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NUCLEAR SETBACK

A tourist in Chernobyl,
Ukraine, dons a gas
mask to snap a selfie
near the containment
shell surrounding the
nuclear reactor that
exploded in 1986.
Radiation—revealed in
this composite image
by a unique gamma
camera—still emanates
from contaminated
materials, but visiting

for brief periods is safe.

Chernobyl helped dim
prospects for nuclear
power, a carbon-free
energy source.

OWITH WILLY IAYE, 1I0)

NATIONALY
GEOGRAPHIC},

A Pessimist's
Guide to Life
on Earthin2070

HHWW[W[I] .
N

An Optimist’s Guide
to Life on Earth
in2070
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CdZnTe vs. and Scintillators

CdznTe § ' BT
Roo:l-femper§i".'?rl¢!ip&a§5-1 sq\laI(Tl) [ ] CZ'I(' )
comB=DCZEsinglespixel emeptSrge volume T HPGe

High ZRESSEHIBI E 0.7% FYWHMeray resolution

N

Limit of _ o
. (CdZnTe) Theoretical limit
semi. ~~ S
: 0.50-1% / of scintillators Nal
' B E B Meas. uncertain
e e : - ) L 1
N P Resolution = — s
} SR Signal amplitude
T H
0 2%  2.5-3% B Semiconductors 7%

0.2% (High Purity Ge) (LaCl,) B Scintillators
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RADIATION
DETECTION

Why has it taken so lging (1997 — 2013)? g

(1) Large volume CdZnTe detectors: UM has been the ONLY customer

Began with: - N =
Digirad iteglen

eV hds shown

Yinnel <> == ™ the m_ost

Orbotech ¥ | pramis=

2x2x0.5 cm3 - 2x2x1.0 cm® — 2x2x1.5 cm?3
(2006 —» 2007 — 2009 — 2014)
(2) ASIC readout electronics:
1998 — 2005: Four design iterations on Norwegian
analogue ASICs — 3.5 keV noise (used on Polaris-H) |
2006 — 2012: Four design iterations on an advanced g
BNL analogue ASIC — 2.0 keV noise (for DOD)
2009 — 2014: Three design iterations of Norwegian
digital ASIC — current research at Univ. of Michigan
2014 — 2016: Two planned design iterations on BNL digital ASIC

(3) Four-generations of Ph.D graduate students

(4) Survived multiple DOD field tests and demonstrations since 2010



Polaris Techn y

Real-time Gamma-ray Imagi ectrometer

(O Semi-conductor Crystals
* CZT sensor: Redlen, eV
* Next Generation: TIBr, Hgl,

Polaris Project

I @ ASIC

» Analog ASIC: GMI, BNL
* Digital ASIC

@ Gamma-Ray Imaging
* SBP: real-time imaging
* MLEM: pin-point accurate imaging

LALARSLNLT ) ii L
1

LR SUUU UURIUCE B R
LRELE e

® 3-D Position Sensing Tech.
 3-D Calibration of CZT sensor
* Noise Reduction

Energy Spectrum for Channel B, Pixel (6, 11), Depth 7

Crystal coupled with ASIC

5 MHWMWM
. i b i iR

0 200 400 600 800 1000

Chanel 6= pep [ I3
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@pton Imaging (High, 250 keV ~ 3 MeV)

(Low, > 250 keV)




Comptorimaging (SBP)

120 150 180 e 140 210 100 130 60

Azimuthal Angle (Degrees)

Why Convention Compton Imaging is Useless?

1. Very slow gamma-ray imaging !!
2. One direction only
3. Not compact




Compton Imgging (SBP)

: Single (2x2x1.5Gt3)
: Pixelated CdZnTe

Why Polaris is UNIQUE ?

1. Fast gamma-ray imaging
2. Very compact device
3. 41 imaging (all direction)

Number of photons2033
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Compton Imagin@xample

Center region of %ﬁ&e 1¥Cs
hottest from d)'r &

58Co emissio&

Counts/keV

58Co

250 500 750 1000 1250 1500
keV

Contamination on ! < Left region of pump
Floor and wall just ’ - hottest from direct
behind H100. ‘ - .ﬁ' 60Co emissions.

-t
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Coded Aperture
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MAM Coded Aperture: < 500 keV
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Compton Imaging

867 keV
963/964 keV
1084/1085 keV
1112 keV

1408 keV

2614-511 keV
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2614-511 keV
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1500
keVv

2000
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Coded Aperturxample

= This is an example of someone who4ook a Tc-99m stress test and then we
shot them with our camera (the+!420 dual mode imager)

Capable of tracking
organ-by-organ and
locating waste




Current Status

CdZnTe Pixelated Gamma-ray Imaging Detector
* Energy range of 50 keV to 3 Mai!
» <1% energy resolution @ 662 keV
« Omnidirectional imaging capability
* Fieldable compact formitactor

Deployed at >75% US'NPPs
» Source detectien; identification, localization, and quantification.

H3DbuH:Seriesi=
Now used by
over 75% of the
US nuclear fleet.

b o e
. Top 16 Applications:
Locate 9°MTc \ How to use the H3AD H .~
with the #1420 " | | in nuclear power plants:




Q:\
New Application by
3D Position Sensing




Past Vs. 3D Positigp Sensing

¥
Blackbox
(E1,E2,E?/ )

New Applications
based on
3-D Position Sensing

________ T
Room-temperature (Portable)  Nal(T]) | [erag
Compsarable energy resolution  Cheap, large volume [CIHPGe

High Z and High Density Poor energy resolution

N

HPGe
Excellent energy resaiution

Dlsadvantage for polable deteciion spsto

Compton Imaging

200 400 600 800 1000 1200 1400
Energy {ke\/) é >

Spectroscopy ('¥’Cs, 6°Co, ... )

Pixelated CdZnTe 3D Position Sensing
calibrated by UM (X15¥15Z15E4)s (X2,Y2:Z5,E)) ...




4.4 MeV gamma rays
AE by protons

Morm Intansity

Material Decomposition
Medical imaging
High-Energy ClI

Visual RMS

PGNAA

N

3-D Position-Sensitive
RTSD (CdZnTe)

Ij Isotope Identification

Compton Imaging (Cl)
Coded Aperture
MLEM

-4
1

g

-Gen. Application

Medical application (Maryland Univ. ...)
Military (US Army)

New Cargo Inspection (KAERI)
Advanced Radiation Safety

Nuclear Decommissioning

Next-Gen. Application
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= Polaris Imaging + GPS + Drone
= 2.5 year effort for DTRA to trzto put this spatial awareness capability




Unmanned Drone Applications




20l 3kpel WA FHEX| Shgxtel WA WL
Unmanned 3D Source Trackint . and Dose Mapping

” 2D gamma-ray image (MLEM)

Elevation / deg
: o

Azimuth Ndeg

1‘ I \v -
o gt
_1 .

b 3D gamma ray image -
(MLEM) /

x



200L drums sent to 14 labs (36 participants)
» 4 layers of 48 bottles

* 15 kg vermiculite, 1 kg ion-ezchange resin
« 2AM/0Co/137Cs HAIH 2FH

spiked

clean

clean

clean

NPL REPORT ENV (RES) 032

ELSJE VAN ES, BEN RUSSELL, SEAN GOLLINS,
JULIAN DEAN




Counts per keV

100

50

250 450 650 850 1050 1250 1450
Energy (keV)




Hot Source S’garch

= In this case thereisa 72 CiIr-192
source on the ground at INL

= Find direction of high-intensity'sources
from 100s of meters away

= Localize without exposing operator to
high-radiation field

- - !




