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* DIN working committee NA 062-07-045 AA (“Criticality Safety”) of the German Institute of
Standardization (DIN = “Deutsches Institut fiir Normung”) has worked out a Draft Criticality
Safety Standard entitled “Criticality safety of disposition of nuclear fuel to be discarded”.

e Draft is still under internal discussion and review.
» Publication expected end of next year

* Risk-informed approach for both pre-closure and post-closure phase > rationales
* Requirements for BUC
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Nuclear fuels to be discarded (Germany):

* LWR fuels (unirradiated and irradiated): Western UOX and MOX fuel designs, UOX VVER
FBR (Fast Breeding Reactor) fuels

HTR (High Temperature Reactor) and Thorium-HTR fuels

RR (Research Reactor) and MTR (Material Test Reactor) fuels (HEU)

other types ...

A\ 4

? Time periods to be analyzed (w.r.t. criticality/criticality safety) ?
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DisEosaI of fissile materials: Time Eeriod Issues

Pre-closure phase (Mining and loading without any observation phase afterwards) :
 Disposition in salt (e.g., Gorleben salt diapir): Approx. 40 years (for loading)

 Disposition in clay: More than 100 years (for loading)
(due to required miner*s activities)

A\ 4

I Criticality safety standard for operating a repository required !

Post-closure phase:
Time period to be analyzed: 10 000 years ? 1 000 000 years? ...any other fixed period?

a

Remember some simple facts:
* Burn-up and build-up of fissile nuclides
* Radioactive decay properties: Half-life values, branching ratios,...
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... .Disposaloffissile materials: Timeperiodissues |

6

Example: Change in isotopic composition of Convoy Series UOX Fuel with 4.0 wt.-% initial enrichment
(18x18-24 fuel assemblies, NPP Neckarwestheim I1)
Zusammensetzung des Brennstoffes in Abhéngigkeit vom Abbrand
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Disposal of fissile materials: Time period issues

Remember some simple facts:
» Radioactive decay properties

Pu 239 2410% oy _p35 (1081002 ), T 137 2 .
Pu—241

\L14.35a
Am —241— %222 Np-— 237 244102, py 233

J2rod
U . 233 1.59210°a ..
Pu — 240 6563a N U-— 236 2.34210"a S
Py — 242 —_37510°2 s U —238 4.468:10°a ...
A
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Disposal of fissile materials: Time period issues

Disposal of U-235 (e.g., HEU from RR or MTR) and U-235+Pu-239 (e.g., spent LWR fuel)
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Disposal of Pu-239
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Disposal of fissile materials: Time period issues

Example for U-233 production:
17x17-25 Fuel Assembly, e=4.-wt.-% U-235, B=50 MWd/kg U (no CR insertion during depletion, no outages)
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DisEosaI of fissile materials: Time Eeriod Issues

Conclusion: Time period to be analyzed w.r.t. criticality / criticality safety:

« Depends of the isotopic inventory o [ ‘ N
of the fuel storage units: O s i
& U-235 content per unit, S
& accumulation of U-235 through Pu-239 decay, 7
@ admixture of neutron absorbing nuclides - // \
» Different for different fuel storage units, therefore = \\
* Is impacted by the evolution of the storage units \\ A
(€ tectonics, climate, ...) .
& corrosion/degradation of structural materials and barriers | o ons o

< intrusion of water
& separation of actinides and fission products

% migration of materials from the storage units, accumulation in near-fields or the far-field of the disposal
» Depends of the site of the disposal (i.e., salt, clay or granite)

!

? Exclusion of criticality events possible ?

!

? Criterion ?

