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1. *“Innovative and Adaptive Technologies in Decommissioning of Nuclear
Facilities”, IAEA-TECDOC-1602, 2008

2. “Decommissioning Technology Experience Reports”, EPRI Technical Report,
2000

3. R. Versemann, “Decommissioning nuclear plants: experiences in Germany”,
Proceedings of the Institution of Civil Engineers, 2008

4. “Task group on remote handling techniques”, OECD Technical advisory group
(TAG), 2011

5.  “Dismantling Techniques, Decontamination Techniques, Dissemination of Best
Practice, Experience and Know-how”, EC — CND Report, 2009

6. “Rancho Seco Nuclear Generating Station Decommissioning Experience
Report”, EPRI Report, 2007

7.  “ORNL Remote Operations for D&D Activities”, US DOE, 2007

8. Paulo E. O. Lainetti, “Cutting techniques for facilities dismantling in
decommissioning projects”, International Nuclear Atlantic Conference, 2011

9. “State of the art technology for decontamination and dismantling of nuclear
facilities”, IAEA, Technical reports series No. 395, 1999

10. “Recent United States and International Experiences in Reactor Vessel and
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11. “R&D and innovation needs for decommissioning nuclear facilities”, IAEA,
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12. *“Reactor internals segmentation experience report”, EPRI Report, 2007

13. “The BR3 pressurised water reactor pilot dismantling project”, nuclear science
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A MR ERF(ASBCa) e Py prp g & o
AR RS A R IR PR

TR PT VR— FARE A MO R (B e~ TFR L) e

? AT RO ERRFEETE D NLTE G ¥ Lot
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21 ¥ LRy 7 BET 3

WASTE TYPE SD/O SB BO SL HIC
Compactible DAW Yes Yes Yes No No
MNoncompactible DAW No Yes Yes No No
Incinerator ash Yes Yes Yes Yes Yes
Solidified ash Yes No Yes Yes No
Solidified resins No No Mo Yes No
Dewatered resin No No No Yes Yes
Dewatered filter cartridges No No Mo Yes Yes
Encapsulated filter cartridges No No Mo Yes No
Solidified evaporator Yes No Yes Yes No
concentrates and sludges

Qil Yes No Yes No No

CONTAINER KEY:

sb/o - Steel drum or drum overpack
SB - Steel box

BO - Box overpack

SL - Steel liner

HIC - Any approved HIC
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Bt AR Y o
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EE e N 2. 3% BLIGE RO F R GEE AN
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3. #%.4% 19 (Steel Liner)
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H i AR N ik
i At N S, BE L S ARF e
KAt Y
L 7 Yoy Y
kS fris ik N
I N

5.% REELF R
BB R P N 1. gk % B/A&% #Hanford ~ Barnwell
L] Y B2 EEB {cCEaAr o L
Hit Ak N ’ﬁiﬂé«iif’ﬁ%o
F i At N 2. BRYFBLZRIFEAEI afppE
KAt Y ® e~ A it F R 0p R

KRS Y FHEIP TR ELDRE X

ik g eis ik N T RS
oS N

PRI AR RS FERFE P R AR B T 2 F
il 4 Fafo g ot 7o RUadarE o ©
AR AR A AL s R AE2 — 0 EARR 2 AR Y Sriv iR E Ry o
TS G F S MO R P A h hRT T B AR PR
WP FEEFR R E AR E R E BL R R TE R Y
A AR TF R R Vb AR MRS AP R KT BF O BAERM
WEM R AT FH AR FANETRERY E Y RERIETERY
SRR E R AN R F LRI F AT VAT %
BI¥: 8 ¢ #- st b foopl i@ % ¢ 2 enfh i % 4 3+ (Standard Review Plan for
Transportation Packages for Radioactive Material) » ™% e X% Bipk % 4
e FRPE g Y R F AR LT 2 BARP

o FEE Gk By (package approval)stE i R E oo
. f‘¢¢;+?gwwé&w&ﬁiﬁﬁo
o Bprp g mwmg B2 B A FiuiE(package certifications) ¥ 73(practices)
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> L

% 4 & ¢ 42 A 51 (Regulatory Guide, RG)7.9, % 1 2 2% » kit

P % (applicants)#3F enft 38 fop 7 o 0¥ G R E BILE

3B R AP EETBE- LR DL BM N FF L R 2
FERERF RO FR - B AV R SRS - R KNG R
gk Af AR ARR FIEG T FR B2 FAREF A F M 4
5l R RFTNFEET BRI I0CFR7I TAIAB > 6 A &t 3 433 0
FEPR

o PBEFiE TS ViR 2 i@ % (Shipment of irradiated nuclear fuel)

e 4% 2 7 3 (Shipment of plutonium by air)

e ML FER P H A 5 5 4 4 iF % (Qualification and shipment of low
specific activity material and surface contaminated objects)

o FFRA5 5\ At F ok (Qualification of special form radioactive material)