T'nank You !!
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Introduction

® Decommissioning process

Cessation of operation

Site characterization plan

Site characterizati

Decommissioning pan and
environmental report

Decommissioning

Final and confirmatory
radiological survey

License termination and site
release

Objeciives

= Dperating techniques: decontamination process,
dismantling procedures and tools required
— Radiological protection of workers, public and environment

— Resulting costs

Process

Review of historical information
Implementation of calculation methods
Preparation of sampling and analysis plan

Review and evaluation of the data obtained
Comparison of calculated and measured data

Ref) IAEA Tec—doc 389

)
o VRN AR

ERI  korea Atomic Energy Ressarch Institute




Introduction

The amount of forecasted decommissioning-waste generation of NPP

Distributable Large EEHIS
Commodities 1 Aa components = -
9% 3%

\ 1000 kg
(435 L)
(Maine Yankee, 2005) 8
- HIAMS 2N A0 maL HY|E R HIS O
.« SHR SEOIN, RO RHKE +20| H7IS Al B2-X 2
RFOF AlL SHA 2A X|at
J _J_j’) /; JJWH O ©@ /Jdcﬁ
RS

EA=EEd 7 omanmena

{AERI  Karea Atomic Energy Ressarch Institute
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Introduction

Bl Challenges in radioanalytical characterisation
@ Optimum analytical technique
- Sample pretreatment (fusion, acid leaching, pyrolysis)
— Matrix effect, separation & purification
— Determination instiument (LSC, ICP-MS)
@ Method validation
— Reference material, radionuclides standard source
— Proficiency test
® Sub-sampling in requested samples
— Homogeneity, Representatives, storage
® Minimize wastes in analytical process

- Simple, Rapid, Sequential method

Al

L]

43}

fot
oY

At

|
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Introduction

Activity concentration criteria in nuclear wastes samples (Bq/g)

H-3

C-14
1-129
Ni-63
Ni—-59
Fe-55
Sr-90
Tc-99
Xetm}
Nb-94
Co—60
Cs-137

Co-58
Ce-144

KER| R
25

0.01

100

100
1000

0.1

0.1
0.1

10

HMEHIIE
STHEHA|

1.11E+06
2.25E+05
3.70E+01
1.11E+07

7.40E4+04

7.40E+04
1.11E+03
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1.11E+02

3.70E+7

1.11E+6

4 MDA
(sZHIstR[2]

1.112r04%
2.25E+03
3.70E-01
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7.40E+02
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3.70E+05

1.11E+04

W
‘E\Iﬁilllll
100

0.05

100

100
1000

0.37

0.1

0.1

111

10

2H MDA /

X MDA (%)

0.04

13.5

0.09

13.5

0.14

9.01

1.0

9.01

0.0
1.0

SN | S YrApdsi= B

= O

XER{| %
25

74 MDA2| 1%

YN oc bol s
S28sc

78 MDA?2| 1%

o
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Pyrolyser tube
furnace + LSC

Fusion + LSC
Fusion + LEGe

Pyrolyser tube
furnace + LSC
+ ICP-MS

Fusion + LSC

Gamma
spectrometry

MRS

HIO}

[ Pl
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Analysis of
Radio-nuclides

Hard to measlse Mz
IH: sl9} MEE, S8/
A4 53 RHEY)

Easy to measure

Gamma emitter
Direct measure

Alpha, Feta emitter
Separation, purification

GOCO, 133Ba’ 137CS, 134CS,
lllﬁR“’ 152Eu’ ISSEu,
SSCO, 54Mn’ SDFe, IIOmAg, 94Nb

SH’ L4C, 36Cl’ 41C3, SSFe,

63,59Ni’ 93Zr’ 93M0’ 90Sr’
99 129 |

. 1e S L . -l-l_ = =il H=3

U isotopes, Pu isotopes, etc. 2|'° — EI | ;

x
=3y

Liquid Scintillation Counter
Gas Proportional Counter
Alpha spectrometry, ICP-MS

w o P Gamma spectrometry
KOLAS ZOIAEl/
7l EENFE
(QM-BS-01 ~ 22)
SN
XIRM N
s
aUxfgAA e 2IUXINSTH
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"
Sampling method,
Homogeneity, storage

J

™y
Loss, contamination, spoil,
method recovery

S

*\
Loss, contamination, spoil,
method recovery

S

N

Instrumental error, standards,

etc.

S

e

o SHEQIX}IR0ITIN)
(r%um' ERAUSIRAN
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HiAls &AM EX2EE| - yagias

St“dy ObjeCtive Zutire Starting Powder ----------------

¢ Sampling
Population Incremients:  ---coonnsrtrtommsssendssiesees
ropulation
a. Spatial & temporal boundaries Combining
b. Sampling unit

¢. Constituent/Property of interest Gross Sample - o-ooommmmeoee
d. Statistical parameter of interest

v

I
¥

2 Sampling Design

é i i Blending
::, No. of samples a. Sampling Eanipment & Procedures

E (In optimization) b. Statistical Sampling Principles

5 B Composite Sample

2

g

=1

Representative Set of Sample(s)

Sample Preservation to minimize sampling bias Fock Porfions, oeooeesome e o v

Representative Subsample _
Minimize subsampling bias Compacting

Sample Preservation

Green Test Specimens ---—---------——------

Chemical Analysis
Correct measurement process
to minimize measurement bias

Sintering

Sintered Test Specimens --------------------

Statistical Analysis
Correct inference procedure
to minimize statistical bias

FIG. 1 A Systematic Approach to Representative Sampling FIG. gpSchene pisaatl

N
A T RATH IR

e o i — /KAERI  Karea Atomic Energy Research Institute
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Bl Hominization of sample — milling (1 o sub-sampling, N=30)

Hardened steel disk milling machine

Concrete

samples

(N=30)

Mean cps

SD

RSD(%)

sixzAA

1173 keV 1333 keV
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16.8

9.9

147.1

13.4

9.1
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= 2t & (uncertainty)

Uncertainty evaluation

Recovery
Sample preparation measurzment

Conc. of stock Conc. of stock
Repeatability of G"Futnon solution
welghlng +——— Counting statistics
Calibration \
Calibratior ul.'ve P37
Weight of sample — 2 —— curve /. P Half life
Dllutlon Dilution” data

“ariation of

Efficiency calibration

Balance llnearlty Sample geometry

sensitivity Repeatability (Ni-59)
Mass change by , Initial conc. 5 of conc.
moisture uptake of stable Fe " Fe-55
Ni-63 (Bq/g)
Counting A / Counting . / Fe-59
tatisti / isti
Stability of fUsion —ee---nnn—m-n— Staustacs / statistics /
Blank correction Blank correction

Recovery —% Sample geometry —————/  Quenching effects ————,
Precision ————» Variation of ___ Variation of

sensitivity sensitivity

Sample fusion LEGe measurement LSC measurement
(Ni-59) (Fe-55 & Ni-63)
SIX|2iSIZAl P L i L




On-site laboratory for advancing
radioactive waste characterization
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Transfer container
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g SRYX G

{AERI  Karea Atomic Energy Ressarch Institute
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Concrete/Soil sample

Al 2 2% $}-Milling

ERAT -RW-04 I

oS24y
Co-58, Co-60, Nb-94, Cs-137, Ce-114
(Na-23, Mn-54, Eu-152, Eu-1549

ERAT -RW-01

Combustion in
Pyrolyser

v

H-3, C-14,1-129

ERAT -RW-02

Alka's. Fusion

-
1

Fe-55, Ni-59, Ni-63,

Hen

ERAT —RW-03

Acid leaching

Mini-Tube Furnace

> Automatic digestion system

Automatic separation system

Rapid and sequential analysis

!

