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LIST OF ACRONYMS

AC alternating current

AFW auxiliary feedwater

APB accident progression bin

BEIR Biological Effects of lonizing Radiation
BLS Bureau of Labor Statistics

BNL Brookhaven National Laboratory
BWR boiling water reactor

CDF core damage frequency

CPEF conditional probability of early (containment) failure
DC direct current

DCH direct containment heating

DW drywell

EF early failure

FSAR Final Safety Anaysis Report

IPE Individual Plant Examination
|PEEE | PE for External Events

LERF large early release frequency

LF late failure

LOCA loss of coolant accident

LOSP loss of offsite power

MAAP Modular Accident Analysis Package
NF no failure

PDS plant damage state

PRA probabilistic risk assessment

PWR pressurized water reactor

RCIC reactor cooling isolation system
RCP reactor coolant pump

RCS reactor coolant system

ry reactor-year

S scrubbed

SBO station blackout

SDP Significance Determination Process
SNL Sandia National Laboratories

SP suppression pool

SPAR Standardized Plant Analysis Risk
SSW standby service water

TMI Three Milelsland
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1 BACKGROUND

SECY-00-0198 [1] presented arisk-informed alternative to the current regulationin 10 CFR 50.44
that deals with the threat of combustible gases to the integrity of the containment in light-water
reactor nuclear power plants. One of the risk insights developed in SECY -00-0198 indicated that
station blackout (SBO) accident sequences represented a threat to containment integrity in boiling
water reactor (BWR) plantswithaMark 11 containment and pressurized water reactor (PWR) plants
with anicecondenser containment. These pressure-suppression containmentswere mandated under
50.44 to install combustible gasigniters that would burn the hydrogen evolved via the metal-water
reaction during severe core melt accidents. Theignitersare designed to burn the evolved hydrogen
at relatively low concentrations and thus reduce the potential for large deflagrations or detonations
that could challenge containment integrity. However, the igniters need alternating current (AC)
power to operate and would not be available in an SBO accident. Thus, enhancements that would
allow combustible gas control during SBO accidents could reduce the risk from combustible gases.
The issue to be analyzed is whether such enhancements would be cost beneficial, i.e., whether the
averted risk, evaluated in terms of the expected value of averted costs, would be greater than the
direct cost of implementation of the enhancement.

Under Project JCN W-6224 Brookhaven National Laboratory (BNL ) isproviding an estimate of the
benefit val ues associ ated with making enhancementsto the combustiblegas control systemsin PWR
plantswith ice condenser containmentsand in BWR plantswith Mark 111 containments. Inaddition
to cal culating benefits based on point estimates or mean values, BNL has al so been asked to provide
insightsinto the uncertainty of the estimates provided. This estimate of benefit valuesisthe subject
of the present report. The enhancement would make combustible gas control available during SBO
accidents, and this could be accomplished in a number of ways. BNL is not considering the
implementation costsof any enhancements (theseare cal cul ated el sewhere), and therefore, thisreport
issilent on the particular means by which the combustible gas control will be accomplished.

Based on the Statement of Work, this report discusses what averted costs should be included in the
analysisand how they should betreated. Avoided (offsite) person-rem and avoided (offsite) property
damage are mentioned as potential benefits in the Task Action Plan for Generic Safety |ssue 189.
The Statement of Work indicates that the analysis should include all types of averted costs in
accordance with NUREG/BR-0058, Rev. 3 [2] and the estimation and evaluation of values should
comply with Section 4.3 of NUREG/BR-0058, Rev. 3.



2. APPROACH

This report provides an estimate of the benefit accrued from enhancing the currently installed
combustible gas control systemsin PWR nuclear power plantswithice condenser containmentsand
BWR plantswith Mark |11 containments. The current systemsare not avail ableduring SBO accident
sequences, and the enhancement whose benefit is being estimated would allow combustible gas
control during SBO sequences. The analysis presented here is concerned only with the value of the
benefit obtained from such an enhanced system, not the detailsinvolving what changes, additional
systems, etc. areimplemented to achieve the enhancements. Note that thismeansthat any negative
benefit associated with the installation of the enhancement, such as worker exposure during
installation, is not considered here, and is dependent on the particular means chosen to implement
the enhancement. It is expected that items such as worker exposure would be included in the
estimates for the cost of the enhancement, which is being estimated elsewhere. The benefit
calculated hereis expressed in terms of the risk averted as aresult of the enhancement, stated in
terms of current dollars.

The work scope of this project does not alow for a new integrated analysis, but instead calls for
estimates based on previously obtained probabilistic risk assessment (PRA) results from a number
of different existing studies. This also means that for the evaluation of uncertainty in the estimate
no integrated uncertainty analysis is possible. However, some uncertainty information can be
obtained from existing PRA models of the relevant plant types.

In terms of current dollars, the averted risk for the enhancement in question, where risk equals
likelihood times consequences, is calculated for this study using the following steps:

1 Thefrequencies of the affected accident sequences are determined in terms of frequency per
reactor-year (ry). For the combustible gas control enhancement the applicable sequencesare
the SBO sequences.

2. The change in conditional containment failure probability for each relevant containment
failure mode as aresult of the enhancement is determined.

3. The consequences associated with each containment failure mode are determined. If the

consequencesarein termsof person-rem (such asfor health effects) for apopulation density
estimated for a previous year, the person-rem are adjusted by a factor which reflects the
estimated changein population density from theyear of the cal culation to theyear 2000. The
person-rem are then monetized by a dollar/person-rem factor. If the consequences are in
dollarsestimated for apreviousyear (such asfor property damage), thedollarsare converted
to current dollars with an appropriate inflation factor.

4, The product of the conditional containment failure modestimestheir consequences without
the enhancement are summed, asisthe product of the conditional containment failure modes
times their consequences with the enhancement in place.

5. The sum obtained with the enhancement in step 4 is subtracted from the sum without the
enhancement. Thedifferenceismultiplied by thefrequency determinedin Step 1. Theresult
isthe averted risk, in terms of dollars per reactor-year.



6. A present value calculation is performed using the result of Step 5, and the remaining years
of assumed plant life, to obtain the benefit for thelife of the plant in termsof current dollars.

The benefit analysis carried out here are in accordance with the guidance on estimation of values
providedin NUREG/BR-0058 [2] and in NUREG/BR-0184[3]. Inparticular, in conformancewith
Section 4.3.2 of NUREG/BR-0058, the estimation of value attributes related to the enhancement
considered here include:

. reductions in public and occupational radiation exposure,
. averted offsite property damage, and
. averted onsite impacts

Additional potential valueattributeslistedin NUREG/BR-0184 are: enhancementsto health, safety,
or the natural environment; savings to licensees; savings to NRC; savingsto State, local, or tribal
governments; improved plant availability; promotion of the efficient functioning of the economy;
and reductions in safeguards risk. These were not considered in the present analysis because they
were deemed to be either not applicable or would have a negligible impact on the results.

In the present analysis, again as called for in NUREG/BR-0058:

. changesin public health and safety from radiation exposure and offsite property impacts are
examined over a 50 mile distance from the plant site,
. the recommended dollar conversion factor of $2000 per person-rem is used and used only

to capture the health effects attributable to radiological exposure,
. offsite property damage consequencesare addressed separatel y and treated asan added factor

in the value assessment,

. estimated values are expressed in monetary terms whenever possible and expressed in
constant dollars from the most recent year for which price adjustment data are available,

. al values and impacts are expressed on a present worth basis for lifetime benefits, and

. adiscount rate of 7% isused for the present-worth calculation, with asensitivity analysis at

a 3% discount rate.