* S 334 %8 (Approval of a quality assurance program)

e FHE i Ao & RAe2) E F Al (Reports, notifications, violations, and
criminal penalties)

e 4 % - A PedE(Exemptions and general licenses)

o SPRH B T k4o 10 CFR Parts 20, 21, 30, 40,70, 73, % 2 i 3Rz 3
RER o .5 > 3~ 10 CFR 71 2. % 4 - (Requirements incorporated into
10 CFR Part 71 by reference to other regulations, e.g., 10 CFR Parts 20,
21, 30, 40, 70, 73, and DOT or U.S. Postal Service regulations.)

I % h3h 4 fosection level it 2 fr RG 7.9 kY 33 8 0 A
subsection level % 4+ Z PRI F &€ a3 Aoz LEAH - F A2+ a0 38 v
B A PR R PR R BG AR

[
1-3

EEP R G SRR R E R B e R g G h 0 e BT
3|J'§‘_ o

e - #F 3% 4 (GENERAL INFORMATION REVIEW)

° W% % (STRUCTURAL REVIEW)

» #.@% % (THERMAL REVIEW)
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5 4 % 4 (CONTAINMENT REVIEW)
* 5 jx% % (SHIELDING REVIEW)
* =M % 4 (CRITICALITY REVIEW)
e ¥ it42 5 % 4 (OPERATING PROCEDURES REVIEW)
e HEF%IraiFit% % 4 (ACCEPTANCE TESTS AND MAINTENANCE
PROGRAM REVIEW)

TRFAFE TS R BBERPE §F 207 AN i
LB R R ar_mﬁ 20 ;ﬁa FEE - AR B Al 4T > i (key
safety features)f-: & & 3 47 32 (principal areas of review) sk ] » kA4 e % 43+
FOT -8 @$ﬁ+w e
o xitM PR Ap AR b B A 7T B(RADIOGRAPHY PACKAGES)
e BAlmR I FEF B(TYPE BWASTE PACKAGES)
o K PRETYHEL R % B(UNIRRADIATED FUEL PACKAGES)
c MIk¥3F & F K% ¥ (LOW ENRICHED URANIUM OXIDE
PACKAGEYS)
o AZH AR B A7 B(TRANSURANIC WASTE PACKAGES)
e Mk ¥~ & & F K F E (LOW ENRICHED URANIUM
HEXAFLUORIDE PACKAGEYS)
* % ke &4 F L F E (HIGH ENRICHED URANIUM OR
PLUTONIUM PACKAGES)
o BAl#E7RAIN B £ % B(TYPE B SPECIAL FORM PACKAGES)

R st i e EFEFE ~ B RIRFT N R AR HprE 2
Qﬁﬁ??ifi?%’ﬂﬁmﬂ%‘ﬁﬁiﬂ%%Wﬁ W BRR A
FEERTRLIRGERRY 2 HFEAT R & ERE RS % (IAEA)
% > HA ‘iﬁ]zﬁ«K(DOT)w*@wﬂ#g EAMERL S MZ ZRPE € X7
BB B A A SE S B E R Bl SAPMA T R EAPM B ABNE L b2t
PR ALZIFEXFEDRFF R T REF PR BRI DL

FIRET S ~FE s LHPTFF AR E ﬁ«;t;sgﬁﬂ;qgi'a;;{ﬁ—ﬁma{%
MFrFaZzLEPeE_fAra - 3T EEFLEN I 4731 & W RehiphE R

< » &4 IAEA Interim Storage of Radioactive Waste Packages EIFL o 2 Ap il
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Standard Review Plan for Transportation Packages for Radioactive Material % 1% %
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ESRN A A P E RS BAM I ¢ R TR 2R
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AT hPIMTLER
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(3) B
R RA AR R M AR B CHE o N2 R CHEARRY
Ao BRNFEFTEY GFAFRP P 5x g o o A NPT &