Sr-90, Tc-99

Concrete sample

l
Milling

Y-spectrometry

Fusion

Combustion

v *

H-3, C-14,1-129, Ca-41, Fe-55, Ni-59,

Te-99, C1-36 Ni-63, & 2 11}, Sr-90 :
‘ﬂxl-a_q'%%g -’;(AEHI %ﬁ?tﬁw%ﬂm p_:
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HEY 4F 2N X153 7E A

'ﬂmplv Homogenization ERAT-RW.04;
\hnuue Nurmal Disk mill 7-nuclide analysis

oa @ .
@ ¥ ﬂ

ERAT- R“-l]l Pyrolysis ERAT- 'R“-(IZ Fusion LEIRAT-RW-03; Acitl Ie: lching

*
H-3,C-14,1-129 Fe-55 Ni-S5)Ni-63, GA

Characteristics:
Length: 9,096m (9,9 yd.)

Width: 2,5m (2,73 yd.)
High:  2,87m (3,14 yd.)
Weight: 9,5t (9 long ton)

r-
Hr
=
U
o})l

Mobile Lab(Eichrom)

213} o IR 2
O_le_ 2._ *EI (7:AHI m%mwt.mwﬂﬁ
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Thermal Desorption from solid ¢ample
- H-3, C-14, 1-129, (Tc-99, CI-36)

Combusting zone, Catalyst zone,
30 to 900 °C 800 °C

Pt catalyst
Silidon) tube fitting

0,
ik
Sample boat
25

2.0

1

@

Activity (Bq)

1

o

o
o

BRI EH

A
$ix quartz tubes (| ) -“_—l e
: I
Pyrex tube fitting : ple

Gas trap bubl
\\
\

H-3,1-129 C-14
0.01 M HNO; Carob-Sorb® E

I 1 2 9 m experimental activity

Al
=

u Spiked activity

STD-1

STD-2 STD-3 TD-5 STD-6 STD-7 STD-8

Radioactivity (Bq)

Radioactivity (Bq)

15.0

_
=
=

]
=

0.0 -

6.0

b
=

L
=

0.0 -

ofixl=-|=
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H-3

m Spiked activity

= Experimental activity

LCS1

LCsII

LCS I

C-14

u Spiked activity

B Experimental activity

LCSI

LCSII

>
ln

LCS T

A

OB} I8
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Concrete/Soil sample

Homogenization-Milling
Gamma sprctrometry: ]
Co-60, \iy-94, Cs-137
T\ V Concrete/Soil sample
(ca.5 g
Combustion in Pyrolyser
I |
H3,1129, Tc 99 C-14
(0.01 M HNO; 20 mL) (Carbo-Sorb, 20 mL)
Tc-99,1-129 e e
Dilute (20 mL) in 1% 0.1 M HNO; (8 mL) + Carbo-Sorb, (8 mL) +
[1]
Gold star Permatlour
TMAH 1 l
h 4 LSC
ICP-MS

AR s amanEasn

{KAERI  kores atomic Energy Research Instite
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Trapping efficiency

1.2 4

I N I v I M L
[ No reduction agent | |
[ 0.2 g of Na,S,0,

Trapping solution
(A: 1 M NaOH, B:0.01 M HNOg, C: 0.1 M HNO3, D: 1 M H,SO,)

Combustingzone, ~ Catalyst zone, Sample combustion
3010 900°C 800 °C I
Gas trap bubbler . X
o, —— Six quartz tubes . . Solvtion adjustment
@ L1 pof TDRIESOWION oo NSO,
Sample boat : = 0-1 M SIINO3

C36,H3, | | | :

C-14,1-129

1.0 M NaOH

Ag* Coating Conditioning: 1 M H,SO,
- Add 20 mg of AgNO; Samp!e loading
- Shaking for 1 hours Washing 1: 1 M H,SO, 10 mL
- Washing 1 M H,SO, | Washing 2: DIW 10 mL
Washing 3: 0.1 M H,SO, 10 mL
Elution of CI-36
0.1 M NH,SCN 5 mL
___________ Recovery measurement
- ICP-OES
LSC
Cl-36
HXHerE 4

Chemical recovery(%)

120

T H T L4 T 4 T ¥ T H T H T ¥ T ? T 1 T
Cl-resin chemical recovery(%)

- Cl : 87.016.4 % (RSD 7.4%, 76.8%~95.9%)

- 1:92.9+5.2 % (RSD 5.6%, 82.2%~99.2%)

1 2 3 4 5 6 7 8 9

10 11 12

Test No.

Sy
Sl 2R
KAERI

Karea Atomic Energy Ressarch Instiute
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Digestion of solid sample

w
]

i Acid digestion (H;\JOB+HF)
~ Gross alpha, Fe-55, Ni-59, Ni-63,.5r-90, Ca—41 . @

L Sample: 059

Fe-55 activity (Bg/g)

| Flux LiB0, 20§

Y wettiig agent: LiBr (.25 g

Separation

Sample ID
& 2 z T ! 1
Il Acid digestion (HNO,+HF) | : :
. . 1 [E Akali fusion
purification =
o 4 i | i 31
a
Fusion at 1000°C, 30min Pmﬂ'ing into 5% HNO3 with stir E L S e e S
=
©
o"‘; 10
@
<
0 [, SRURNR SESUS | SESSRRE OIS
0 —
BGK A B C
Sample ID

F
N Lo ormuxjzioing
QIX|2A2tZAAl < :-’?;AEHI uﬁ.%ﬁn..iﬂ;;‘?ailmﬁ




SHHTZ |2 LYAMSAS ZAALH SRt

E XNH =2 HitH — = Si= =] % X
7": [= i) ‘ﬂ.'El (== II% 4:: TEIOxI —1'8 i Automation of sample preparition  Rapid determination by ICP-MS

'-muma-np:un
(R
'_l— - -
I ANy gal @
—1 & :
Pl -

[ mepm ‘
Y0y,

| | etermination

Exiraction
Chromatography
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Ni-59, Ni-63, Sr-90, Gross Alpha (Fusionj¢ocess)

Sample Corncrete, Soil sample

Homogenization-Milling

P Gamma spectrometry:

Pretreatment ~ Co-60, Nb-94, Cs-137, ...
| Concrete sample

|
i (0.5 g, triplicate)
|

Dissoluti
ISSOTUHON Fusion (LiBO,)
i |
|
i Dissolve in 5% HNO,
]
! |
Split
i
i Fe-55, Ni-63, Ni-59 Gross Alpha
1
i
&
Separation & purification & measurement

/\
SIxt2EIEA S 22U
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Laboratory Information
Management-ERA
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/7 Sample Shelves

On-site laboratory for advancing

radioactive waste characterization
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2021 KNS Workshop

Current Status and Prospect of
Radionuclide/inventory Assessment for
Low- and Intermediate Level of Radioactive Waste

October 20, 2021

Tae-Hyeong Kim, Junghwan Park, Jeongmook Lee, Junhyuck Kim, Jong-Yun Kim’, Sang Ho Lim"

Nuclear Chemistry Research Team
Korea Atomic Energy Research Institute
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Introduction

* Importance of radionuclide inventory assessment

* Difficult-to-measure nuclides of primary interest are tixase with very long half-lives that persist in a disposal site long after
the period of institutional control’

* These are specific acceptance criteria which are séi vy the national regulatory system or waste management programs and
are derived from the safety assessment of dispesal facilities?