NUREG/BR-0058 also call sfor val ue estimatesto be based on mean or * expected value’ calculations
when possible, and to consider uncertainties. However, NUREG/BR-0058 al so recognizes that the
level of detail available from data sources may not allow expected value estimates to be used, and
allows sengitivity analyses, including hypothetical best and worst case values, to be used in lieu of
uncertainty analyses. The enhancement under consideration here carries with it no potential
reduction in core-damage frequency, only in containment failure probability. The emphasis of the
evaluation is on containment performance, i.e., the reduction in the conditional containment failure
probability when combustible gas control is available during SBO events. Estimating changesin
containment failure probability are especialy uncertain and involve sparse data. In addition, the
analysishererelieson calculationsfrom previousanalysescarried out for other purposes. Therefore,
the benefit estimates calculated here are not always based on expected value, and use some
sensitivity calculations as well as some previously obtained uncertainty results.



It should also be noted that NUREG/BR-0058 callsfor asafety goal evaluation, using certain safety
goal screening criteriarel ativeto the enhancement, under some situations. However, asstated at the
end of Section 3.3.2 of NUREG/BR-0058, “. . .the safety goal screening criteria described here do
not addressissuesthat deal only with containment performance. Consequently, issuesthat have no
impact on core damage frequency (CDF) (delta CDF of zero) cannot be addressed with the safety
goal screening criteria.” No safety goal evaluation has been carried out in the present analysis.

As noted above, the results presented in this report were cal culated based on information gathered
from various existing analyses. The severe accident progression scenarios, including conditional
containment failure probabilities, are based primarily on the NUREG-1150 [4] work, including the
descriptions and values reported in the NUREG-1150 supporting documents for the Sequoyah [5]
and the Grand Gulf [6] analyses. Theconditional probability of early failure (CPEF) of containment
from NUREG/CR-6427, “Assessment of the DCH Issue for Plants with Ice Condenser
Containments’ [7] was used to for a sensitivity case for the ice condenser estimates. Finally,
NUREG/CR-xxxx, “Basis Document for Large Early Release Frequency (LERF) Significance
Determination Process (SDP)” [8], which summarizes relevant NUREG-1150 information, was
employed to establish the accident progression used for the BWR Mark I11 estimates. It should be
noted that all thesereferences, with the exception of References 7and 8 areincluded in NUREG/BR-
0184, the Regulatory Technical Analysis Handbook, as appropriate references for value impact
analysis. References 7 and 8 are too new to be included in NUREG/BR-0184. In addition to the
NUREG-1150 SBO freguencies, thefrequenciesfrom the Duke Power PRAscontainedin Reference
9 were used in the uncertainty considerations. SBO frequencies from the NRC’'s SPAR models, as
well asfrequenciesreported inthelndividual Plant Examinations (I PEs) and inthe | PEsfor External
Events (IPEEES) for the plants, are a'so discussed. Thevalue of offsite property damage and offsite
person-rem are taken mostly from an earlier BNL study, NUREG/CR-6349 [10]. The exceptionis
some of the values of offsite person-rem for the Duke Power plants, which were extrapolated from
Reference 9. Discussion provided on the values of onsite health costs and onsite property damage
costs are based on the information provided in Burke, Aldrich and Rasmussen [11], and in
NUREG/BR-0184 [3]. Updates of population densities are based on population projections found
in the Final Safety Analysis Reports (FSARs) of the plants examined, not on actual current
population statistics.

The remainder of this report is organized as follows: Section 3 below provides a discussion of
averted costs, i.e., benefits of providing means (such as installing a backup power supply for the
hydrogen igniters) to allow combustible gas control to function during SBO accidents. The various
categories of applicable costs, including offsite health costs, offsite property damage costs, and the
onsite costs, including employee health costs and onsite cleanup and decontamination costs for
accidents that fail containment, are discussed and summarized. Sources of data for the various
categories of costs are identified and referenced, where relevant.

Section 4 presentsthe results obtained for anumber of PWR ice condenser plants, based on existing
studies. An example calculation is provided, along with the results from a number of additional
calculations which provide insight into the uncertainties involved in the benefit estimates.



Section 5 presents similar results for BWR Mark 111 plants, with Grand Gulf as the Mark 111
surrogate. In addition, some of the Grand Gulf results are extrapolated to another BWR Mark 111
plant inthis Section to obtain amore generic estimate of the benefit that could be obtained for BWR
Mark I11 plants from a combustible gas control system that is operational during station blackout.

In Section 6 the results obtained are discussed, and some reasons for the differences between the
PWR ice condenser results and the BWR Mark |11 results are provided.



3. DISCUSSION OF AVERTED COSTS

The averted costs arise from the averted consequences of reactor accidents. In genera, there are
several categories of offsite consequencesthat follow the occurrence of an accident that beginswith
core melt and progresses to containment failure and the release of radioactive material from the
reactor core to the environment: (1) acute effects of large radiation doses generaly in excess of
200 remto offsite populationsin theinitial phases of the release that can lead to early health effects
(early fatalitiesor early injuries), (2) chronic effects of lower radiation doses that can lead to cancer
induction over long periods of time and cause latent cancer fatalities or injuries, and (3) the offsite
costs of emergency response and long-term protective actions that are taken to protect the public
from radiation.

The risk metrics used to estimate offsite acute and chronic health effects are early (or prompt)
fatalitiesand early injuriesand latent cancer fatalitiesand injuries, respectively. Acutehealth effects
arise soon after exposureviatheinhal ation, cloudshine, and groundshine pathways. Asnoted above,
acute doses in excess of about 200 rem whole body can lead to early fatality. Chronic effects of
long-term exposure are due to three pathways. groundshine from living on contaminated land,
inhalation from breathing resuspended radioactive material, and ingestion of contaminated food or
water. Dose models embedded in consequence codes predict the dose to a population living in a
certain spatial segment based on the characteristics of the release (magnitude, timing, and energy),
sampling over the weather at the site, and on any counter measures that are taken. Dose-response
modelsthen are used to predict theearly fatalitiesand | atent cancers based on the extent of exposure.

The counter measures that are taken to protect the offsite public from the released material involve
coststhat depend on the nature of the protective measuresand their duration. The sum of these costs
are usualy called the “ offsite property damage costs.” In the early stages of an accident, costs are
associated with emergency evacuation and relocation. These will depend on the number of people
affected and the duration of the emergency period. Evacuated individuals will generaly remain
relocated and will not be allowed to return until the projected groundshine dose is below the
protective action guidelinevaluefor at |east the duration of the emergency phase. Inthelonger term,
peoplewill remain rel ocated and thus continue to incur costs associated with temporary relocation,
depending on the doses from the resuspension inhalation and groundshine pathways. Over atime
period of severa years following the release, a decision has to be made whether contaminated
property, such as farmland and non-farm areas, should be decontaminated or permanently
interdicted. The consequence code MACCS, for example, models three successively higher levels
of decontamination, each associated with respectively higher costs. If the decontamination efforts
plus natural decay cannot reduce the projected long-term dose to an individual below a specified
value, or the cost of decontamination exceeds the value of the farmland or non-farm property, then
the property or farmland is interdicted and its discounted value is added to the other offsite costs.
If people must be permanently resettled becausetheir property iscondemned, further costsare added
based on estimates of personal incomelossand moving costsfor atransitional period. Finally, costs
are associated with the disposal of contaminated farm products and restrictions on crop, dairy, and
meat production from contaminated farmland. Dose criteria associated with protective action



guidelines on ingestion of contaminated food are used to determine whether farm products should
be discarded.

In value-impact analysis, the averted costs that are ascribed to the averted offsite health impacts are
calculated based on the monetary equivalent of averted collective dose (person-rem) at the current
NRC-recommended value of $2000 per averted person-rem. They are not calculated based on
assigning amonetary valueto the early fatality and latent cancer fatality risk metrics. Thefigure of
$2000 per person-rem is assumed to subsume the early and latent fatalities, as well as severe
hereditary effects. Toobtainthetotal averted offsite cost (or benefit) of aproposed action, theoffsite
property damage costs that arise from the long-term protective actions, as discussed above, are
added. It should be noted that the costs of long-term protective actions depend on the criteria
selected for the allowable dose level s of long-term exposure of the affected population, i.e., thereis
atrade-off between a higher dose limit/lower cost and alower dose limit/higher cost. Thisfeature
of benefit-cost analysisis discussed at some length in Reference 10.