Wprg T~ Rl A EEG S ERY P J‘lﬁf%'%fﬁ'lﬁﬁl’aéj&ﬂ pen
2 RiEiTE S

d PR RSP R EFRE LT AR SR 0 i A LR
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B e R B R WX 2L GFELP o RipAp M iz 2 R
#‘,F, » TR EimE U A o EaCEA T Ee ek W?L’ 1;};— ﬂ;‘?‘x—‘z\% N _L,F# ,_gug N
HEE > B W EITRR ~.566>13:?‘§.56Hr.§@1€§"‘ kY AR TR
FERRE RSB ERE R LR B R EHGEH R B oo
OF S8 &
18. 2 bt Aok % B E 1 1(2) FE- > PFAT > 19926 ¢
19. M b2 B 7 F 2 #%ﬁ’iw%ﬂ”ﬁﬁw%’ﬂﬂ33°
ZOﬁK%H@qWM*%Ewéﬂﬁ;%E%W » 2010.4 -

21 M st M R P B Mk FEF BF A4 0 2010120 -
22. 1T B3 Bk 3 4o B §t~$% LRI T o ML > B9 201212 -
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BWBERBERY 2 RILHNTE MR PP BN el 2 ¢ BEEEEL
H® S EA S PS> 19941 o

24.Feasibility study of waste containers and handling equipment for SFL, SKB
2013.12.

25.Guide for operating an interim on-site low-level radioactive waste storage
facility. EPRI, 2004.10.

26.Classification of radioactive waste, IAEA safety standards. IAEA, 2009.11.

27.Recommended changes to guidelines for operating an interim on site low level
radioactive waste storage facitlity — for nuclear regulatory commission review.
EPRI, 2011.

28.Standard Review Plan for Transportation Packages for Radioactive Material,
Nureg-1609, U.S.NRC, 1999.
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AR R R 0 EYER N MO B B S R BB 4 iRk 2 B R
g e
I M3kt e 3 3 FH & RIBFRF

SRR MRS R P o S B PRSP R R BRI % B2 B
BEE G 22 KO R PR RRIBERET S
(2)a ltﬁ 7%
| SRR PFERFER TR B%

e 103 PRSI E R V2 BN 65 R e B A U Rk s
6% AW G 2T R @ﬁ@££2%~;§25ﬁgﬁf%ﬁ%ﬂ
LA AT AT G AT LR PO AT RS I 2 38(F iR A
BRIFHRT 1IN B Pz R R @S5 AR o kR
%&iﬂ”%%%%alo

21 $4BRIFERERVHRE

Bir S| R AL [ Ee BxR | A | A AR
%= R A |Canberral] ISOCS | HPGe x1 | # # | Genius2000
%= R B |Canberra] ISOCS | HPGe x1 | ¥ Z_| Genius2000
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8 247% | C |Canberra| ISOCS | HPGe x1 | # #> | Genius2000
¥ 2 Rt D [Canberral] ISOCS | HPGe x1 | # #* | Genius2000

Fpk41@ % | E |Canberra] Q2 HPGe x3 | ¥ Z_| Genius2000

i@ 2 | F |ORTEC |[ISOCART| HPGe x1 | # # |GammaVision
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g A F R (SRR AF 3HE2 AL AF 2H)E 54 4B 5~F 8
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33 kBg: 4B 5 % &3 A4 % hd = 1.5 cm x £ 60 cm 454k > ¥'Cs 22 ©Co
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B 2: FH SR EFER(EEF 90%)
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W2 RIREN - ZERFERZIEI AT BN 5 H 0 Kea SRR KT
#hz_ + & (upper- levels) ~ # & (center- levels) ~ ™ & (lower -levels) = ¥ % -5
e B 5 H B (side- rods)st & ¢ ¢ o (center-rods) iz % & ¥ - L EHER
3 w2 E 4 3 0 A% (solution) ~ -k ik (concrete) ~ APy (resin) 2 i

& M pd (active carbon) & o L 2 PIEEN £ O Ak 2o

% 2 FRERDH2Z BIEERR

By | 2R | PEBR|FELL
@) |@emty | FFRE | ehn | er
Upper- levels 48 100 0.76 2 mm 86 cm 56 cm
Center- levels 5] 100 0.95 2 mm 86 cm 56 cm
lower -levels 48 100 0.84 2 mm 86 cm 56 cm
48
48

R g ot

Center- rods 100 0.96 2 mm 86 cm 56 cm
Side- rods 100 0.54 2 mm 86 cm 56 cm
active carbon | =488 90 0.97 3 mm 86 cm 56 cm

concrete KR 100 1.90 3 mm 86 cm 56 cm
solution AR 100 0.96 3 mm 86 cm 56 cm
Resin P 96 0.85 3 mm 86 cm 56 m