* Nuclear Safety and Security Commissian, Motice No. 2020-112
* Radionuclides and its concentrationhat possess 95% of total radioactivity should be identified

* Radioactivity of 14 specified radictiuclides should be identified for the disposal
V' H-3, C-14, Fe-55, Co-58/60, Ni-59/63, Sr-90, Nb-94, Tc-99, I-129, Cs-137, Ce-144, Gross alpha

10" 5
- i BS1 —0—H3
#,sdrilling/intrusion B T —O-c
A as transport through closed tunnel at 3600 yr ~ Mi59
-z ——Nbo4
P05 sessnmess s L s s T AN
o Te-99
ol e B ey e
s E —(1— Total Alph
LY RN [ T v Totdl Dose
. e 2 E
main 5
groundwater _ - LT i TR | [remepe
pathway -~ H
— - S P 0 TN A . O —
AR [an equivalent poroys medium (hom whd ey BT
Freshwater 1_°(\<e :
. w?d e
RO D "
(\5\\'\‘ 107 2
-10
10
10" 10 10 10 10 10 10°

permeable bedrock’
Time after closure {1

1 International Organization of Standardization., Nuclear at Energy — Nuclear Fuel Technology — Scaling Factor Method to Determine the Radioactive Waste Packages Generate at Nuclear Power Plants, 1SO21238, (2007)

2 Nuclear Safety and Security Commission, General Acceptance Criteria for Low- and Intermediate-Level Radioactive Waste, Notice No. 2020-11, (2020)




Introduction (o)

= Methods to determine radioactivity of waste packages
* Easy-to-measure (ETM) nuclide: gamma-emitting nuciide
 Difficult-to-measure (DTM) nuclide: alpha-, beta-zand characteristic X-ray emitting nuclides
* Key nuclides: ETM nuclides whose radioactivity is Correlated with that of DTM nuclides

Method \ Outline of Method

Non-destructive Assay Method

(for ETM nuclides) Non-destructive measurement from outside of the package

Direct =
D ive Radiochemical Methad . . .
estruct(l;/oer I;Tl\llcl)iui::(;as) \ Sl Radiochemical analysis of samples taken from the package
Seslfing erer Meihad Ratio between DTM nuclide and key nuclidfas obtained from radiochemical analysis of
representative samples
Indirect Mean Activity Concentration Method Mean radioactivity calculated from radiochemical analysis of representative samples

Theoretical Calculation Method Theoretical calculation from fuel burnup calculation

» Of those methods, SF method was has been implemented in many countries as a principal method
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Brief History of SF Method (T}

@
Q&naﬁa

1976 1980 1983 1985 1987 12992 1999 2002 2008 ‘
: ; '
] i
US, EPRI, NP-1494 US, EPRI, NP~4Q37 US, EPRI, TR-109448
Correlation of Pu-239/241 to Radionucligie correlation Constant scaling factor
|
Ce-144 - Germany
! —— SF-1999
US, EPRI, NP-5077 | Japan SF-2004
Update scaling factor Rokkasho LLW disposal center i
US, NRC, 10CFR61 France, EDF i Korea
Expansion to pure beta and low energy 15t campaign (1992-1995) i___ 15t campaign (2002-2005)
— photon emitting radionuclides 2"d campaign (1995-1999) 24 campaign (2007-2008)
(H-3, C-14, Ni-59/63, Co-60, Sr-90, Nb-94, Tc- Periodic verification (2008~)

99, 1-129, Cs-137, and TRU)
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SF Method — Definition (e
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= Scaling Factor!

* Factor or parameter derived from mathematical relatiaship used in calculating the radioactivity of difficult-to-measure
(DTM) nuclides from that of key nuclide determined from sampling and analysis data

= Scaling Factor Method?

* The empirical scaling factor method is ¢ rethod for evaluating the radioactivity of defined DTM nuclides from the
radioactivity of key nuclides, based op-the correlation between DTM nuclides and key nuclides

* To achieve this, it is important to-understand the nuclide production mechanisms, the physico-chemical behavior of nuclides
and observe radiochemical analysis data.

v Production mechanism: fission products or activation of corrosion products
v Physico-chemical behavior (transport behavior within plant system): water soluble or insoluble

1 International Organization of Standardization., Nuclear at Energy — Nuclear Fuel Technology — Scaling Factor Method to Determine the Radioactive Waste Packages Generate at Nuclear Power Plants, 1SO21238, (2007)
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SF Method — Mathematical Relationship !

&3 r;.oﬂ/)

= Definition of SF
* Factor or parameter derived from mathematical relatizaship ...

» Only two mathematical relationships were used in SF method

* Linear model:
ag = fsp X ag

v" Scaling factor (fsr) was deternyinied by arithmetical mean (AM) or geometric mean (GM)

AM[fsf] = Zfspl _ Ly

akl

1
n ﬁ 1 n ;
GM [ for) =<]_[fsp,i> = log™! (;Zlogfsp,i) = log™! ( Z‘Og3i>
i=1 i=1 l

* In general, nonlinear model:
ag = a X akﬁ

v’ Scaling factor («, ) was determined by linear regression using the least square method



SF Method — Statistical Inference

= Definition of SF
e ... fromsampling and analysis data

" Definition of SF Method
* The empirical scaling factor method is ...

POPULATION
fe000000000) Representative SAMPLE
000000000¢ l Sampllng

—

Parameter Statistic
Population mean, u ‘ EEEEEEER Sample mean, X
Population standard deviation, o Sample standard deviation, S

Statistical
Population correlation coefficient, p ISt Sample correlation coefficient, r

Inference
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SF Method — Correlation )
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= Definition of SF Method
e .., based on the correlation between DTM nuclides arisi-key nuclides

= Pearson product-moment correlation coefficieit{Pearson correlation coefficient)
* Itis measure of linear correlation between twao.variables
* |t reflects the strength and direction of lirear.selationship

ety Z Yi— by
N Ox Oy N Oy

i=

S 1 ixi—x Y, — Y
oS, n—1 Sy Sy

i=1
1 0.8 0.4 0 -0.4 -0.8 -1
1 1 1 1 1 1
# e e
/ L — e T han \\ \\
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SF Method — Correlation
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= Basic flow of application for SF method? (copyright © = Decision criteria for determining the applicability of
by ISO. All Rights Reserved. Reprinted) SF method

isTEP

, Study of basic factors * Size of sample correlation coefficient (typically > 0.6)
; : g:fylﬁccﬁtirjﬁrcgftl;ceshavior of nuclides !
* Mechanism of nuclide production

* Waste streams etc.

n —
: 7 ! Sxy 1 Z X;—X\[(Y,—-Y -
é Development of sampling plan : 'l" = - = T' Lti
i * Representative sampling H XY SXSY n —_ 1 SX CT‘ltlcal
' i=1

Sy

iISTEP 2]
i Sampling & analysis
E_T_T_'?_’_.’_’_.’;’_T_T_'T_’_T_T_?_T_T_f_'T_T_T_T_?l.’_?_f;?_.’_’_'.’_’_'.’_’_f.’_.,’_'._ b, ° HypOthESiS test of Signiﬁca nce of correlation
Observation & evaluation of : CoefﬁCie nt