In addition, there are also potential onsite consequences that are associated with severe accidents.
Onsite consequences are not generally modeled in consequence codes, such as MACCS, and
NUREG/BR-0058 cautionsthat particular care should be taken in estimating dollar savings derived
from averting onsite costs, since values are often difficult to estimate accurately. There have been
alimited number of studieswhich have attempted to estimate onsite costs. In particular, Strip [12]
looked at theimpact on worker health, including fatalitiesand injuries of severe accidentsinvolving
core melt and vessel breach. Burke, Aldrich and Rasmussen [11] estimated the cleanup and
decontamination costs for both degraded core accidents, such as Three Milelsland Unit 2 (TMI-2),
and severe accidents involving vessel breach and possibly containment failure. Inthelatter case, it
is estimated that the cost of cleanup could be significantly higher due to the additional cost of
working in high-radiation environments significantly higher than those experienced at TMI1-2. A
“best estimate” cleanup cost of $1.7 billion (in 1982 dollars) was estimated by Burke and Aldrich
for this latter type of accident, compared to half that cost for a TMI-2 type of accident. However,
the discussion in Burke and Aldrich implies that the mgjor component of the additional cost is due
to the clean-up work carried out in the higher radiation environments due to vessel failure. Since
combustible gas control systems cannot reduce the likelihood of vessel breach, but only the
likelihood of containment failure, the above difference in cleanup costs does not seem to apply for
the case considered in this report. There is no explicit discussion in Burke and Aldrich on the
difference between the consequences from accidents that lead to core damage but do not cause
containment failure, and those that do involve containment failure.

NUREG/BR-0184, the Regulatory Analysis Technical Evaluation Handbook, does provide some
data on occupationa exposure that can be used for estimates possibly applicable for the case under
consideration here. Section 5.7.3 of this handbook discussed the immediate dose and the long term
doseworkersmay receive during cleanup of asevereaccident. For thelong term dosethree accident
scenarios are considered. Thedifference between Scenarios 2 and 3 appearsto be applicablefor the
case under consideration. Scenario 2 simulates the TMI-2 accident: 50% of the fuel cladding
ruptures, some fuel melts, and the containment is extensively contaminated, but there is minimal



physical damage. In Scenario 3 al fuel cladding ruptures, there is significant fuel melting and core
damage, the containment is contaminated and physically damaged, and the auxiliary building
undergoes some contamination. The best estimate long term total exposure for Scenario 2is 7,640
person-rem, while that for Scenario 3 is 19,760 person-rem. Assuming that the immediate doseis
roughly the same for both scenarios, the difference in exposure between the two scenariosis about
12, 000 person-rem. It is not clear from the discussion in NUREG/BR-0184 how much of the
additional exposure was due to the containment failure alone, and how much was due to the greater
core damage postulated for Scenario 3, and therefore the numbers must be viewed with caution for
a situation where the enhancement only addresses containment failure. However, since Scenario 3
explicitly mentions containment failure and the resulting auxiliary building contamination, it would
seem that containment failure plays asignificant rolein the elevated exposure levels of Scenario 3.

It would aso seem reasonable to assume that containment failure would have an impact on onsite
property damage, since plant equipment and structures outside of containment would be
contaminated in such an accident, while remaining relatively uncontaminated if the containment
remainsintact. Evenif the plant is assumed to be unusable after a severe accident with or without
containment failure, the net value of the equipment for resale or reuse at another site would be
significantly impacted by contamination. Therefore, there would appear to be some benefit from
averted onsite property damage when containment failure can be prevented. However, these costs
may be small compared to the offsite costsin many cases. But if thereismorethan one unit at asite,
these considerations may be important. For example, Unit 1 at TMI was put back into service
subsequent to the accident at Unit 2 after anumber of years. Had the TMI-2 containment failed and
contaminated the other unit, the start-up of the other unit would most likely have been significantly
further delayed or not happened at all. Of course, the Chernobyl accident, where there was no
containment, did not prevent the other units on site from restarting eventually, but given the
conditions under which these units were restarted, such a restart would have been unlikely in the
United States under similar conditions.

The benefit that avoidance of containment failure can havefor averting onsite costs associated with
asecond unit on the same siteis difficult to estimate, since it can vary so widely depending on the
scenario postulated. For example, replacement power costs, which are the dominant onsite costs,
would only occur if it is assumed that contamination resulting from containment failure resultsin
incremental downtimefor theaccident-freereactor. Itisinteresting to notethat inthe caseof TMI-2,
the accident-free unit remained unavailable for about six years even though it was physically
unaffected by the accident at its sister unit. Assuming there was increased unavailability, the
magnitude of the replacement power cost would be highly sensitive to when in the reactor’s
remaining life the accident occurred and the actual number of years of additional unavailability.
Given the highly speculative nature and large uncertainties inherent in this type of cost analysis,
replacement power considerationswill not beincluded in thetotal averted cost estimates devel oped
herein.



Among the plant typesanalyzed inthisreport, the PWR ice condenser plantsareall dual nuclear unit
sites (with the exception of Watts Bar, a single unit), while the BWR Mark |11 plants are all single
nuclear unit sites.

Finally, it should be noted that the differencein onsite costs between core melt accidentsthat involve
containment failure, and those that do not, does not appear to have been addressed very well in the
literature. A study focusing on this difference could be helpful.

To summarize, the various categories of averted costs that are used in the analysis presented bel ow
include:

@ OffsiteHealth Costs. These are based on the 50-mileradius offsite popul ation dose (person-
rem) associated with the release, conditional on the failure mode, and monetized at
$2000/person-rem.

2 Offsite Property Damage Costs. These are primarily based on the 50-mile offsite costs
reported in Reference 10. The 1990 costs shown in Reference 10 have been updated to 2002
dollars using the inflation calculator provided on the Bureau of Labor Statistics (BLYS)
website [13].

(©)) Onsite Employee Health Costs: A value of 20,000 person-rem is used here for occupational
exposurefor severe accidentswith containment failure. A valueof 8,000 person-remisused
for occupational exposurefor severeaccidentswithout containment failure. Thesevaluesare
based on the results found in NUREG/BR-0184 and discussed above. The person-rem are
monetized at $2000/person-rem.

The present worth calculation, i.e., the discounted value of the benefit of the enhancement over the
remaining lifetime of the plant (assumed to be 40 years for the plants considered, taking a life
extension of 20 years into account) is calculated using the expression [exp(-rt)dt, wherer is the
discount rate. Calculations have been performed for the base case of r = 7% and the aternative
sensitivity case of r = 3% as recommended in Section 4.3 of NUREG/BR-0058.



4, RESULTSFOR A PWR ICE CONDENSER PLANT

To carry out an estimate of averted costs in accordance with NUREG/BR-0058 and NUREG/BR-
0184, risk resultsin terms of offsite and onsite person-rem, aswell ascosts, aredesired. Thismeans
theresultsfromalL evel 3PRA areneeded. The NUREG-1150 study for Sequoyah wasanintegrated
study (Level 1, Level 2, and Level 3) PRA study of anice condenser plant, and thereisasignificant
amount of information regarding accident progression and hydrogen combustion available for
Sequoyah asaresult of the NUREG-1150 studies. The NUREG-1150 Sequoyah study also provides,
separately, uncertainty ranges for CDF (Level 1) as well as containment failure probability (Level
2). However, only internal events were examined for Sequoyah in the NUREG-1150 study.
Sequoyah core damage frequency ranges due to SBO events are presented in Table 5.2 of NUREG-
1150 Volume 1 [4]. A histogram of the conditional probability of early faillure (CPEF) of
containment, conditional on loss of offsite power (LOSP) for Sequoyah, is shown in Figure 2.5-2
of NUREG/CR-4551, Vol.5, Rev 1, Part 1 [5]. Table2 below summarizesthe valuesin thereports.

