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GE Hitachi Nuclear Energy

Nuclear Power Plants Nuclear Services

Fuel Cycl

« Generation Ill Advanced » Reactors, turbines & - Boiling water reactor &
Boiling Water Reactor balance of plant mixed oxide fuel
- Generation I+ - Life extension - GE Hitachi Canada
« Simulator & Executive » Power uprates Candu fuel & handling
training and consulting - Performance services equipment
« Outages and inspections  « Fuel engineering
services

« Enrichment
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GEH Licensed Nuclear Activities
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Wilmington Site History

e 1,650 acres (300 developed)
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GEH Regulatory Regime

The GE Hitachi Nuclear Energy’s (GEH)
Global Nuclear Fuel — America’s (GNFA)
BWR fuel manufacturing and Global
Laser Enrichment (GLE) experimental
Test Loop process operations are
governed by USNRC special nuclear
material license SNM-1097.

Nuclear Business Regulation

Nuclear criticality safety program
commitments contained in the license
are premised on applicable 10CFR70
regulations, ANSI/ANS-8 series national
consensus standards, and Regulatory
Guide 3.71 exceptions to these
standards.

Nuclear criticality risk assessment is a continuous process that
must be balanced against other EHS safety & security
disciplines
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Unlikely Assessment:

Historic Era
[1960s — late 1990s]

@ Hrocu

ANSI/ANS-8.1

4.1.2 Process Analysis.

Before a new operation with fissionable material is
begun, or before an existing operation is changed, it
shall be determined that the entire process will be
subcritical under both normal and credible abnormal

conditions

Fundamental U.S. treatise #1
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ANSI/ANS-8.1

4.2.2 Double Contingency Principle.

Process designs should incorporate sufficient factors
of safety to require at least two unlikely, independent,
and concurrent changes in process conditions before a
criticality accident is possible.”

Fundamental U.S. treatise #2
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Unlikely NCS Risk Assessment

Criticality Safety Analysis (CSA) written to establish )
subcritical limits on controlled parameter(s)
Demonstrate Double Contingency Principle license
condition is satisfied y,

. . . . A
NRC staff sit down with responsible CSE and discuss
documented CSA via “page turn” exercise
NV « Develop facility “technical practices” knowledge

- NRC staff perform “as-built” walk down of process & )
review implemented controls in facility with CSE

« Evaluate as-built condition vs. CSA assumptions;
=nrpvem  independently evaluate if DCP met in field

QIS - Qualitative but robust NCS risk assessment [no NCS
accident in U.S. since ~1978] )

A simple, elegant approach to NCS risk
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Historical Evaluation of “Unlikely”

This historical approach was considered “expert
based” and relied heavily on practical facility-specific
NCS experience.

These were the proverbial “good old days” since the
demonstration of double contingency was considered
sufficient and adequate to render the postulated
criticality accident sequence risk “unlikely” in a
qualitative, but rigorous fashion.

In addition to above, the new 10CFR70 rule, effective
OCT2000, fundamentally changed the above historical
approach used in the U.S.
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Highly Unlikely Assessment:

Modern Era
[2000s — present]
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Quantitative Risk Assessment (QRA)

E"lﬁ-lear criticality accident sequences are deemed HIGH
CONSEQUENCE events (S=3).

Item Relied On For Safety (IROFS) mean structures, systems, equipment, components, and
activities of personnel that are relied on to prevent potential accidents at a facility that could
exceed the performance requirements in § 70.61 or to mitigate their potential consequences...