) nuclide activity database !
i « Selecting key nuclides :
« Verifying correlation between DTM nuclides & key nuclides i

i ! . —_—
: | Hy: p=0
i : !
i AN | E\:_aIuLa_t‘!ng ¢ NO Other evaluation metheds :
i isti PP Y o P 3
! | _Applying statistics | SF method Mean activity method, etc. :
i !
i ! -
| o | Hyp:p#0

SF classification for evaluation

i

Reference * Unification of group i r
i
i

i « Classification of group
i

______________________________________________________________________________________ ' t= ~ tn -2
e 1 ___________________________________________ 2
; P— 1—r
i *A**I*j **l*tj ;_* | Determination of Assess key nuclide activity L
et ool Scaling Factors Dose rate, gamma spectra, ete. ; n— 2

-

Determining the activity of le.
DTM nuclides

3 International Atomic Energy Agency, Determination and Use of Scaling Factors for Waste Characterization in Nuclear Power Plants, IAEA Nuclear Energy Series NW-T-1.18 (2009)




SF Method — Basis (e
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® The radioactive concentration of DTM nuclides and key@iuclides show a log-normal distribution having a correlation
between both radionuclides (i.e. bivariate log-norme! distribution) and their composition ratio also show a log-
normal distribution®

Key nuclide DTM nuclide SF
0.20 ; . . 0.20/ ) ; . ; ; 0.3 ; ; .
0.15F . 0.15 .
02+
[T [T [T
G 0.10 - G 0.10 - a
o o o
0.1
0.05 - 0.05 -
0.00 "] 0.00 _k —— 0.0 ; ' ]\ L
-3 2 -1 0 1 2 3 3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3
log(ay) log(ay) log(fs)

3 International Atomic Energy Agency, Determination and Use of Scaling Factors for Waste Characterization in Nuclear Power Plants, IAEA Nuclear Energy Series NW-T-1.18 (2009)
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SF Method — Geometric Mean )
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= Geometric mean would be most appropriate for a log-riomal distribution

n
1 a
_ _ -1 7= _ d,i
for = g = log ( ) logxi> = log" ( Z log )
i=1
1.0 T T T T T T ) 0.8 T T T T T T T T T T
mean . [ In(mean) |
ug/cg pg=e“ HgOg —feidian | e In(median)
08 : : ——=_mode ] 06 L u—-c 1 pto - In(mode) |
log
- ——
L — 5 o4
2 B 2 T
o X~ InN(n,0%) eXp o X ~InN(n,0%)
IN(X) ~ N(u,6%) IN(X) ~ N(u,6%)
In(X) ~ N(0,0.82) | 02 L In(X) ~ N(0,0.8%) |
0.0
4 -3 2 -1 0 1 2 3
X In(x)
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SF Method — Student’s t-test (T}
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= Student’s t-test is the statistical hypothesis test in whicthe test statistic (T') follows a Student’s t-distribution
under the null hypothesis

= Student’s t-distribution is a continuous probability distribution that arise when estimating the mean of a normally-
distributed population in situations, where the sample size is small and the population’s standard deviation (o) is
unknown

e Z follows a standard normal distribution
« x2(k) follows a chi-squared distributien with k degrees of freedom
« Zand y?(k)are independent

T = Xz(k i ~ t(k)
k Tl

_ 2
( X ( % 1)5 ~X2(n—1)>
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SF Method — Student’s t-test e
" Pooled variance test for waste classification = US experience with various SFs obtained over
Hy: piy — pty = 0 various time spans?* (Copyright © by WM Symposia. All Rights
Reserved. Reprinted)
Ho: iy =4z # 0 *  Only 6-7 samples per year for trend analysis
)?1 — )?2 L e e A S e S
t = ——F—= ~tn,+n,-2) : :
S i + l I ]
Pn; " n, L E
. o 10 _ ................................................................................................................................... _
S (ny — DS + (n, — 1)55 © 2 o) 6 O ;
= )
’ ny +n; =2 O | 0.6 ° 00 o8 R3O ]
= (go o8 68 ° ) @
. . © O =
= Trend analysis for continuous use of SF 2 - S _:
Ho: f=0 - _ ___________________________________________________________________________________________________________________________________ _
H,: B+#0 i ]
~ 0001 L | L 1 L | L 1 L 1 L | L
t = :8 t 1990 1992 1994 1996 1998 2000 2002 2004
- -2
s " Year

4 D. W. James, “Impacts of Operational Changes of LLW Scaling Factors”, Proc. of Waste Management Symposia, February 29 — March 4, Tucson (2004)




Decommissioning Radioactive Wastes | |

= 11 out of 24 reactors will be shut down at the ends of their service life by the end of 2030

= 6200 tons of radioactive wastes are expected to getierate from decommissioning of typical PWR?>

South Korea NPP status (2021) Radioactive material generation 900-1300 MWe PWR (t)
B operating Activated steel 650
under construction
~ Activated concrete 300
. shutdown ’— ~ Hanul
. shutdown (~2030) | l' n B n H n Contaminated ferritic steel 2400
Shin Hanul
é—r Steel likely to be contaminated 1100
Wolsong Contaminated concrete 600
nnan Contaminated lagging 150
Shin Wolsong
n""at’itn (1] 2] Contaminated technological wastes 1000
ﬂ H H Kori
Shin Kori

5 International Atomic Energy Agency, Managing Low Radioactivity Material from the Decommissioning of Nuclear Facilities, Technical Reports Series No. 462 (2008)
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Application of SF Method to Decommissioning Waste

= Japan Power Demonstration Reactor (JPDR)® @ i

* H-3,C-14, CI-36, Ni-59, Ni-63, Sr-90, Mo-93, Nb-94, Tc-99, T—
Ag-108m, Eu-152, Eu-154, Ho-166m, gross-alpha

JPDRREEERYICH T S MAHEREF @S EORET

* Post Irradiation Examination Facility (PIEE)’ @

Study on the Evaluation Methods to Determine the Radioactivity Concentration

* H-3, C-14, CI-36, Ni-63, 5r-90, Nb-94, M5)93, Tc-99, Ag- B

W RFRE HRDE 8 Ao

108m, Sn-126, 1-129, Eu-152, U-233(11-234, U-238, Pu- e s s
238, Pu-239, Pu-240, Pu-241, Am«241,” Am-243, Cm-
244 18y 2 T FERRBRE

BRI - FRERMES

Radicactive Waste Management and Disposal Project Department
Sector of ioning and Radioactive Waste

9 JAEA-Technalogy
s 2019-015

DOK10.11484/jaea-technology-2019-015

BHEFARERL SRELLERMICHT S
TBUH R R BE AT /5 SR DR AT

Evaluation Methodology of the Radioactivity Concentration in Low-level

adioactive Wastes Generated from Post Irradiation Examination Facility

HEBE REET ARE-8 82®
Akina MITSUKAI Tomoke HARAGA, Ken-ichir ISHIMORI and Yuiaka KAMEQ

= Some Issues

* Radioactivity of key nuclides and some DTM nuclides
were measured less than minimum detectable activity

June 2015
( M DA ) Japan Atomic Energy Agency | EFRFHEFFXFARMES

* Mean activity concentration method was applied

RFDELHRET
RTHBETAAM
Ity 2 T R
Dep. D saning and
Nuclear Science Research Insiitute
Sector of Nuclear Science Research