Tablel Sequoyah Uncertainty Rangesfor Internal Events
5th M ean 95th
SBO CDF frequency from
NUREG-1150 (ry) 5.2E-7 1.5E-5 5.3E-5
CPEF dueto LOSP from
NUREG/CR-4551, Vol.5 1.3E-4 0.15 0.65

The percentile frequencies from long and short term SBO have been added to approximate a total
SBO percentile frequency in the above table.

41 PWR Ice Condenser Example Benefit Calculation

The benefit calculation for Sequoyah using mean values is carried out below, following the steps
found at the beginning of Section 2 of this report:

Sep 1 - Frequencies of SBBO sequences

Asindicated in Table 1, the mean SBO core damage frequency from the NUREG-1150 study for
Sequoyah is 1.5E-5 per reactor-year (ry) from internal events.

Sep 2 - Change in conditional containment failure probability

As shown in Table 1, the mean conditional early containment failure probability due to hydrogen
combustion events during SBO in Sequoyah, based on the results of NUREG-1150, is 0.15.
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Some credit for random ignition of pre-existing hydrogen was taken in this analysis. The benefit
calculations carried out in the present report assume that the enhanced combustible gas control
system will befully effectivein reducing the early failure probability to zero. Thereisapossibility
that even if early failure is averted, the accident could proceed to late failure from over-
pressurization late in the accident sequence due to steam and non-condensible gases. The presence
of functional combustible gas control is not likely to make much difference to the conditional
probability of late failure. However, recovery of AC power late in the accident, assuming early
failureisprevented, could lead to other systems becoming functional that would allow containment
toremainintact. Hence, two possibilitiesare analyzed: (1) thereisno late failure and containment
remains intact if early failure is prevented, and (2) late failure occurs even if early failure is
prevented.

The pertinent conditional containment failure probability cases are summarized in Table 2.

Table2 Conditional Containment Failure Probabilitiesfor Sequoyah
Gas Control Late Failure CPEF CPLF CPNF
no no 0.15 0 0.85
yes no 0 0 10
no yes 0.15 0.85 0
yes yes 0 10 0

Where: CPEF is conditional probability of early failure
CPLF is conditional probability of late failure
CPNF is conditional probability of no failure

Sep 3 - Consequences associated with each containment failure mode

Offsite consequences for releases representative of both early and late containment failure are
presented in Table 3 below for Sequoyah. Offsite person-rem and the offsite property cost estimates
are based on the data provided in References 10 for Sequoyah. These results are conditional
consequences (i.e., conditional on occurrence of the release) out to 50 miles from the plant and
include offsite population dose (person-rem) and offsite damage costs. The release categories for
Sequoyah, i.e., source terms, are based on the results presented in the NUREG-1150 study. It is
assumed that there are zero offsite consequences associated with no containment failure.

Two valuesfor offsite person-rem are shown for Sequoyah. The 1990 valuesare based on Reference
10. The 2000 vaues have been updated based on the change in population density from 1990 to
2000 as estimated in the Sequoyah FSAR. The changeisan increase of about 9%. Two valuesare
also shownfor the offsite property damage costs. Thefirstistakenfrom Reference 10 andisin 1990
dollars. The second updates the 1990 dollar values to current year dollars based on the price

11



inflation calculator (approximately 36% over the 1990-2002 period) of the U.S. Bureau of Labor
Statistics (www.bls.gov).

Table 3. Offsite Consequences (50-mileradius) of Containment
Failure Releases at Sequoyah
Failure Offsite Offsite Offsite Offsite Offsite
Mode Person-rem | Person-rem Hedlth Property Property
1990 2000 Effects ($k) 1990 ($k) 2002 ($k)
Early 2.8E+06 3.1E+06 6,100,000 4,800,000 6,600,000
Late 5.2E+05 5.7E+05 1,100,000 500,000 680,000

Thesequenceused for Sequoyahfor early failureconsequencesis SEQ-11-2 from Reference 5which
isalso used in Reference 10. Thisisatypical early failure sequence with about 88% of noble gases,
29% of iodine, 26% of cesium, and 21% of tellurium released. The late failure sequence used for
Sequoyah is SEQ-06-1 from Reference 5 and Reference 10. Thisisatypical late failure sequence
with all noble gases, about 8% of iodine, 1% of cesium, and lessthan 1% of tellurium released. The
discussion in Reference 5 indicates that in both these sequences the ice bed was functional and had
some mitigating effect on thereleases. It should be noted that the (1990) consequencesreported in
Reference 10 differ somewhat from those reported in the NUREG-1150 reports, even though
Reference 10isbased onthe NUREG-1150 analyses. Thisisprimarily becauseintheNUREG-1150
study the consequence analysiswas carried out using Version 1.5.11 of the MACCS code, whilethe
consequences in Reference 10 were recalculated with Version 1.5.11.1 of MACCS. This later
version explicitly incorporates the higher Biological Effects of lonizing Radiation (BEIR) V risk
coefficient for thelatent cancer-doserelationshipwhiletheearlier version of MACCSusedthe BEIR
[ risk coefficient. Inaddition, afew input errorsin the NUREG-1150 MACCS calculations were
corrected for the recalculations of Reference 10.

Onsite health consequences are cal culated assuming 20,000 person-rem occupational exposure, or
$40,000k after using the $2000/person-rem factor, for both early and late containment failures, and
8,000 person-rem, or $16,000Kk, for no containment failure. Onsite property damageisnot included
as per the discussion in Section 3.

Sep 4 - Summation of conditional containment failure modes and their consequences

The results of the summation of conditional containment failure modes and their consequences for
the cases outlined above are shown in Table 4.
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Table4: Summation of Offsite Costs and Onsite Health Effect Costs
Gas Late Tota Offsite Cost ($k) Onsite Health Effects Cost ($k)
Control Failure | conditional on SBO conditional on SBO
no no 1,900,000 20,000
yes no 0 16,000
no yes 3,400,000 40,000
Ves Ves 1,800,000 40,000

Sep 5 - Subtraction of costs and multiplication by frequency

The calculation in Step 4 was made with and without the gas control system present. The control
systemisassumed to befully effectivein preventing early failure. The difference between the cases
where gas control is ‘yes and the cases where gas control is ‘no,” when multiplied by the SBO
frequency, represents the averted offsite cost on a per reactor-year basis.

The results are summarized for Sequoyah for accidents with and without late failure in Table 5
below. Costs are divided into offsite and onsite costs, as well as total costs. Offsite costs are the
dominant contributor in all cases. Costs arein 2002 dollars.

Table 5. Sequoyah Cost Summary per reactor-year
I nternal Events SBO Total Averted Averted Onsite Total Averted
Frequency Offsite Costs Health Effects Costs
$k per reactor-year Costs $Kk per reactor-
$k per reactor-year year
No Late Failure 1.5E-5 28 0.053 28
with Late Failure 1.5E-5 24 0 24

Sep 6 - Calculation of lifetime benefit

Multiplication by the present worth factor, based on the discount rate selected and plant lifetime
remaining, yields the total averted offsite cost, or benefit, over the plant’s lifetime. Results for a
lifetime of 40 yearsfor adiscount rate of 7% and 3% are shownin Tables6 and 7 respectively. This
step completes the analysis.
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Table6: Lifetime Benefit Base Case (7% Discount Rate)
| nternal Lifetime Averted Lifetime Averted Onsite | Lifetime Total Costs
Events Offsite Costs Hedlth Effects Costs Averted
2002%k 2002%k 2002%k
No Late Failure 370 0.7 370
with Late Failure 320 0. 320

Table 7: Lifetime Benefit Sensitivity Case (3% Discount Rate)

| nternal Lifetime Averted Lifetime Averted Onsite | Lifetime Total Costs
Events Offsite Costs Health Effects Costs Averted
2002%k 2002%k 2002%k
No Late Failure 650 1.2 650
with Late Failure 560 0. 560

Theresultsaredominated by theoffsitecosts. Inclusion of averted onsite costsproducesanegligible
change in all cases. However, since the ice condenser containments are mostly dua units, the
discussion of Section 3 regarding onsite costs related to the effect of containment failure of the
damaged unit on the undamaged unit may apply. This means that for the case where containment
failure is averted, the onsite averted costs could be significantly higher than estimated here, under
certain conditions, asdiscussed in Section 3. However, if |ate containment failure occurs, the benefit
from averted onsite costs is likely to be very small. Thisis due to the assumption that the main
driver isthe additional cost of site cleanup and decontamination of the undamaged unit from failure
of containment of the damaged unit. Thiscost isassumed to be the same whether containment fails
early or late. Thus, combustible gas control will offer very little benefit in terms of onsite costs if
late failure occurs,

42 PWR Ice Condenser Uncertainty Considerations

When considering uncertainties in the results, uncertainties in the Level 1, Level 2, and Level 3
analyses should be accounted for.