SAvt ¥ 2 QPR hB6 MUK AT BT R RERLEE 0 2y o F
S S H2ZERLR (%A E e R 2 6 MRS AR RS
R OER L0 F ALY AE B =hbHY M RELHAS LSS
R ER LB R F b AR AN MRt B Bkt 0 B
g8 ¥Cs 21 Co thg + £ B 565 %2762 % 0 @ 6 2N 4k AL A 4T %
Zoearlf B ER L RSl 0 S A Y B G MR FIE R f
PSR E TR R ? BRR R0k BR TR B MG AOR £
PEHCl o BB FY e d 3N Ee £ engg E BIR K Sk

FHF o FH WA RS IS RS TR EIHE SRR T2
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46 17Cs ¢ ©°Co edo« £ B 5-32%% 33% e £ip 630k E2 P8 VCs &
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Caposil[Ba/kg] Al sheet [Bg/kg]
Nuclide Calculated Measured Calculated Measured
Co-60 3.3E5 2.4E5 8.4E4 6.3E4
Cs-134 1.4E5 4.2E4
Mn-54 5.6E5 5.2E5 3.2E4 2.0E4
Zn-65 1.6E5 6.3E4
Concrete[Ba/kg] Reinforcement[Ba/kg]
Nuclide Calculated Measured Calculated Measured
Co-60 7.6E5 3.0E5 2.7E7 6.2E6
Mn-54 1.3E7 5.3E6
Cs-134 9.0E4 5.5E4
Eu-152 1.8E6 1.3E6
Eu-154 1.6E5 1.2E5
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Activity, Bq Ba/kg

Weight, kg Co-60 Cs-137 Co-60
Exempted’ 940234  4.3E+08 4.6E+02
Ingots® 315745  8.6E+08 2.7E+03
Waste® 64290  3.0E+08 9.3E+07 4.7E+03
Total 1320269  1.6E+09 9.3E+07 1.2E+03

1 &4 & B4z_(*2 Co-60<1000 E s./-+ 5. ) Exempted ingots ( limit
Co-60<1000 Bg/kg )

2 ERpaSiE- % RiEASER L Ingots to be exempted after some
decay

3 AR 4 &2 Process waste
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Abstract

Decommissioning studies for nuclear power reactors are performed in order
to assess the decommissioning costs and the waste volumes as well as to
provide data for the licensing and construction of the LILW repositories. An
important part of this work 1s to estimate the amount of radioactivity in the
different types of decommissioning waste.

Studsvik ALARA Engineering has performed such assessments for LWRs
and other nuclear facilities in Sweden. These assessments are to a large
content depending on calculations, senior experience and sampling on the
facilities. The precision in the calculations have been found to be relatively
high close to the reactor core. Of natural reasons the precision will decline
with the distance. Even if the activity values are lower the content of hard to
measure nuclides can cause problems in the long term safety demonstration
of LLW repositories.

At the same time Studsvik is processing significant volumes of metallic and
combustible waste from power stations in operation and in
decommissioning phase as well as from other nuclear facilities such as
research and waste treatment facilities,

Combining the unique knowledge in assessment of radioactivity inventory
and the large data bank the waste processing represents the activity
determination codes can be validated and the waste processing analysis
supported with additional data.

The intention with this presentation is to highlight how the European

nuclear industry jointly could use the waste processing data for validation of
activity determination codes.
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Introduction

Short about Studsvik

Studsvik, previously named AB Atomenergi, was founded in 1947 as a state
own company with the mission to develop and operate nuclear power
stations in Sweden. Today Studsvik is a commercial company focused on
providing services to the international nuclear industry.

A key knowledge which has remained over the years in the company is the
deep knowledge in characterisation of materials and radioactive waste (even
though radioactive waste management not was in spot as much in the 1950s
as it is today). The competence in radiological characterisation was further
strengthened when ALARA Engineering AB joined the Studsvik Group.

Studsvik has built several theoretical and practical references in the area of
radiological characterisation of materials, systems and buildings for
decommissioning.

Furthermore Studsvik has processed radioactive waste for a few decades
focusing on volume reduction of organic waste and aiming for clearance of
metals after treatment.

Overview — initial facts

A known fact is that all radioactive objects need to be characterised and
managed. Depending of the properties and the radioactive content the
material can be subject to clearance directly or after treatment, put into a
form suitable for disposal and disposed.

Critical parameters for characterisation differ between routes. This has to be
considered already in the validation planning.

Quality assurance of activity assessment calculations and nuclide vectors
requires validation require physical measurements.