A3ojouyd3] -vIvI

November 2019

Agojouydd] -vIvI

Japan Atomic Energy Agency | BFRTHHRMREES

6 Japan Atomic Energy Agency, Study on the Evaluation Methodology of the Radioactivity Concentration in Low-level Radioactive Wastes Generated from JPDR Facilities — Part 2 -, 2015-009 (2015)

7 Japan Atomic Energy Agency, Study on the Evaluation Methodology of the Radioactivity Concentration in Low-level Radioactive Wastes Generated from Post Irradiation Examination Facility, 2019-015 (2019)




erery Reg,
&

'?‘c‘
S
—2 ) &

) ° . ° ° ® @f(—vKAE;I. ;'
Application of SF Method to Decomimissioning Waste =g
" Procedure for determining the radioactivity in = Critical values for correlation coefficient

waste packages 10 ——
4 AL B U BE R~ D
BITERICE Y SRRt
0.8 |
S
= I T o6}
" e | [ommoss ] e
[&]
_— #L | g 04
T RE M £ — 02}
WEHIcHDH DR
| mmrtm | | xor—uzoorosz | | memsemes | oo L
o 20 40 60 80 100
= Hypothesis test for significance of correlation Sample size
coefficient (for a bivariate normal distribution)
= JPDR
Ho: p=0 * MDA itself of key nuclide was considered as true
Hi:p+0 activity and used for the test
r
t = " th—2 = PIEF
1n__r2 * True activity above MDA was used for the test
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Application of SF Method to Decommissioning Waste
" Nb-94 case in JPDR®
* Fail to reject the null hypothesis; the population 108404 ¢ — 2
correlation coefficient is significantly different from f " REAR
zero 1.0E+03 K e gina ]
* SF method was applied because the size of safiple 108402 | X MERAE i
correlation coefficient is sufficiently large x 5-0.6) i -
10E+01 E = = bLFRERE(0pSYYIBLRE ||
®31 *E;ﬁﬁrﬁlwﬁ%ﬁ% e R A P S I I LY
T \ 5 é u /
& * v K *3 =3 L
A sy ey || TEIET | CRET | B % e | % L ogec 1A
Ni-63 29/31 ) e) 0.95 g i ﬁ XXQ(%% /
1.0E02 E 23 §§9< A
Nb-94 5/65 o) x 0.73 5 X /“’
Co-60 i
Ag-108m™* ° 12/65 b = = 10E-03 | 7
Eu-152 4/65 x =2 - i /
10E04
Sr-90 Cs—137 8/36 X - - i /
H-3 37/56 x = — 10E05 F——
Co-60 /
o4 | 24/56 x - = — V. e
Tc-99 9/20 ® _ _ 1.0E-01 10E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09

Co-60 (Balg)

3.2 Nb-94 & Co-60 MRS EERE

6 Japan Atomic Energy Agency, Study on the Evaluation Methodology of the Radioactivity Concentration in Low-level Radioactive Wastes Generated from JPDR Facilities — Part 2 -, 2015-009 (2015)




Issues in SF Method — Sample Size

* Importance of sample size

e Larger sample sizes generally lead to more precise
estimation and higher statistical power, but it
dramatically increase the cost and time of
radiochemical analysis

= Only two approach (Japan) proposed for
determination of sample size

e Based on the hypothesis test for significance of
correlation coefficient

* Based on 95% confidence limit of sample correlation
coefficient®

Sample Correlation coefficient  Required sample size

0.60 40
0.70 35
0.80 30
0.90 25
0.95 20

19y R
C““ e"@q‘r

@5
=y

Correlation coefficient

1.0

0.8

0.6

0.4

0.2

0.0

—— correlation coefficient
95% confidence limit

20

40 60
Sample size

80

8 M. Kashiwagi et al., “Considerations on the Activity Concentration Determination Method for Low-level Waste Packages and Nuclide Data Comparison between Different Countries”, Proc. of International Conference on the

Safety of Radioactive Waste Management, March 13017, Cordoba (2000)

100




Issues in SF Methods — Limit of Detexztion

= True activity above limit of detection (LOD) or minimurd®getectable activity (MDA) is considered for the evaluation
but LOD itself was considered as true activity in some cases

*  DTM nuclides: Tc-99 and 1-129 (US) based on US MRC zuidance (2002-2012)°
* Key nuclides: Cs-137 (Japan)?°

__1E*10
3 g 16+ | | DETECTABLE 5 &
Radiochemistry LSC *Tc/*2o g
(%*Te Activity = MUB, § e | E:i?m""""m&‘;'&'."m%
1.0E405 B ont
From lower background LSC placed o b
1.0E+03 in service in 2009 ¢§ 1E4+0 | >
g §' 1E+6 | %o 009&0 .
o 1.0E+01 3 %% %8 oo D
& wa}l o 0005 ©
& =} S
1.0E-01 @%%0. o
1643 | e b CHN R )
o - 0 " ‘%oo © 0°
1.0E-03 1E+2 | oo OOO% N.D.
’ o | Disturbed by BG.
1.0E-04 1.0E-01 1.0E+02 1.0E+05 1.0E+08 ssi Nl R > 3 i L
'NCO (Bq) 1E+3 1E+4 1E+5 1E+0 1E+7 1E+8 1E+0 1E+10 1E+11 1E+12
Co-60 Concentration (Bgiton)

N.D.: Not Detectable B.G.: Background

9 B. Cox and P. Saunders, Development of Generic Scaling Factors for Technetium-99 and lodine 129 in Low and Intermediate Level Waste, Electric Power Research Institute Report, Technical Report 3002005564 (2015)

10 H. Fujihara et al., “Rationalization of Radioactivity Concentration Determination Method for Low-Level Radioactive Waste Generated at Japanese Nuclear Power Plants”, Proc. of 8th International Conference on Radioactive
Waste Management and Environment al Remediation , September 30 — October 4, Bruges (2001)




Issues in SF Methods — Outliers
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Geometric mean is robust for outliers while linear regréssion is affected to a great degree by outlier

30 random data points following a log-normal distribution with an one outlier whose standardized residual is larger than 2

SF based on geometric mean

SF based on linear regression
6 I I ' I ' 6 I I I I
. . .
—— w/o oultlier —— w/o outlier
4 —— w/ outlier — w/ outlier

log(ay)
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Issues in SF Methods — Overestimation ).
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Radioactivity evaluated by the GM is overestimated for’hon-linear model in the high concentration range
e 200 random data points following a log-normal distritition

f = 0.6 for non-linear model (a; = a x a;f) B = 0 for non-linear model (a; = a X a;F)
4 ; ’ 4 : .

geometric mean

geometric mean

linear regression
95% confidence ellipse

linear regression
95% confidence ellipse

log(ay)
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I in SF Methods - M Activitsy. C ion Method =
ssues In ethoas ean Activi LY oncentration iMetho
o=t
= Basic flow of application for SF method = Procedure for determining the radioactivity in
waste packages (Japan)!!

.~ < S Study on production mechanism
E[STEP 3] : and physicochemical behavior
E Observation & evaluation of i 1
i nuclide activity database !
E . Selecting key nuclides : Observation of correlation diagram
: * Verifying correlation between DTM nuclides & key nuclides ‘ i l
. ¥ |
| ! Confirmation of correlation between
i . ! difficult-to-measure nuclides
s H 1 :
N —I- ———————— - api‘;::l:;itlli:f » NG | Other evaluation methods i and key nuclides
.| Applying statistics | ~— 1 < i
(R il st el Mean activity method, etc.
; SF method Y I
' : Any correlation
! : observed?