For the issue of combustible gas control in containment this means that the uncertainties to be
considered are:

1 the uncertainty in the CDF contribution from SBO.

2. the uncertainty in the CPEF due to gas combustion, given SBO has occurred, and
3. the uncertainty in the rel eases and associated consequences.
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In practice to date, anumber of studies have provided estimates of (1). Very few haveincluded (2)
and/or (3).

To estimate the uncertainty in benefits achieved by enhancing gas control in ice condenser
containments to operate under SBO conditions, BNL:

1 made additional benefit estimates based on the uncertainty results from the NUREG 1150
study for Sequoyah [4,5],

2. reviewed some PRA results recently provided by Duke Power from their PRAS of the
Catawba and McGuire plants [9] and calculated benefits with the results provided in these
models,

3. ran the latest available SPAR models for Catawba and McGuire and calculated benefits
based on the uncertainty in the SBO frequencies provided in these models, and

4, reviewed the IPEs and IPEEEs for variation in SBO CDF and variation in CPEF for ice
condensers.

NUREG-1150 Sequoyah uncertainty results

Table 1 above summarized the 5™ percentile, mean, and 95" percentile val uesfor both the SBO CDF
frequency and the CPEF found for Sequoyah in the NUREG-1150 studly.

Unfortunately the NUREG-1150 reportsdo not present theintegrated uncertainty fromthe SBO CDF
distribution convolved with the CPEF distribution. However, Figure 2.5-5 of NUREG/CR-4551,
Vol.5, Rev 1, Part 1 [5] provides some insight on the range of the combined uncertainties. That
figure, which presents frequency distributions of various accident progression bin (APBs) groups,
indicates that the 95™ percentile of the frequency (i.e., the CDF combined with conditional failure
probability) of various scenarios involving early containment failure is no more than one order of
magnitude larger than the mean value of the frequency. This data can be used to estimate an upper
bound of the 95™ percentile of the combined uncertainty by arguing, based on the Figure 2.5-5
results, that the additional uncertainty introduced by the CPEF variability will be limited to an
increase of 10 times the result obtained with the CDF and CPEF mean value. Thisislessthan a
value obtained by using the 95" percentile SBO CDF and the 95" percentile CPEF to calculate
benefit, which would obviously represent a more extreme value than the 95" percentile of the
combined uncertainty distribution.

For alower bound, Figure 2.5-5 is not much help since the 5™ percentiles of the frequenciesin that
figureare morethan 3 orders of magnitude below themean. However, alower bound on the benefits
from the SBO distribution alone results in very low values (as shown below in Table 12), so a
combined lower bound is not of interest.

The benefits for Sequoyah were also calculated using the conditional early containment failure
probabilities due to hydrogen combustion events during SBO based on the results of NUREG/CR-
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6427 [7]. This is a recent, detailed study of severe accident phenomena in ice condenser
containment plants, focused on the direct containment heating issue, carried out by Sandia National
Laboratories ( SNL), which assigns a very high CPEF due to hydrogen for Sequoyah.

PRA results recently provided by Duke Power

In an email communication of September 20, 2002 Duke Power provided selected resultsfrom their
latest PRASs for the Catawba and McGuire plants. These results consisted of:

1.

3.

4.

SBO CDFsfor internal events (but including tornado), with point estimates, mean, median,

5" and 95" percentilesof CDF provided, (Threedifferent caseswereprovided for Catawba),
and point estimates of selected SBO CDF sfor external events (tornado and seismic).

studies, and

ranges of containment failure probabilities associated with the relevant SBO plant damage
states used in the PRA,
early containment failure public health risk results, including person-rem per year, from the

definitions of the early failure release classes used to obtain the health effects.

The relevant core damage frequencies provided by Duke are shown in Table 8 below:

Table8 SBO Core Damage Frequencies (per ry)

Plant Internal Events External Events
Conditional Containment
Failure Probabilities Pt Est 5 mean g5t Pt Est
Catawba Duke PRA Rev 2b
Prob of early failure range: 15E-5 9.4E-7* 1.9E-5* 6.4E-5* 1.0E-5
0.16t0 0.21 - slow SBO
0.16t0 0.34 - fast SBO Duke Rev 2b with RCP seal replaced
Prab of late failure range: 9.8E-6 5.2E-7* 1.3E-5* 4 5E-5* NA
0.721t00.84 - slow SBO
0.68t00.84 - fast SBO Duke Rev 2b w RCP seal replaced & flood wall installed

1.2E-6 1.5E-7* 2.6E-6* 8.7E-6* NA
McGuire Duke PRA Rev 3
Prob of early failure range: 1.2E-6 2.2E-7* 3.0E-6* 9.9E-6* 8.9E-6
0.15t0 0.19 - slow SBO
0.16t0 0.26 - fast SBO
Prob of late failure range:
0.3410 0.56 - slow SBO
0.17t0 0.36 - fast SBO

* includes SBO frequency due to tornado
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Withregardtoitem (3), it was noted that person-rem resultsfor early failures seemed lessby afactor
between 3 and 4 than those found for NUREG-1150 early failuresfrom comparable scenarios. This
differenceinhealthrisk wasthentraced to differencesbetweenitem (4) above and therel ease classes
from NUREG-1150 for comparable scenarios. Table 9 below shows the differences between a
typical release class from item (4) and atypical NUREG-1150 release.

Table9
atawba values uoyah values on
on email from Duke NUREG-1150
Release Fractions

Xe 1.0E+00 8.8E-01
| 5.5E-02 2.9E-01
Cs-Rb 4.8E-02 2.6E-01
Te-Sb 3.0E-02 2.1E-01
Ba 1.7E-03 6.5E-02
Ru 2.2E-03 6.0E-03
La 1.2E-04 8.0E-03
S 25504 64202

As can be seen from thistable, the NUREG-1150 release fractions for the important radionuclides
are about afactor of 4 higher than the ones used in the Duke PRA. The Duke results were obtained
using the Modular Accident Analysis Package (MAAP) code, whilethe NUREG-1150 resultswere
obtained with the Source Term Code Package and MELCOR. Apparently the differences in the
release fractions in the above table are primarily attributabl e to the use of the different codesin the
two analyses.