Normally characterisation for clearance is easier than characterisation for
disposal as hard to measure nuclides are of less importance for clearance.
For clearance based on European Commission recommendations RP 89, RP
113 and RP 122 part 1 several low emitting beta nuclides can be screen out

as they have high clearance levels.

For waste to be disposed several nuclides which is of concern in terms of
clearance can be screened out in the long term safety calculations as they
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will decay to almost nothing in a relatively short period of time. They may
however be of concern from an operational safety point of view.

Good understanding, validated and documented nuclide vectors and
assessment calculations supports graded approach — saves money and time

Well developed areas

Activity assessment for easy to measure nuclides (gamma) inside
and close to the reactor pressure vessel of NPPs.
Characterisation of contaminated

metals subject to free release

(clearance) either directly or after

treatment.

Screening of nuclides in the clearance

process i.e. nuclides without

importance for clearance

Areas with development potentials

Validation of calculation models for hard to
measure nuclides,

Validation of activity assessment calculations
for systems with low contamination levels far
from the reactor grid.

Nuclide composition after treatment for in a
repository perspective critical hard to
measure nuclides (such as C-14 and CI-36).
Characterisation models for nuclear facilities
other than NPPs and where nuclide vectors
have varied by time.

Nuclide screening models for waste to be disposed
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Key parameters for validation

Essential for any type of validation program is good knowledge of the
conditions and quality assurance. For validation of theoretical models by
sampling and analysis either of the material to be processed or usage of the
processing residues 1t 1s very important to secure the traceability and to
define the comparability to avoid that incorrect conclusions are drawn.

It 1s of high importance with good understanding of process parameters such
as:
- How the materials, systems and buildings have been contaminated
- Variations in operations and how it has affected the activity build up
- The way waste treatment affects the nuclide inventory and how
treatment effects can simplify the validation process

The properties of the different nuclides require different approaches and
methods to estimate the radioactivity in the physical material.

A few examples related to iron based metals:

- Co-60, Fe-53, Ni-59/63 and other activation products will even
though just occurring as contamination to a large percentage alloy
with the steel. This means that these nuclides will be present in
decontamination waste, in the metal ingots as well as in the slag and
dust from the melting process. This is no problem for gamma-
emitting nuclides as Co-60 but makes the activity determination a lot
more complex for the low energy beta emitters.

- Some volatile nuclides with a fairly high boiling point such as
Cs-134/137 will boil off during melting but will be captured to
almost 100% in the slag cover on the melting bath (if any) and in the
dust filters. This means that Cs will be present in all but the metal
ingots. The activity will then be significantly concentrated in the
melting residues which is good for determination of the inventory.

- Heavy alpha emitters such as the uranium isotopes and the
transuranium element will be transferred to the slag which means
that they will be significantly concentrated in the slag i.e. makes the
determination of the activity easier.

- C-14 and to certain extent H-3 and the Iodine isotopes are a lot more
complex to estimate in the thermal processing stage. Most likely
these nuclides should be determined by sampling prior to melting.
Either by sampling prior to start of treatment of by analysis of the
decontamination residues.
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Key issues for a successful validation

- Review documentation of the nuclide vector development including
boundary conditions.

- Define objectives and purpose of validation.

- Analyse the distribution and behaviour of the different nuclides i.e.
identify uncertainties in using nuclide vectors. Make sure all process
parameters are understood.

- Identify and focus on key nuclides — perform a careful screening.

- Secure comparability and traceability - careful planning and
selection of validation objects.

- Form and evaluate different fail test methods as tools for validation.
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Determination of activity inventories

Studsvik ALARA Engineering has been responsible for the determination of
activity inventories at decommissioning for most Scandinavian nuclear
reactors. The reference list covers totally 15 reactors:

e Olkiluoto 1 and 2 (BWR)
Process systems, database modification and update (2008)

e Barsebick 1 and 2 (BWR)
Project “RivAkt”, Total activity assessment (2007), evaluation of
performed system decontaminations (2008), improved assessment of
activity in reactor internals (2012)

e Ringhals 1, 2, 3 and 4 (BWR + 3x PWR)
Total activity assessment (2007), updates (2010, 2012)

e Forsmark 1,2 and 3 (BWR)
Total activity assessment (2010), update (2012)

e Oskarshamn 1. 2 and 3 (BWR)
Total activity assessment (2010), update (2012)

e  Agesta (PHWR, closed in 1974)
Total activity assessment (2010)

Updates are on-going for most reactors where some additional radionuclides
will be included.