A

CSN / IAEA Workshop on Advances in Applications of Burnup Credit for Spent Fuel Storage, Transport, Reprocessing, and Disposition AREVA
11 Cordoba, Spain, 27 — 30 October, 2009



J.C. Neuber, AREVA NP GmbH, NEEA-G

T
DisEosaI of fissile materials: Criticalitx safetx acceptance criterion
Basic criticality safety principle: Single Failure Criterion (SFC) SFC generally valid for all

« Single failure must not result in a criticality event fuel management system
outside reactor cores

In case of non-compliance with the SFC: DIN25403-1
» Consideration of the probability and the consequences of a criticality event

Compliance with the SCF is achieved by applying safety measures:
* Passive measures

* Active engineered measures automatically initiated

* Active engineered measures manually brought into action

« Administrative measures

Reliability and performance of safety measures

» ensured by a safety managment system establishing controls and checks of parameters
important for ensuring criticality safety

A
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DisEosaI of fissile materials: Criticalitx safetx acceEtance criterion

However generally valid the definition of the SFC is,
the principle applies to the OPERATION of fuel managment systems
outside reactor cores.

Final closure of repository

\ 4

SFC does not apply

No failures

\ 4
\ 4

End of operation

A 4

post-closure events
Reliability and performance of are scenarios

safety measures not ensured

| End of safety

A
A 4

managemen
anagement anymore (at long term at least)
Scenarios of the future evolution of
» the repository and the fuel storage
Scenario:= Description of a situation units therein

hypothetically possible in future or a

hypothetically possible and consistent . :
sequence of future events resultingin | L, Risk-informed ansatz required for

A 4

A

that situation criticality analysis of post-closure phase
(Note: Scenario is not a forecast!) A
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DisEosaI of fissile materials: Criticalitx safetx acceEtance criterion

Non-compliance with the SFC

» Consideration of the probability and the
consequences of a criticality event

Non-applicability of the SFC

» Consideration of the probability and the
consequences of a criticality event

A 4

Operational (pre-closure) phase

post-closure phase

\Consistent transition,

Criticality event Probability of criticality [«

I
I

A 4

extremely unlikely event P; < 106
Compliance with the SFC Criticality Safety

(by applying the double contingency -
orinciple for instance) Acceptance Criterion

A

y

Y
re

I
I

y

A
e

_| Must be met at

closure

Consistent transition from pre-closure to post-closure phase requires:
Application of risk-informed ansatz to pre-closure and post-closure phase

A
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Probability of criticality for a fuel storage unit under some scenario S

Parameters describing
the storage unit under S

Nuclear
data

\ Y/

P

A

Probability that K., > (1-0k,,)
under the condition that S is given

crit P (keff ()_{’ E) 2 (1_ 8ko ) ‘ S) P(S)

Probability that S occurs

Administrative safety margin:

» 0k, = 0 if uncertainties in & are considered by means of a fully hierarchical Bayesian
evaluation procedure (€ see Presentation 2.10 of the workshop)

» dky, = 0.01 if cov( &) is considered by means of a first order perturbation evaluation
(e.g. application of TSUNAMI € see Presentation 2.11 of the workshop)

» 3ky, = 0.02 if uncertainties in & are not explicitly considered

A
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Criticality safety acceptance criterion for pre-closure phase

Event S
ul T
I:)crit = P (keff ()_{1 &) 2 (1_ 8kM )‘ S) P(S) < Lop = 10_6
T
Abnormal/accidental conditions P(S) < 1

—

A

A 4

Normal conditions P(S) =1

If met for abnormal/accident (Methods of)
conditions: PSA not required Probabilistic Safety Analysis
(Conservative assumption P(S) = 1) (PSA)

A

I
I
|
v I
|
|
I
I

P(keff ()_{’E) > (1—8kM)‘ S)g Lop — 1076 k-

A

CSN / IAEA Workshop on Advances in Applications of Burnup Credit for Spent Fuel Storage, Transport, Reprocessing, and Disposition AREVA
16 Cordoba, Spain, 27 — 30 October, 2009



J.C. Neuber, AREVA NP GmbH, NEEA-G

P (Ko (%,8) > (1-5k,,)[S) < L, =10°°
\ /

A

N~—

~

[ dkee (ke 1S)

1-5k,y, 4

Monte Carlo sampling on f(K.«|S)
(cf. presentations 2.10 and 2.11 of the Workshop)

A 4

empirical K
distribution

I_+

(Free-of-binning)-Fit of the distibution,
(using a Johnson empirical distribution e.g.)