SPAR Model Runs

BNL ran the latest available SPAR model for the Catawba and McGuire plants, i.e., the 3i model,
and calculated benefits with results from these models. These are internal events, Level 1 models
whichincorporate uncertainty parametersand can cal cul ate, in additionto apoint estimate, the mean,
median and 5™ and 95th percentiles associated with the CDF of a particular accident class, such as
SBO. The SBO frequencies used in these models are listed in Table 10 below:

Table10 SPAR 3i SBO CDF rangesfor internal events(ry)
Plant 5 Mean Point Estimate 95"
Catawba 6.8E-7 24E-5 2.8E-5 9.6E-5
McGuire 1.6E-6 24E-5 2.2E-5 8.5E-5

SincetheseareLevel 1 modelsonly, thereisno information on CPEF or accident progressionin the
models, and the benefit analyses had to use the Sequoyah NUREG-1150 accident progression and
sourceterms. Therefore, benefit resultsaredirectly proportional to theratio of the SBO frequencies
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shown in Table 10 and those for Sequoyah shown in Table 1. As can be seen, the SPAR model
frequencies for Catawba and M cGuire are somewhat (30% to 80%) higher than the NUREG-1150
Sequoyah sequences. The SPAR model frequencies are also significantly higher than the SBO
frequencies for Catawba and McGuire in the Duke Power PRAS, discussed above.

However, these models have not undergone a quality assurance process as yet, and the model
software warns the user that the 3i versions are developmental versions that have not been peer
reviewed, may contain errors, and may change. After receipt of the Duke Power results for the
Catawba and M cGuire plants, which are based on more up to date information, it was decided not
to include the SPAR model benefit results for Catawba and McGuire in this report.

|PE and IPEEE Comparisons

The PRAs conducted for the IPE Program and the IPEEE Program did not include uncertainty
estimates. However, asurvey of the SBO frequencies and containment failure probabilitiesused in
the IPEsand IPEEEswas carried out for thisreport and the resultsare shown in Table 11, including
some of the reasons for the variation in frequency.

Table11l SBO Frequenciesfrom thelPEs(ry)

Plant Internal External Additional information from | PEs
Events Events
Catawba 1.5E-5 1.4E-5 SBO mainly from internal floods.

Without floods frequency<10E-6.
Shares diesel generator from safe shutdown facility.
Low probability for failure to restore offsite power.

D.C. Cook 1.2E-6 5.3E-6 | PE states offsite power very reliable.
Auxiliary Feedwater (AFW) manually controlled
after battery depletion.
McGuire 9.3E-6 2.3E-5 Standby shutdown facility can provide seal cooling.
Sequoyah 5.3E-6 not available | Can crosstie DC to operate turbine driven AFW.
Watts Bar 1.7E-5 not available | Short term SBO is an important contributor.

AsTable 11 indicates, the internal events SBO CDFsfor ice condenser plantsin the IPEsarein the
range of, or below, the Sequoyah NUREG-1150 mean SBO frequency used in the benefit
calculationsinthisreport. Theexterna event frequenciesfor Catawbaand McGuireinthelPEsare
considerably higher than the frequencieslisted in the current Duke Power PRAsfor these plants, as
shown in Table 8.

The total (conditional on core damage, not just on SBO) CPEFs in the I PEs for the ice condenser

plants were al surprisingly low, i.e., ~0.02 or less, and even smaller than CPEFs for large dry
containments. Therefore, benefit cal culationsbased onthe | PEsfor ice condenser plantswouldyield
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significantly lower dollar values than the benefits calculated with the Sequoyah NUREG-1150
numbers or the Catawba and McGuire Duke Power inpuit.

Variation in population density around the plant sites was aso surveyed. Based on FSAR
projections, McGuire hasthe highest projected year 2000 (50 mileradius) population density, about
2.3timesthat of Sequoyah, which hasthelowest. The Catawba populationisprojected as 1.8 times
that of Sequoyah, D. C. Cook’sis 1.3 times, and Watts Bar’ s is about the same as Sequoyah.

43  Summary of PWR Ice Condenser Results

Table 12 summarizes the results of the calculations carried out for estimating the benefit of an
enhanced combustible gas control system for theice condenser plants. Results, in terms of averted
costsin $k, are shown for 3 Sequoyah cases, 9 Catawba cases and 3 McGuire cases. The columns
in the table are arranged as follows:

Column 1 provides the plant name and the case number.

Column 2 lists the containment failure probabilities used and their source.
N1150 refers to the NUREG-1150 study and the supporting documents [4,5,6].
N/C 6427 refersto the SNL report NUREG/CR-6427 [7].
Duke PRA range refers to the ranges provided in the Duke email of 9/20/02 [9].

Column 3 indicates the source used to cal culate the consequences.
1150S refers to the NUREG-1150 parameters for Sequoyah, but updated to the values used
in NUREG/CR-6349 [10].
Duke refers to the parameters used in the Duke PRA [9].
1150S* 1.8 and 1150s* 2.3 refers to the 1150S values scaled by a factor for differencesin
population density.

Columns 4 - 7 give averted costsin $k for internal events obtained by combining
the SBO frequencies obtained from a point estimate (col 4), the 5" percentile (col 5), the
mean (col 6), and the 95" percentile (col 7), each combined with the containment failure
probabilities shown in column 2.

Column 8 gives the internal events averted cost estimate approximating the upper
bound 95" percentile of the combined SBO CDF and CPEF uncertainty, based on the
discussion of Figure 2.5-5 of NUREG/CR-4551, Vol.5, Rev 1, Part 1, provided above.

Column 9 provides the averted cost based on the external events SBO frequency, for
which only point estimates exist.

The PRA source of the SBO frequencies for each plant are indicated across the columns.
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Table 12 Averted Costs ($k)

Plant Case Sour ce of SBO Frequency Used
Cond Source Internal Events External
Cntmt Term Events
Failure
Prob Point Uncertainty Upper Bound Point
Estimate Estimate of 95" Estimate
Combined
5th mean g5th (LVl & LV2)
Uncertainty
Sequoyah NUREG-1150
1 EF=0.15 1150S NA 11 320 1,200 3,200 NA
(N1150 mn) (updated)
2 EF =0.65 50 1,400 5,000
(N1150 95")
3 EF=0.97 74 2,100 7,500
(N/C 6427)
Catawba Duke PRA Rev 2b
1 EF=0.29 Duke 180 11* 220* 750* 2,200* 120
LF=0.71
2 (N/CB427 & 11508 640 40* 790% 2,700* 420
Duke PRA
3 | 11505*1.8 870 54+ | 1,100+ | 3,700* 580
Duke Rev 2b with reactor coolant pump (RCP) seal replaced
4 same as above Duke 120 6* 150* 530* 1,500* NA
5 1150S 420 22*% 540* 1,900*
6 11505+1.8 570 31* 740* 2,600*
Duke Rev 2b w RCP seal replaced & flood wall installed
7 same as above Duke 14 2% 31* 100* 310* NA
8 1150S 52 7* 110* 370*
9 1150S*1.8 70 o* 150* 500*
McGuire Duke PRA Rev 3
1 EF=0.26 Duke 13 2* 32* 110* 320* 98
LF=0.56
2 NF=0.18 1150S 44 8* 110* 380* 340
(Duke PRA
3 | 1150523 72 13+ | 180* 600* 540

* includes SBO freguency due to tornado
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The following assumptions apply to al the cases shown in Table 12:

1 40 year plant life remaining,
2. 7% discount rate (3% discount rate would increase al results by afactor of 1.74), and
3. late failure is not averted by the enhancement (thus, with the assumptions made for these

analyses, onsite health costs are not relevant).

Cases:

Sequoyah 1
For all the Sequoyah cases the SBO frequencies from the NUREG-1150 studies are used, and the

consequences are estimated based on the NUREG-1150 source terms, as updated in NUREG/CR-
6349 [10], and updated for inflation and population increase. Thefirst caseis calculated using the
mean early containment failure probability from NUREG-1150.

Sequoyah 2
Same as Sequoyah 1, but using the 95™ percentile of the mean early containment failure probability

from NUREG-1150.

Sequoyah 3
Same as Sequoyah 1, but using the early containment failure probability from NUREG/CR-6427.