Prerequisites

The prerequisites for the performed studies are summarized in the following
way:

e The total operation time for each reactor is based on plant
specifications. This means actual operation times for the Barsebick
reactors, and predicted times, 40, 50 or 60 years, for the reactors still
n operation.

e A decay period of at least one year is presumed. It means that
nuclides with half-lives shorter than one year have been disregarded.

e Operational waste such as spent fuel, ion exchange resins and filter
media is assumed to have been removed prior to the
decommissioning. However, small amounts of waste are assumed to
remain in the waste handling systems.
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No major decontamination campaigns are considered prior to
decommissioning, except for the Barsebick plants where performed
decontaminations campaigns are considered.

Only plant materials with activity contents expected to exceed the
exemption levels are included in the assessment.

Input to activity assessment

The main inputs to the activity assessments are:

Safety Analysis Report (SAR) data describing activity inventories in
the plants. Many of these SAR reports have recently been updated in
connection to power uprate and modernization projects, i.e. are
reflecting most actual operating conditions for the plants.

Measured plant data such as dose rate and gamma scan
measurements during outage conditions, reactor water data, moisture
content in steam, and data describing the fuel leakage history.

Components weights and surface areas in contact with active process
media. These weights and areas are broken down into system
“idents” describing system or part of system with certain activity
conditions. These assessments of component data have been
performed by other organizations.

Future operation conditions such as total operation time, planned
modifications (e.g. power uprates), reference time for
decommissioning, etc..

Source terms considered

The following types of source terms are considered in the assessments:

Neutron induced activity in reactor internals, reactor pressure vessel
(RPV), RPV insulation and biological shield of conerete and
reinforcement surrounding the RPV. Neutron fluxes in the
components are determined by calculations with the 3D neutron
transport code MCNP. Compositions of the different materials,
including trace elements such as Co, are based on materials
specifications, materials certificates, and general information about
materials compositions. Neutron fluxes, materials compositions,
neutron activation cross sections and operation history are combined
to calculated activity inventories with the use of different computer
models (IndAct, FISPACT).

Activated corrosion products on system surfaces, so called “crud™
The determination of contamination level on surfaces in the primary
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circuit, 1.¢. surfaces in contact with hot reactor water, is based on
developed calculation models, CrudAct, for BWRs and PWRs,
which are well benchmarked against measured reactor data. The
resulting nuclide vectors are distributed between different reactor
system idents in relation to measured relative contamination levels
of different parts of systems, the primary circuit acting as reference.

e Fission products and actinides from leaking fuel. SAR leakage
models are combined with measured activity data from the plants. Of
special interest are the cases with fuel dissolution from rather open
fuel failures, where the reactor coolant is in direct contact with the
fuel material. Such fuel release turns out to have a significant
memory effect in form of uranium contamination on core (so called
tramp U), and actinide incorporation in the oxide layers formed on
system surfaces. The tramp U causes production of short-lived noble
gases that results in noble gas daughter accumulation, Sr-90, Cs-133,
Cs-137, ete., in the off-gas delay systems.

e System leakage results in some accumulation of activity in affected
building areas of concrete in the plant. This contamination reflects
the nuclide composition in the reactor coolant.

Nuclides considered

A review was initially performed, identifyving 28 nuclides that were covered
in the reported decommissioning inventories:

e H3, Cl4, Cl36, Cadl, Fe535, Ni59, Co60, Ni63, Sr90, Nb94, Tc99,
Agl08m, Cd113m, Sb125, 1129, Cs134, Cs135, Cs137, Sm151,
Eul52, Eul54, Eul33, Pu238, Pu239, Pu240, Pu241, Am241,
Cm244

It has later been identified a need to add some exira nuclides in order to
coordinate the nuclide list for decommissioning waste with the list used for
operational waste. For that reason another 20 nuclides are included in the
ongoing 2012 update for the Swedish plants:

o Bel0, S$e79. Mo093, Zr93, Nb93m, Rul06, Pd107, Sn126, Bal33,

Pm147, Hol66m, U232, U236, Np237, Pu242, Am242m, Am?243,
Cm243, Cm245, Cm246

Some other nuclides have also been discussed, e.g. the nuclide Fe60
(T, = 1.5 My), which is mainly produced via neutron reactions in iron,

mainly:

e FeS58 (n.y) Fe59 (n,y) Fe60 () Co60m (IT) Co60
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The daughter nuclide Co60 contributes to a high dose factor for Fe60 both
for ingestion and inhalation. This is illustrated in the below table where the
specific activity in typical BWR crud has been calculated with the computer
code FISPACT-2007. A decay period of 1000 years has been considered,
and the activity has been recalculated to ingestion and inhalation doses per
gram fuel crud. The nuclide Fe60 is far from dominating, but ends up on the
Top10 list. It shall be noted that different nuclides transport properties in the
environment is not considered in the assessment, which of course may
change different nuclides importance considerably.