[10CFR™
Likeiihood of Occurrence
Likelihood Category 1| Likelihood Category 2 | Likelihood Category 3
Seventy of Consequences Highly Uniikely unlikety Not Unlikely
] 2) 3)
C 3-
l:omequen:iieg.aﬁenorv Hisk . o . e
@ 3 [ H
Consequence Category 2 — ’ )
Int diate Ancepiazble Risk ok Risk L i Risk
2
Consequence Category 1 —
|ﬁ|:‘l' Acceplable Risk Acceptable Risk Acceptable Risk
1 2 3

For each accident sequence having an unmitigated risk of unacceptable, IROFS
% must be assigned and the overall mitigated likelihood determined for each
accident sequence. Edinburgh, Scotland, September 19-22, 2011

Quantitative Risk Assessment (QRA)

E"@ern determination of “highly unlikely” for credible
NCS accident sequences has itself matured:

» Original NRC-approved OL methodology — simple form (2002):
i=N-1

L = Z (A +/,I'd.i)./7'cmf.i]+[/’l’f,N]

i=1
« After ~5 years of implementation, regulator expectations changed....
» Final GEH NRC-approved OL methodology - general form (2007-current)}

i=N-1

M
L =4 + Z PE,k + Z (A it /1(T/2+MTTR),i) ° A’IND,i] +[4, ~nt /‘[’(T/2+MTTR),N]
k=1 =

J | K

or equivalently, L; = F,EH FCE_J-H FEc,iH Prors
k=1

j=1 i=1

This quantitative approach developed by GEH is rigorous
and adequately covers p-type and f-type NCS controls
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QRA Era: Unmitigated Frequency

The unmitigated NCS accident sequence frequency is
determined by multiplying the initiating event frequency

by the conditional event and enabling condition
probabilities: Where

3 I F,. = unmitigated likelihood (consequence frequency)
Fu = F'Elj:[ FCE,jH Fec, F =initiating event frequency
P

e,; = Probability of jth conditional event
Pz = probability of ith enabling condition

Frequency of Occurrence
Category

Mot Unikely* 3
Uniikely 2
Highly Unlikely 1
* Default selection in absance

More than or equal to 107 per-event per-year

Between 107 and 10° per-event per-year

Less than or equal to 10° per-event psr-year
of quantitative sssessment.

For existing GNFA facility, if F,,_ is < 1.0e-04/year, no NCS IROFS
needed

@ planned ew GLE CF, i fFl,ue is £ 1.0e-05/ye r, no NCS IROFS
I International’Conferel on Niclear Crmcallty (1 CZ 1
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QRA Era: Probability of IROFS

FT@LI H’E)eability of failure for an engineered IROFS can
also be calculated using the following formulas:

X Y
Prors = Z(RCX +T/2) +Z PFODc,y
x=1 y=1

Where,

Prors = Probability of failure of engineered system (IROFS)

R. , = Failure rate of xth component of the engineered system

PFOD, = Probability of failure on demand of the yth component
of the engineered system

T, = Inspection frequency (for passive) or test frequency
(for active) of the engineered system

Numerous references exist for IROFS failure probabilities; Human
Reliability Analysis (HRA) tools can be used to quantify the

human failure events associated with any IROFS that is an
@ administrative control.
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QRA Era: Quantify NCS Accident

Sl%gy\%pa(ﬁ%kelihood, L;, of each NCS accident
sequence with IROFS applied to prevent or mitigate the
consequence can be calculated by using an event tree
or the following:

J | K

L, = F,EH FCE,,-H FEC,iH Prrors «
k=1

j=1 i=1

An event tree should be provided that illustrates the accident
sequences and the pathways to safe end states as well as accident
end states.
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QRA Example: Powder Outlet

Consider an accident sequence in which high moisture
UO2 powder is discharged from the DCP reactor-kiln
into unfavorable geometry cooling hoppers and/or
discharge unicone container. gz -

L=, oL

= _ e
1 I = r!mml
UF; Vaporization ||Powder-Outlet
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QRA Example: Powder Outlet

There is no documented occurrence of either event,
high moisture powder in the cooling hopper or
discharged to a container, during the ten-year operating
history of the current hatch valve configuration. In order
to avoid using zero occurrences per year, a value of >
an occurrence in ten years was used. The initiating
event frequency is therefore:

FuL = FiEsteam = 0.5 0occurrence / 10 year = 5.0 x 10-2/year

Since F;,_is > 1.0e-04/year, IROFS are required to mitigate this
credible GNFA NCS accident sequence.