A 4

Evaluation of the order
statistics on yycs

A

MCS sample

0

Ymcs = Idkeﬁ fucs—iit (Kt |S)

1-3k,y,

fit not rejected

P(S) = 1

Smirnov-Crameér-von Mieses Test

’_T

MCS K. «-distribution

Y |
—

fit rejected

Monte Carlo Sampling (MCS) on the fit |
parameters and their covariance matrix
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I:)crit =P (keff ()_{1 é) 2 (1_ 6kM )‘ S) P(S) < I—clos (t o 1:clos)

Evolution of scenarios S for t >t

arid climate
I
tropical climate

v

erosion

fluid systems

a

geomorphology

\
A

a A

tectonics

salt diapirs

—

tension conditions
(extension, compression)

v

\ 4

sedimentation

permanent frostiness
(cold, but no icing)

I
(interior) ice
formation

a

orogeny

rift systems
(rifting)

volcanism
(extrusiva)

volcanism
(intrusiva)

I

impacts on transport paths and transport mechanism

hydro-geological conditions,
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Criticality safety acceptance criterion for post-closure phase

I:)crit (keff ()_{’ é) 2 (1_ 6kM ) ‘ S) P(S) < I—clos (t — tclos)
T T - T Uncertainty P(S) increases

with increasing time (t-t )

Can be calculated for given S For some cases: may virtually For t > t; it won’t be pos-
become 1 with increasing time, e.g. sible to give a reasonable
sinking for prospecting estimate for P(S)

—
e
—

Glacial

GroRenvergleich: 300!500 m

Laboer (SChTswlu-Hulstem)

= : main ice streams of the
Elsterian glaciation

supposed isopaches

o B position of some capitals

Ehrenmal (83 m) ‘,

Y (LW o
LT, 3] "' " " "

: 254 T Northwest German ice stream ]I Northeast German ice stream I Central Poland ice stream
bhig
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Criticality safety acceptance criterion for post-closure phase

teep profile central portion of ice sheet ow profile margin of ice sheet
resting on crystalline bedrock resting on soft sediment

TOTAL SURFACE MOVENENT
L —
5 \-‘"—— Y

Exdirent Imiernal I 1

ARIOTMELDN  SMITEIN

A - Polar Dry Based
(nc meltwater) supraglacial melt

\.__ Metwalsr

\ Channzl
PR ™~

\
Intemal defarmation "‘\-,._/} moulins

B - Termperate
Vet Based

ICE

Deformaton Wl

re-ensling sedmenls

englacial

melt H

-- \ o \ q‘of water
e S
\

direct loss

—_—

No basal sliding; internal deformation only
Sliding on basal meltwater film and areal abrasion
2 Selective erosion of bed by pressurized meltwater & slurries; subglacial lakes
3 Conduit flow of meltwater over impermeable crystalline bedrock {eskers)
4 Subglacial recharge of meltwaters into aquifers
5
6

Overpressured sediment undergoing pervasive shear (deformation till/ldrumlinsfno eskers)
‘Excess’ meltwater that cannot be discharged as (4) or {5) flow in channels cut into
bed and leaves ice sheet as melt streams (7)
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Tiefe der Quartarbasis
Uber +500 m
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_/

crlt_P(keff(X g) (1 8k )‘ ) ()— clos(t tclos)
mals

A

Uncertainty P(S) increases | For t > tg it won’t be pos-
with increasing time (t-t,.,) | sible to give a reasonable
estimate for P(S)

A 4

To avoid compensation for increasing uncertainty, e.g.
» smaller storage capacities = increase of handling processes and transports
* decrease of fissile content - increase of total mass to be stored

—
clos (t 1:clos) =1- (1_ L(tclos))'exp (_ Ps (t - 1:clos))’ 1:clos sts< tS

Wlth (PS = I—clos (tS clos) 10 - and L(tclos) — I—op :10_6

Note: Probability > 10+ - credible event
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LoFITIcAalItV satetv anatvsis 1or pre-ciostre nnNnase