An overall conclusion is that the introduction of additional nuclides will
imply a need for improved evaluation and validation processes.

Calculated radio toxicity in typical BWR fuel
crud after decay 1000 years (FISPACT-2007)

Decay: 1000 y
Ingestion Inhalation

Nuclide msv/g [Nudide mSv/g
Ni 59 1.3E-01 [Nb94 3.4E+00
Nb 94 1.2E-01 ([Ni 59 9.0E-01
Ni 63 4.2E-02 |Ni 63 3.6E-01
Mo 93 1.9E-02 [Agl08m 3.3E-02
Agl08m 2.0E-03 |Zr93 1.8E-02
Zr93 7.8E-04 (Mo93 1.4E-02
Nb 93m 7.2E-04 |Nb93m 1.1E-02
Tc99 2.5E-04 |Tc99 5.2E-03
Fe 60 1.4E-04 |Fe 60 3.7E-04
Rel1l86m 6.8E-06 |Nb91 7.1E-05
Total 3.1E-01 |[Total 4.7e+00
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Examples of validation projects

Below are presented some examples of validation projects that have been or
are planned to be used in the assessments of decommissioning activity
inventories.

Ringhals-3 Steam Generator

Removed steam generators (SGs) from the Ringhals PWRs have been
transported to Studsvik for treatment. The resulting activities from one of
the R3 8SGs in produced waste and ingots are summarized in the below
table. Some special measurements were made in Studsvik, e.g. for the
nuclide Ni63. Three samples of the waste from the blasting were sent to the
University of Lund for analysis of C14 with the same method that 1s used
for determination of C14 in ion exchange resins.

The Co60 activity in the waste is compared to the activity inventory
estimated from in-plant gamma scans. It is noted that the waste activity is
higher than the activity based on the gamma scans. This difference is likely
due to the complicated geometry for the evaluation of the gamma scans,
especially when measuring activity in the Inconel tubes from the outside of
the SG.

The measured Ni163/Co60 ratio, about 0.1, 1s in line with earlier
assessments. The detected C14 activity is, however, not considered in the
earlier assessments. The detected amount of C14 corresponds to about
0.24% of the production in the reactor coolant during a year. These
measurements are presently being further evaluated.

R3 SG — Waste activity from treatment in Studsvik compared to Co60

activity inventory based on in-plant gamma scanning
Waste activity from processing in Studsvik

Bg, 1995-06-01
Nuclide Blasting | Melt Other Total
CoB0 2.27E+12 | 2.20E+11 [ 1.07E+12 | 3.56E+12
Ni63 2.23E+11 | 2.16E+10 | 1.05E+11 | 3.50E+11
Ni63/Co60 9.83E-02
C14 5.68E+08 | 5.51E+07 | 2.77E+08 | 9.00E+08
C14/Co60 2.53E-04

In-plant gamma scanning on $S and Inc

Bg, 1995-06-01
Nuclide Inc600 55 Total
Cob0 8.83E+11|9.20E+10 [9.75E+11
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Barsebiick 1 and 2 decontamination campaign

An example of important field data that have been used in the
decommissioning studies is shown in the below table. Three large
decontamination campaigns of the primary circuit have been performed in
Barsebick BWRs (B1 and B2), and the removed activity has been carefully
recorded. Hard-to-measure nuclides such as Ni59 have been determined.
This is valuable for validation of the calculation models. Furthermore, the
measurement of actinides removed from the system surfaces can be
correlated to the plants fuel failure history. Bl has been practically free from
failures, while B2 had a fuel failure in 1992 resulting in a release of about
10 g of uranium. Actinides corresponding to about 1 g of uranium are found
on system surfaces after about 10 years of operation, i.e. the incorporation
of actinides in the system oxides has a long memory effect that has to be
considered.