HITACHI International Conference on Nuclear Criticality (ICNC 2011)
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QRA Example: Powder Outlet

The Items Relied on For Safety (IROFS) for this accident
sequence includes the following [assigned IROFS

fallure probability shown, per year basis]:

IROFS01, Kiln Hatch Nitrogen Purge Pressure -The safety function of this augmented
administrative control IROFS is to prevent uncontrolled moderator introduction into the
cooling hopper by sequence of valve operations supported by operator shutdown of the
conversion process upon indication of continued inability to maintain pressure between the
hatch valves [1.0 x 10-02].

* IROFS-02, Cooling Hopper Moisture Detection System - The safety function of this active
engineered control IROFS is to shut the double block valves on the steam feed to the reactor
and kiln, direct the steam to the DCP roof vent, thus preventing uncontrolled moderator
introduction into the cooling hopper [1.0 x 10-02].

* IROFS03, Cooling Hopper Powder Samples - The safety function of this administrative
control IROFS is to ensure that high-moisture material is not discharged to a unicone [1.0 x
10-02].

* IROFS04, Favorable Geometry Hybrid Container (FGHC) - The safety function of this
administrative control IROFS is to provide a discharge path for potentially high moderated
material to a favorable geometry container for criticality prevention [1.0 x 10-02].
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QRA Example: Event Tree (CH focus)

- TROFS 204-02 TROFS 204-03
IROFS 20401 .~ g " >l
IE. Frequency Kiln Hatch | Cooting Hopper | IROFS 30221 | - Favorable Likelihood
H - Muisture Cooling Hopper Geometry Dutcome
(events/year) Nitrogen Purge n " Powder S | Hybrid (events/year)
Pressure System Container
Success 495x 107
5.00x 10 0.99
&mﬁ‘
001 099 099 0% 4asx0t
Failure -
490x 10
001 Cont *
Success* 490x 10*
0.01 059
Failure -
o0l Cont 495x 10"
/Flihl - b
450x 10°
00l 099 099 cae *
Failure -
495x 10"
001 CH/Cont *
Failure -
o0 CH/Cont 500x 10"

*  Tha Lkalibood of thess oztomes (~1.0 x 10777 i the Srequency s FGEC will be Sllad with kighly modersed matarial.
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QRA Example: Powder Outlet (CH focus)

Results:

The event tree has two types of failed states, loss of
moisture control in the cooling hopper (CH) and loss of
moisture control in the discharge container. The QRA
result for the CH (only) is summarized below:

J |

K
L = FIEH I:CE,jl_[ FECJH P'ROFSvk
k=1

=1 i=1
L, (Cooling Hoppers) = 0.5 *0.01*0.01*0.99*0.99 =4.90 x 106
L, (Cooling Hoppers) = 0.5 *0.01*0.01*0.99*0.01 =4.95x 108
L5 (Cooling Hoppers) = 0.5 *0.01*0.01*0.01 =5.00x 108
L; (Cooling Hoppers) =4.90 x 106
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Conclusions

This paper has contrasted the historical evolution of “unlikely” NCS risk
assessment methods at GEH from the former double contingency approach to the
modern quantitative approach.

The historic “expert era” approach provides a simple, elegant defense of double
contingency principle; it is however qualitative in nature, and therefore is highly
dependent on the experience level of criticality safety practitioners and regulators
alike.

The more modern “quantitative” era provides a more systematic approach and
requires the criticality safety practitioner to accurately describe postulated
[credible] NCS accident sequences and quantify the true risk of criticality using
PRA techniques.

Though compliance with 10CFR70.61 performance requirements can be
qualitatively met; GEH has chosen the quantitative risk assessment (QRA) path to
demonstrate high consequence [criticality] accident sequences are “highly
unlikely”.

Future ANSI/ANS-8 series national consensus standards development in the U.S.
should consider development of quantitative NCS risk assessment guidance to
help unify approaches used at non-reactor facilities. This paper has presented one
uch approach that is consistent with NUREG-1520.
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