Catawba 1

SBO frequencies are from Rev. 2b of Duke' sPRA for Catawba. Note for internal events, the point
estimateisstrictly internal events, but that the 5th, mean, and 95th valuesincludeinternal eventsand
tornados. The point estimate for tornados is given separately in the PRA and is only about 10% of
the mean (which includes internal events and tornados). Therefore, the inclusion of the tornado
events does not have abig effect. Containment failure probability values are within the range for
failure probabilitiesused in the Duke PRA and the same asthosein NUREG/CR-6427 for Catawba.
The sourceterm person-rem was extrapol ated from the health risk information provided in the Duke
email, with offsite costs scaled from NUREG-1150 offsite cost estimates based on the comparable
person-rem ratios.

Catawba 2

Same as Catawba 1, but using the NUREG-1150 source term/consequence results (i.e., those used
in Sequoyah cases above). Thiswas done as a sensitivity case based on the differences shown in
Table 9 above.

Catawba 3

Same as Catawba 2, but since the population around Catawba is larger than that around Sequoyah
by afactor of about 1.8, the Sequoyah person-rem were increased by that factor.
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Catawba 4,5& 6

Same as Catawba 1, 2 & 3 respectively, but with the SBO frequencies taking into account reactor
coolant pump (RCP) seal replacement. The point estimate for tornados is only about 9% of the
mean, so again the inclusion of the tornado events does not have a big effect.

Catawba7,8& 9

Sameas Catawba 1, 2 & 3 respectively, but with the SBO frequenciestaking into account RCP seal
replacement and installation of aflood wall. The point estimate for tornados is about 44% of the
mean. Therefore, here the inclusion of the tornado events does have alarge effect.

McGuire 1

SBO frequenciesarefrom Rev. 3 of Duke' sPRA for McGuire. Again, for internal events, the point
estimate is strictly internal events, but the 5th, mean, and 95th values include internal events and
tornados. The point estimate for tornadosis about 51% of the mean. Therefore, theinclusion of the
tornado events does have alarge effect. Containment failure probability valuesare within therange
for failure probabilities used in the Duke PRA. The source term person-rem was extrapol ated from
the health risk information provided in the Duke email, with offsite costs scaled from NUREG-1150
offsite cost estimates based on the comparable person-rem ratios.

McGuire 2

Same as McGuire 1 but using the NUREG-1150 source term/consequence results (i.e., those used
in Sequoyah cases above). Thiswas done as a sensitivity case based on the differences shown in
Table 2 above.

McGuire 3
Same as McGuire 2, but since the population around McGuireis larger than that around Sequoyah
by afactor of about 2.3, the Sequoyah person-rem were increased by that factor.

Notethat uncertai nties associated with i ssues such as spontaneousignition burning off accumulated
hydrogen, and less than 100% reliability of the gas control system, would only affect the value of
CPEF avoided and, therefore, can be accounted for by varying CPEF. Also notethat, aside from the
sensitivity calculation with the two different source terms, no uncertaintiesin the Level 3 part of the
calculations involved in the averted cost have been addressed.

It should also be pointed out that the inclusion of averted costs from external events assumes that
the combustible gas control system is designed to withstand the external event. For example, the
control system would have to be seismically qualified to the appropriate g level to withstand an
earthquake of acertain magnitude. Obviously thiswouldincreasethe cost of the combustiblecontrol
system above that designed to deal only with internal events.
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S. RESULTSFOR A BWR MARK |1l PLANT

In this Section the benefits accrued from acombustible gas control system which remainsfunctional
during SBO sequences are calculated for the Grand Gulf plant, a BWR 6 with a Mark 111
containment, based on the NUREG-1150 study of Grand Gulf.

The NUREG-1150 study for Grand Gulf was an integrated study (Level 1, Level 2, and Level 3)
PRA study and provides, separately, uncertainty ranges for CDF (Level 1) as well as containment
failure probability (Level 2). However, only internal events were examined for Grand Gulf in the
NUREG-1150 study. Grand Gulf CDF ranges due to SBO events are presented in Table 6.2 of
NUREG-1150 Volume 1 [4]. A histogram of early containment failure probability consequential
to SBO for Grand Gulf is shown in Figure 2.5-2 of NUREG/CR-4551, Vol.6, Rev 1, Part 1 [6].
Tablel3 below summarizes the valuesin the reports.

Table13 Grand Gulf Uncertainty Rangesfor Internal Events
5th mean 95th
SBO CDF frequency from
NUREG-1150 (ry) 1.7E-7 3.9E-6 1.1E-5
CPEF dueto SBO from
NUREG/CR-4551, Vol.6 ~1E-2 ~0.5 ~1.0

51 BWR Mark |11 Example Benefit Calculations

The benefit calculation for Grand Gulf, using mean valuesfrom NUREG-1150, iscarried out bel ow
following the steps at the beginning of Section 2 of this report.

Sep 1 - Frequencies of SBBO sequences

Asindicated in Table 13, themean SBO CDF frominternal eventsfoundinthe NUREG-1150 study
was 3.9E-6 per reactor-year.

Sep 2 - Changein conditional containment failure probability

Considerable information on accident progression and hydrogen deflagration and detonation for
Grand Gulf was devel oped during the NUREG-1150 study and isdocumented in NUREG-1150 and
the supporting documents[4,6]. Thisinformation is summarized in Reference 8 and the following
discussion is based on Reference 8.

Mark 111 containments depend on glow plug hydrogen igniters to control pressure loads resulting
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from hydrogen combustion events. If theigniters are not operating, due to lack of AC power (the
dominant sequence being an SBO) or operator failureto manually actuate them, thereisapossibility
of an energetic hydrogen combustion (deflagration or detonation) event at the time of vessel failure
(or at other times if the operators fail to follow procedures and the igniters are actuated when a
significant amount of hydrogen has accumulated). These energetic combustion events were stated
inNUREG/CR-1150 and the supporting documentation for Grand Gulf (NUREG/CR-4551, Volume
6 [6]) to result in early containment failure with a relatively high conditional probability (~0.5).
However, in aMark 111 containment an unscrubbed release (one which does not pass through the
suppression pool) requiresfailure of the drywell in addition to containment failure. Drywell failure
can occur: (1) directly as a result of loads associated with vessel breach or from hydrogen
combustion, or (2) indirectly as aresult of structural failure of the pedestal.

Before vessel breach, the only significant event that was found in NUREG/CR-4551, Volume 6, to
cause drywell failure was hydrogen combustion in the wetwell. However, at the time of vessel
breach loads from direct containment heating, ex-vessel steam explosions, hydrogen combustion,
and RPV blow down contribute to the probability of drywell failure. Accordingly, loadsfrom high
pressure vessel breach and hydrogen combustion were determined to be the leading causes of
containment and drywell failure.

The Grand Gulf (NUREG/CR-4551, Volume 6) results are summarized in Table 14 below. This
table indicates that accident sequences that contribute to large rel eases (which require failure of the
drywell in addition to containment failure) are sensitive to the type of accident (i.e., SBO vs non-
SBO) and thepressure (i.e., transient vslarge break LOCA) in the reactor pressure vessel at thetime
of vessel breach.

Table 14:

Conditional Containment and Drywell Failure Probabilitiesfor Mark 11 Containments
Reactor Coolant | Station Blackout, SBO (Igniters and Non-SBO (Igniters and Sprays
System (RCS) Sprays unavailable) available)

Pressure at _ . . .
Vessal Breach Contai r_1ment Containment _ Contai r_1ment Contai nment_
Fail and Drywell Fail Fail and Drywell Fail
High ~05 ~0.2 ~05 ~0.2
Low ~05 ~0.2 ~0.01- 0.02 ~0.01

As shown in the table, if the RCS is at high pressure the likelihood of containment failure is
relatively independent of whether or not the igniters are operating. In addition, the likelihood of
simultaneous failure of the drywell is also independent of igniter operation if the RCSis at high
pressure.

