ek 33k A" EY 7N B2 1Y Vsl =Y
3 Qth JAFA 5 &18]E(9: Kriging, Bayesian
Inference)> Agtel & TlolHE BIF o= A5 24
x5 FEHO R oS5, Ao Z2 AU E A
Alste] A3} E7FS | ASIokc} [Shaheen et al., 2022].
chit o5 AEheL Qe dolee] ot 4, AU 2
Aol 2A| oEsH, 27] 54 2AF @A 04 Ho]
7 $Ee 49 oAt e 4 o Ea tAd
E9) o e 27] ugo] apEl], Afm R
Aolli= vl-g a&do] ARMEY 4= Qitt. A= &+
SIE, Tt HA Bt 0o Bl AE HolE WA
Tk A 5 HES AT ¢ Q= Y] 28R,
FS AH A A E AL 7He WY A V&
2 B7hEoh

5.2. 0|S& A3l A|AH! (Modular System)
HToll= it a4 A2 AJA 4l Aol 7]
Hho] o5y -mEY 43t AlAFo] AL gl o]
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a Vv b V¥ v

v v S

.ZAS mg/kg '2.71 mg/kg I2.70 mg/kg

I -0.50 mg/kg l 0.00 mg/kg . 0.04 mg/kg

' 0.41 mg/kg . 0.82 mgkg

. 0.77 mg/kg

l -0.19 mg/kg . 0.00 mg/kg . 0.07 mg/kg

Fig. 3. Three-dimensional distribution data of soil pyrene (BaP) and anthracene (DBA) [Shaheen et al., 2022].

S AZES AHOR olFdtel HBE 4UT T AW o Mel Sl AAoln, B3 ool nHE 0
2 AH e BAR o5 4 ol Tl YA BA HAo] thE AEHE F7be AF ATt Baste
2 xpaom Aok sk Fvtel 58] felstet.

IAEAL BEW Asgo] g4l Mu] iy 27] B4 53 E2 W 2R I8 XA 7l

M-S M S ek B Qlov] [AEA, 2014], AR AFH YA = ES HATA7] ), ¥

2] oA dAoll= At o AR AIAE HAG E2(UAV)Y Aed 252 28

o

5 o
Qhoz FEd 4 girk hek ol FAS 9ok A9ekE o) @ AF 24} 7ol MEA WSk gtk o|F 7%

(b)

0 usv/h 6.0
0 CPS 380

Fig. 4. (a) UAV flight path during field survey and (b) radiation distribution map including detection values normalized to 1 m height
above ground surface [Sanford et al., 2016].
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Ao AR Ao oA 2 HIFE At o] F 3
Asl7] 918 ARAIIE, B4 AlgelolE 5 Ay
HE Meiio] =8 SaAE &85t FH-F(Zero Liquid
Discharge) A|A®]o] 7= Qi ZAIQF &5 AY
FAA = Cso] Hi3] 10°-10° 20 =& HujA4E
Hol, A& 4=0] vk YALE-S 71514 3Tt [Yang et
al, 2020]. Z|Zoll= &2 &% AE 5317 S18l A
4 WA AYE SERAE EEAL jle, B)a-A
AR S Sl e BT HaseleEe A
7} 5] A3 Fo|th [Kim et al., 2023].
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saoa Eof 43t |ee] AT BHS FPHoR BA5
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