1
]
i SF classification for evaluation :
: Reference }—’ » Unification of group i Confirmation of the grouping Confirmation that.the

.o . | of the representative radioactive concentration
: * Classification of group : samples is in a restricted range
T T B T R a2 P s S ! I i }
Nondestructive assay Theoretical calculation A Mean radioactivity
method method Scallng Factor method concentration method
Co-60, Cs-137 Ni-59 €-14, Ni-63, Sr-90, Nb-94, H-3

Tc-99, 1-129, Total alpha

= Mean activity concentration method is applied as an alternative when the SF method is not applicable
* USandJapan: H-3
* Spain: Tc-99

11 H. Masui et al., “Radioactive Concentration Determining Method for Dry Active Waste Generated at Japanese Nuclear Power Plants”, Proc. of the 7th International Conference on Radioactive Waste Management and

Environmental Remediation (ICEM1999), September 26-30, Nagoya (1999)
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Conclusions
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Indirect empirical scaling factor method has been impleinanted as the principal method for evaluating the
radionuclide inventory in the radioactive waste produced from the operation of nuclear power plants

" |ndirect radionuclide inventory assessment methods, such as scaling factor method, are necessary to evaluate large
amount of decommissioning radioactive wastes’ radionuclide inventory

= Some issues associated with SF imniementation have been raised in the field due to lack of details
e Data below limit of detection
* (Qverestimation

" |tis necessary to develop statistical decision criteria for indirect radionuclide inventory assessment methods to
achieve more reasonable, reliable and practical decision-making!?2

* Data treatment (data below limit of detection, outliers)
* Sample size

e Correlation

* Mathematical relationship or calculation

12 T.-H. Kim et al., “Statistical Methodologies for Scaling Factor Implementation: Part 1. Overview of Current Scaling Factor Method for Radioactive Waste Characterization”, Journal of Nuclear Fuel Cycle and Waste Technology

18 (2020)
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3. g Feel The Difference!

E QRN M /XA H| SHA elim

EQri| E/HSHAH 28 SFH4(3:23)
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3. g Feel The Difference!

QRN A /K AMH| U HOEQ elim

5~10mm 2~5mm

E QN &/HHMH| M 0.2~2mm  0.038~0.2mm  0.038mm |

UXL 2718 ZE5E EY A
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- AEZeA A PHWR: D + n — °H
- HE5A S dEAM W o Sa2 MAHE Rl TRF (Tritium Removal Facility) 28| 23
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A0 AES L4 FHO

Groundwater contamination at Fukushima

Excess water from cooling system

transfered to storage tanks
Temporary storage tanks
PRTESEIRE Reactor building

| Turbine building

T l N, Sreel wall )
l {under construction)
Tank leak _\

Groundwater flow

Source: Reuters

« Severe incidents : Fukushima accident (1 ~ 5 x 10® Bq/L, 1.4 ppt), 280 ~ 400 t / day

MEE 1.26 BH3F m3 (2021.07)

MNEEE 1.37 23t m3

H e 50,000-60,000 m3/year

SHsrs Y 860 TBq *& 1. Y25 HIZZ, 100 TBq/y, 2018
Brsk 0. 62 MBg/L (~6.2 x 105 Bg/L)

A= Hi=7 & 60,000 Bg/L (YX) *HIFsEZ2l 2 1/10

[1] Tritiated water portal site, TEPCO 2021 July
[2] New Definition of ALPS Treated Water and the Amount of Tritium in Water being stored in Tanks, TEPCO, 2021 April 27
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L
B X5t U Ao AS4A o QU0
o X|SHH 2 (35%), HHB M E X (24%), HF,i12%) SOIA 2] 40 oo @ H4 LM
- 0= 7ts3H 57%, BX| A 50% O| AL 7[&=X] O| 42| K|St atE5FA @ Y (5740 Bg/l)
- ZHLICH Pickering RAFE M A X|Sh4= 28 H-3 25 At
: 19794: 2.2 x 107 Bg/L, 19974: 7% 106 Bg/L, 20004: 1 x 107 Bg/L

. Xt 284 71E M8

- O|= (740 Bg/L), ZHLICH (7000 Bg/L), WHO (10,000 Bg/L)
- =Y & XISk H-3 71E: 6°Bg/L

+ 0O/ NPP X|o}+ & At o & HY .

Maximum H-3 concentration (Bg/L) Number of cases

740~40,000 24

40,000~100,000 5

100,000~1,000,000 11

1,000,000~200,000,000 1 +US NRC, 2017

- HAIZHN S=0 oet slie] ™ £X| X5t 2F A ZA| Z2
- HAZH =0 a8+271 45, 25 250 S Mestns LYE Xote7t 2|82
O] SZ|X| Ot BAHS ?lofies Of? H2ALE B E

o

T XK= A— =
- QAE X|5t=7} £X| 2|52 0|SEl Braidwood 2| B0 = F=0I2| EAMY f[sH= 1Al K| OSt= B2t
- XSl A= |l 2H|e] ATY 7| =22l SHO|A 58, tf5ras OS7|= OiH| 2R

R *Joumal of Radiation Protection, 38(2), 2013, 124-131 8






« TSN LE RASHH D TSRALAES oz Z EFAOIZ Qs
S22t stetE=2] 540 Djofet xLOI-" A=
. 28Y U 2 S¥UL
Property H,0O D,O T,0
Melting point / K 273.15 276.97 277.64
Boiling point /X 373.15 374.5 374.636
Temperature of maximum density / K 277 284.2 286.55
Maximum density / g cm3 0.99995 1.1053 1.205 (298.15K)
. 71 W 54 SelEa
H, HD HT D, DT T,
Molecular weight 2.016 3.022 4.025 4.029 5.032 6.034
Boiling point (K) 20.49 22.14 22.92 23.67 24.38 25.04
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AFSEA A H I HitH O] & I
naTad 2o B S EiE
Separation Technology I\/Ieche:.';ism Equation

Water electrolysis (WE)

Dissgoziation selectivity

2HTO(l) = 2HT(g) + O,(q)

Laser isotope separation (LIS)

Rissociation selectivity

CTF;3(g) = CFy(g) + TF(Q)

Water distillation (WD)

Vapor pressure

HTOW) + H,O() & H,0V)+HTO()

Cryogenic Distillation (CD)

Vapor pressure

HT(v)+H,() > H,(v) + HT()

Girdler-Sulfide (GS)

Chemical exchange

HDS(g) + H,O(l) > H,S(g) + HTO()

Catalytic Exchange
- Liquid phase, LPCE
- Vapor phase, VPCE

Chemical exchange

HT(g) + H,O(l) = H,(g) + HTO(l)
HTO(v) + H,O(l) = H,O(v) + HTO(l)

Bithermal hydrogen-water

Chemical exchange

HT(W) + H,0(l) > H,(v) + HTO()

Bithermal hydrogen-ammonia

Chemical exchange

H,O(l) + NH,T(g)— HTO + NH,4

Combined electrolysis and catalytic
exchange (CECE)

Electrolysis
+ Chemical exchange

2HTO(I) = 2HT(g) +0,(q)
HT(g) + H,O() > H,(g) + HTO(l)