C

P = PKert (X,8) > (1-8K,,)[S)-P(S)< L, =10°°

with P(S) = 1 for normal operation conditions, P(S) < 1 abnormal/accident conditions

23
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I:)crit =P (keff ()_{’ E) 2 (1_ SkM )| S) P(S) = I—clos (t - tclos)
I—clos (t - 1:clos) =1- (1_ L(tclos))' eXp (_ Qs - (t - tclos))’ 1:clos <t< tS
Wlth (PS = I—clos (tS - 1:clos) - 10_4 | and L(tclos) - I—op = 10_6

2P (K, (%,E) = (1—5k,,)|S) <10°°, vt > t yes oK

clos
H no

Determine tg such that (tg - t.,) is
chosen as large as reasonable possible
[

v
?P (keff ()_{’ E) 2 (1_ 6kl\/l ) ‘ S) P(S) < I—clos (t o 1:clos) y tclos ) S tS N0, design change

A 4

A

required
I | yes
7P (K, (%,) = (1 5k,,)|S) <107, vt > yes J ok
I no
Y : no : :
Analyse consequences ofa | | ? Risk acceptable » design change required
criticality event under S ves J ok
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Some remarks on the use of burn-up credit

Loading Curve (LC) based on reactivity equivalence att=t, -

10_6 LC < tclos
ky = (1_6kM)1 Y= P(k — (1_8kM)‘ S):< I—clos(tLC - clos)’ tclos — 1:LC = tS
10 tc >t

Note:
 Reactivity equivalence only holds for t = t, - (in general) !

* It has to be demonstrated that LC meets the criticality safety requirements at all t different
from t, . taking into consideration the following issues:

» Change of isotopic content/spatial distribution due to radioactive decay

» Change of isotopic content/spatial distribution due to the impacts of the scenarios to be
considered

A
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Some remarks on the use of burn-up credit

Impacts of some scenarios may include evaluation of corrosion and dissolution processes:
» Corrosion processes can be directly induced by chemical reactions or can be indirectly induced
by (e.g. anaerobe) organism (bacteria)

e Corrosion and dissolution rates are impacted by
- activity and decay modes of radioactive isotopes
- radiolysis
- catalytic effects of some fission products (Pd, Rh, Ru, and TC in metallic form) ....

Effect of = Oxidation of the UO,-Matrix and redoxsensitive RN
QUEEAUFEILEEY  — Matrix dissolution and release of UO,2* and other RN- ocl-

species

v, B,Y H,O ‘ej
411 generation of oxidants + reductants U02<

; (‘sz l 2 OH-
—i—*"é'
affachment aqueous ligands Uo,2—>
(H,©, HCO;)
2e H
detachment ?
UVi)aq)
i Pd/Rh/Ru/Tc .

gt Metallpartikel 2H

'Uof 2H,0(s)Schoepite

U0, 4H,0(s) Studtite 2 H*
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Some remarks on the use of burn-up credit

» Corrosion and dissolution rates are impacted by

- presence of structural materials

Groundwater components
Ca®*, Na*, Mg, K*, AP*
H,Si0,, CO4%, HPO,Z, SO,2, CI, F
OCI I
H.O, !
‘OH i
l

Dissolution of —>»

the waste form: '
Nuclear [
|

Corrosion-

GK products

Waste form Co-Precipitates
Colloid formation

Redoxfront

Colloid formation l \

Pu, Am, Sr, Cs...
Fission/act. prcmduu:‘cs;r
actinides l
l PuOH
Precipitates i Np( OHh
Colloid formation Te(OH),
Co-precipitates
(acc. to Grambow

Oxidizing et al. 2000)
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Some remarks on the use of burn-up credit

Some scenarios may result in

 a separation of actinides and fission products because of the very different geochemical
properties

» accumulation of actinides in the near-fields or the far-field of the repository or
 a taking-away of fission products out of the storage units

However, all the above-mentioned impacts of scenarios on the spent fuel behavior are not due to
the use of burn-up credit, but to the fact that the (irradiated) fuel is exposed to final disposal.

-> These impacts have also to be taken into account (at least to some extent), if no burn-up credit

Is taken.
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