Measured activity removed in three decontamination
campaigns in Bl and B2

refdate  2007-11-01 2007-11-01  2007-11-01 _ 2007-11-01

B1/2008 B2/2007 B2/2002 TOTAL

[Bal [Bal [Bal [Bal

Co-60 133E+12 | 2.13E+12 | 7.55E+11 | 421E+12
Fe-55 6.72E+11 | 128E+12 | 6.69E+11 | 2.42E+12
Mn-54 | BO1E+08 | 398E+10 | 7.91E+08 | 4.14E+10
Ni-59 168E+00 | 1.18E+00 | 183E+09 | 4.50E+09
Ni-63 2143E+11 | 159E+11 | 2.13E+11 | 5.86E+11
Sb-125 | 230E+10 | B.60E+10 [ 244E+10 | 1.13E+11
Tc-09 8.44E+05 | 3.25E+05 | 4.48E+05 | 1.62E+06
Pu-238 | 341E+06 | 4.69E+06 | 1.52E+07 | 2.33E+07 Memory effect of
Pu-239 | 4.13E+05 | 6.44E+05 | 1.76E+06 | 272E+08 fuel dissolution in
Pu-240 | 6.75E+05 | B.89E+05 | 2.87Esge—{ 4=+Ew0n—— B2in 1992 (totally
Pu-241 | 1.07E+08 | 1.83E+08 | 5.93E+08 | 8.83E¥0s 1—  about10gU)
Am-241 | 157E+06 | 4.03E+05 | 1.30E+08 | 328E+06
Cm-244 | 356E+06 | 5.79E+06 | 1.87E+07 | 281E+07

Barsebiick 1 — Activity in bioshield and RPV insulation

Another example of a performed validation is the sampling and activity
measurements on the biological shield and RPV insulation performed in the
B1 plant, which is compared to measured data in the below table. The
calculated values show slightly higher level than calculated. i.e. a certain
degree of conservatism is mamtained in the earlier assessment. These
measurements will be used in the validation of ongoing refined modeling of
the neutron activation in reactor internals, pressure vessel and bioshield.
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Bl — Comparison between measured and caleulated
activity in RPV insulation and biological shield

Caposil [Bq/kg] Al sheet [Bg/kg]
Nuclide Calculated Measured Calculated  Measured
Co-60 3.3E5 24E5 B4E4 6.3E4
Cs-134 1.4E5 4.2E4
Mn-54 5.6E5 5.2E5 3.2E4 2.0E4
Zn-65 1.6E5 8.3E4
Concrete Reinforcement
Nuclide Calculated Measured Calculated  Measured
Co-80 7.6E5 3.0E5 27E7 6.2E6
Mn-54 1.3E7 5.3E6
Cs-134 9.0E4 5.5E4
Eu-152 1.8E8 1.3E6
Eu-154 1.6E5 1.2E5

Forsmark BWRs —Turbine components being treated in Studsvik

Totally about 1300 tonnes of turbine components were removed from the
Forsmark BWRs (F1, F2 and F3) during the period 2004 — 2006 and sent to
Studsvik for treatment. A summary of the weights and Co60 and Cs137
activities in different categories is shown in the below table. About 95% of
the material was subject to clearance, 71% for direct clearance and the
remaining 24% after some additional decay. The remaining 5%, process
waste, is to be disposed.

The total Co60 activity, 1.6 GBq, 1s in line with performed assessments
based on plant data. However, the measured Cs137 activity, 0.07 GBq, is
higher than performed assessments. The source of Cs137 in this case is
expected to be from decay of short-lived Xel37 (T.. = 3.8 minutes) which is
predominantly from tramp uranium on the core. Cs137 activity from decay
of Xel137 is considered in the off-gas systems, but has not earlier been
considered on the turbine components.

Fl, F2 and F3 — Turbine components - Weights and
activity in different categories after treatment in Studsvilk

Activity, Bg Bq/kg

Weight, kg| Co60 Cs137 Co60
Exempted® | 940234 | 4.3+08 4,6E+02
Ingots® 315745 | 8.6E+08 2.7E+03
Waste® 64290 | 3.0E+08 | 9.3E+07 | 4.7E+03
Total 1320269 | 1.6E+09 | 9.3E+07 | 1.2E+03

1 - Exempted ingots (limit Co60 <1000 Bg/kg)
2 - Ingots to be exempted after some decay
3 - Process waste
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Conclusions

A number of conclusions could be drawn based on the current situation.

There is a driving force for validation of the activity determination codes.
An improved knowledge of the nuclide inventory in both ILW and LLW
will reduce uncertainties, Reduced uncertainties may simplify the safety
analysis reports as well as the qualification/ licensing and the design of the
disposal sites.

Current status:

Good calculation models exists

Validations of calculated activity assessments have been performed
in certain areas, mainly for easy to measure nuclides — good results
and deep understanding.

The clearance route is in general well validated.

The most important validations, in a repository long term
perspective, are often weak if started up. Significant differences
between countries.

Optimised screening, to sort out nuclides of no importance, is of

significant value. Which nuclides that can be sorted out depends on
the actual disposal and repository situation.
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