LPCE + CD

Chemical exchange
+ Vapor pressure

H,(g) +HTO() > HT(g) + H,O(l)
HT(v) + Hy(I) = H,(v) + HT(l)

11



=Ll 238

HET

A M| E2H| (WTF)

D,O =13 7
A d - . X8 0.1 ton/A| Zt
gcﬂ?l TRF ) W (] 'P:r\_tﬂ
oedim - WG (544 0184) -E: 26207 4 U 4552 MAE 97% (DF 35)
4337 g3 4337
YA48)| o III Now 44| P—
TE=E1TC T 3 - (]
Heavy water
Feed system — 11%’ - Ill.ll'HH A+ 40 '
— . H4 2003.01.17
@28z aleahay T tooed
1. Separation process 2. Enrichment process 3. Storage process 7}% 2007.06.30

22| 23 (liquid phase catalytic exchange, LPCE)
- DTO reacts with T-free D, gas under the catalyst and D,O
returns to the reactors (DTO + D, = D,O + DT)
2T S5 97% N (DF=35)
2. 5% 37’8 (Cryogenic Distillation, CD)
- Hydrogen mixture gas (HD, H,, D,, DT) is separated by
cryogenic distillation method
- DT is separated into D, and T, by the equilibrator, and T, is
concentrated to 99%

40mx30mx25m

3. & 37 (Storage process)
- High purity T, gas(99% is stored at the form of Metal Hydride (TiT)

o)

i e PN L =]
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E=2 HFTaT N 2dE ST

[ ]
. BX U Q@4 MEHA Zo} o (2022

. IO WHAO| SHHBEO| ST HH 2Ot S Y4 K| AE (2041-2051)

v/

M QA
7|2t #5Y F2 g =
\ - ° Az HN2EF
~ SIS HE A 7|E/H 8 B
2013 HESTLr TF HgTOtJH 71|7|HH|§,§_*/,\__+|_|§F|§O l- 99% 400 m3/<
-2016 (Tritiated water tasik’TOrce) EIXI’O‘%S?:I XZEDs (2Eait) X Z3f) (1/100)
G MBS Hol7|s ds/HEEM (A
A= A|HALS - :.%T+ aet’|= ds =4 (d o
2014 99%
—2(())16 (Demonstration project = /O R (1/1 OOO) 400 m3/&
for verification tests of tritium . Kurlo I3||) RosRAO(2), Sasakura (&)
separation technology)
ALPS K24 29|23 g NEAly
2016 (The subcommittee on GHYHI=/S7 |H=)2 Ar=X-7|=& B} 99% 400 m3/&
-2020 handling of the - IAEAOI ZE St= ol (1/100) S
ALPS treated Water)
0 )
2001-  WESa+H2YE BR  -ME42 HAJIE B2 B
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7|14 =7} 7|l CCRI
Kurion 0| = “ 7| 288t st m e (CECE) I 24
RosRAO = A| Ot Z7 (WD) +M7|28ll/=t et m &t (CECE) Agng
Sasakura o= SH-24 (WD) (ST RT g~

2 A
Il": Hh- B ]

I liES @
I v
- CECEazwy b
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E=2| AEFra Ko A= HuWEN

Al O o
A4 S N2 H[E (A &) X U2 ZINH0|E XHIEM Xt=
50,000
39,760 + o
40,000
25,330
30,000 20,489 + SHiA|
10,000 7,900+ SH| i
10,000 2490 . 5,830 + SfA
SVH= TAHE  ZROiidst EX3CfA®t Kurion RosRAO Sasakura
(CECE) (WD+CECE) (WD)
Xa| 7|7
& AN mA2 =
150
e o) + S A %
100 +912 () + a  +912 (B5) + SiA|
+ oH’HI
50
0
AH= EXO3F  Kurion RosRAO Sasakura
(CECE) (WD+CECE) (WD)
Ne| AlE 42 (m?)
285,000 285,000
1,000,000 10,200 5 601 15,000
- . - o . B .
1
MXESF MXESFUEA) siYEE ST|HE SXJICHO3  Kurion RosRAO Sasakura
(3lA) (CECE) (WD+CECE) (WD)

o BRRZEEZS 2a|As: 100 (99% M 7), 400 m¥/L 18
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=2|7|= A FEE L %\%” =0 w2t H,/HT S&F 22| (YAHA))
ol A| 7| 23| /\ E/CD, VPCE/CD) 7|% 2| 0| X £ 2
7‘* Ho12 6H/$DHI'L2+ (CECE)
)\\ . EE o (WD)
- =5+7/dl0| X
cHelz 8 25 q\> 25 E=
K| 72 = 0 2
(&7 7@ k) (8T MAH=0 wet Hat) (NME|& L et M X2 HE)
S A0 20.8 3/ A| 2t 20.8 ~ 200 m3/A|Zt ~25,912 m3/A|Zt
LHEF
el
e4xA _ I
(500 £/2) M x| I B /7 1A Fm
- .
2.8 m «
3-6m

30 m

IR}

KAERI  Koren Atomic Energy
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2 23)7|% (2 EEEES exdeE
| M7 25H (WE) EEAL| 2ol MEi: 10~15 25~80°C
2| 0| M{-£2| (LIS) i SR 28l MEH 103~104 -78~60°C
= 55 (WD) HTO/H,0 57| Xt 1.059 50°C
X2 SF (CD) HT/H, 37|12 Xt 1.8 -250°C
Girdler-Sulfide (GS) HHEY 3.59 30°C/130°C
Sl o
- Liquid phase, LPCE HA el 4.5 60°C
- Vapor phase, VPCE
Bithermal hydrogen-water HA AHEY 5.2 50°C/170°C
Bithermal hydrogen-ammonia T o Ef 16.1 -30°C/40°C
s Combined electrolysis M7l I N YA S
a and catalytic exchange (CECE) + ofst 2t : 50,000
CHAIS}SI MY AKX =2 Sttt =8 HIEA =+ 60°C/-250°C
(2 TRF) +HT/H, 3712 X} : 35
| =2|7|=50| s&E 30| €84
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Clemson, EPRI (Hanford ETF: 11,000 B/L, BNL groundwater: 74,000 Bg/L) 2002

g

PNNL 2015, ORNL 2017

&2 pilot test(CECE, CECE-WD, WD)
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HFO

i

T2l Ba/l
=T 108 104 10° 108 107 108 10° e 10M 102 LR
« L B === (40,000
mH - 884 @F) - SBFWHO)
740 : 10,000 AN\
—> <+ > < > +—> +—>
HE A S AR RS ZxE RCS SFE PHT S%& MOD
NPP 77| H e A ~52 {408 T -HURH(~37x107) -EM1~6x 1010 -EM@2~4x 101
-HISHH| 42 S48y 106) ATE -EHOsTE# (~13x10% - ~187ton/unit - ~260 ton/unit
-sistHeld 5041 105 SFP - 200 ~ 300 ton/unit (~& 22E)
* % &

e
X| sf Braidwood(PWR, 0O

“.Salem (PWR, 0O|)

Pickering (cANDU, 7))

oo - ~9, 250 (2005) - 5.5 x 105(2003) - 2.2 x 107 (1979)
_E3A0b (15 x 109 - 22 x 107 (2000) “(@T) SRAI0k X|5l4 QU0| ofsf LT oo
< WD > cD '3
H-3 Z CECE < _ >
-.._-E! et AZAAL LPCE/CD (Wolsong TRF)
e | +——p
7l (71& 3%) Girdler Sulfide

F 3

Laser separation
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