As the above table indicates, if the RCS is depressurized at vessel breach, the likelihood of
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containment failure is dependent on whether or not theigniters are operating. If theignitersare not
available, the conditional probability of containment failureisapproximately 0.5 even withthe RCS
at low pressure. The likelihood of simultaneous failure of the drywell is also about 0.2 at the time
of vessel breach. Thus, al SBO sequences (without combustible gas control) have a conditional
probability of 0.2 of alarge release, regardless of the pressure in the RCS.

The potential for containment failure at the time of vessel breach when the RCSis at low pressure
and the igniters are operating is not directly assessed in NUREG/CR-4551, Volume 6. However,
the conditions prior to vessel breach should be applicable to this situation because the RCS is
depressurized and none of the issues associated with high pressure melt gjection would occur. The
results prior to vessel breach indicate a conditional probability of containment failure in the range
of 0.01 to 0.02 if the igniters are operating.

In summary, for transient sequences with the RCS at high pressure and for all SBO sequences the
conditional probability is close to 0.2 that the Mark I11 containment fails at the same time that the
suppression pool isbypassed. However, if the RCSis depressurized and the igniters are operating,
then the conditiona probability is less than 0.1 that the Mark 111 containment will fail. The IPE
database (www.nrc.gov/NRC/NUREGS/SR1603/index.html) information on the plant damage states
(PDSs) for the four domestic Mark I11 plants was searched to determine the fraction of PDSs that
have low RCS pressure. The average across the four plants for PDSs with this attribute is
approximately 40 percent, with high RCS pressure making up the remaining 60 percent.

Based on Table 14 and the above discussion, the following event tree can be constructed and
quantified, conditional on an SBO event without a hydrogen control system operating. The late
failure split fractions are based on NUREG-4551 Vol. 6 results.
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Figure 1: Containment event tree conditional on SBO without combustible gas control

The top events are high RCS pressure, early containment failure, drywell failure, and late
containment failure. A latecontainment failurewill alwaysbescrubbed. Theconditional probability
for each of the 8 end statesisshown inthefigure. EF, LF, and NF indicate early containment failure,
late containment failure, and no containment failure, respectively. US indicates an unscrubbed

release, S indicates a scrubbed release.

A similar event tree, based on Table 14 and the accompanying discussion, can be constructed for
SBO events assuming combustible gas control isstill functional. Thisevent treeisshownin Figure
2. (Note that the 1.0/0.0 split fraction on the low pressure branch SP Bypass event is chosen for

conservatism, and has very little effect on the results.)
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Figure 2: Containment event tree conditional on SBO with combustible gas control functional

A comparison of the trees shows that the high pressure, i.e., upper half of both trees, isidentical.
This means that any benefit gained from a combustible gas control system which functions during
SBO will depend only on the different conditional probabilities associated with low pressure
scenarios (end states 5 through 8).

Sep 3 - Consequences associated with each containment failure mode

Offsite consequencesfor releases at Grand Gulf representative of each of the end statesindicated in
Figures 1 and 2 are shown in Table 15. No consequences are assumed for no containment failure.
Offsite person-rem and offsite property cost estimates are based on the data provided in References
10. These results are conditional consequences (i.e., conditional on occurrence of the release) out
to 50 milesfrom the plant and include of fsite popul ation dose (person-rem) and offsite damage costs.

Two valuesfor offsite person-rem are shown here aswell. The 1990 values are based on Reference
10. The 2000 values have been updated based on the change in population density from 1990 to
2000 as estimated in the Grand Gulf FSAR. The change is an increase of about 7%.

Two values are aso shown for the offsite property damage costs. Thefirst istaken from Reference
10 and isin 1990 dollars. The second updates the 1990 dollar valuesto current year dollars based
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on the priceinflation calcul ator (approximately 36% over the 1990-2002 period) of the U.S. Bureau

of Labor Statistics (www.bls.gov).

Table 15: Offsite Consequences (50-mile radius) of Containment
Failure Releases at Grand Gulf
Seguence Failure Offsite Offsite Offsite Offsite Offsite
Mode Person- Person- Health Property Property
rem rem Effects 1990%k 2002%k
1990 2000 $k
GG-11-1 Early 5.7E+05 6.1E+05 | 1,200,000 810,000 1,100,000
unscrubbed
GG-04-1 Early 1.0E+05 1.1E+05 220,000 43,000 59,000
scrubbed
GG-18-1 Late 7.0E+04 7.5E+04 150,000 11,000 14,000
scrubbed

GG-11-1 from Reference 6 isatypical early failure unscrubbed sequence with about 99% of noble
gases, 38% of iodine, 14% of cesium, and 9% of tellurium released. GG-04-1 is atypical early
failure scrubbed sequence with about 76% of noble gases, 5% of iodine, >1% of cesium, and
negligibleamountsof telluriumreleased. GG-18-1isatypical latefailure scrubbed sequencewith
about 83% of noble gases, 1% of iodine, and negligible amounts of cesium and tellurium released.

Again, it should be noted that the (1990) consequences reported in Reference 10 differ somewhat
fromthosereportedinthe NUREG-1150 reports, eventhough Reference 10isbased onthe NUREG-
1150 analyses. Thisisprimarily because in the NUREG-1150 study the consequence analysiswas
carried out using Version 1.5.11 of the MACCS code, while the consequencesin Reference 10 were
recalculated withVersion 1.5.11.1 of MACCS. Thislater version explicitly incorporatesthe higher
BEIR V risk coefficient for the latent cancer-dose rel ationship while the earlier version of MACCS
used the BEIR I11 risk coefficient. In addition, a few input errors in the NUREG-1150 MACCS
calculations were corrected for the recal culations of Reference 10.

Onsite health consequencesagain are cal cul ated assuming 20,000 person-rem occupational exposure,
or $40,000k after using the $2000/person-rem factor, for all early and late containment failures, and
8,000 person-rem, or $16,000Kk, for no containment failure. Onsite property damageisnot included
as per the discussion in Section 3.

Sep 4 - Summation of conditional containment failure modes and their consequences

The results of the summation of conditional containment failure modes and their consequences are
shown in Table 16.
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Table 16: Summation of Offsite Costs and Onsite Health Effect Costs
Gas Control Total Offsite Cost Onsite Health Effects
Conditional on SBO ($k) Cost Conditional on SBO ($k)
no 570,000 31,000
yes 380,000 28,000

Sep 5 - Subtraction of costs and multiplication by frequency

Thecalculation in Step 4 was made with and without the gas control system present. The difference
between the caseswhere gascontrol is‘yes’ and the caseswhere gascontrol is‘no,” when multiplied
by the SBO frequency, represents the averted offsite cost on a per reactor-year basis. The results
are summarized for Grand Gulf in Table 17 below. Costs are divided into offsite and onsite costs,
as well as total costs. Offsite costs are the dominant contributor in all cases. Costs are in 2002
dollars.

Table17: Cost Summary per reactor-year for Grand Gulf (Internal Events)
SBO Total Averted Averted Onsite Health Total Costs $k
frequency | Offsite Costs $k Effects Costs $k per per
per reactor-year reactor-year reactor-year
3.9E-6 0.76 014 0.77

Sep 6 - Calculation of lifetime benefit

Multiplication by the present worth factor, based on the discount rate selected and plant lifetime
remaining, yields the total averted offsite cost, or benefit, over the plant’s lifetime. Results for a
lifetime of 40 yearsfor adiscount rate of 7% and 3% are shown in Tables 18 and 19, respectively.
This step completes the analysis.

Table 18: Lifetime Benefit Base Case (7% Discount Rate) for Grand Gulf
| nternal Lifetime Averted Lifetime Averted Onsite | Lifetime Total Costs
Events Offsite Costs Hedlth Effects Costs Averted
2002%k 2002%k 2002%k
10k 0.18 10k
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Table 19: Lifetime benefit sensitivity case (3% discount rate) for Grand Gulf
| nternal Lifetime Averted Lifetime Averted Onsite | Lifetime Total Costs
Events Offsite Costs Hedlth Effects Costs Averted
2002%k 2002%k 2002%k
18 0.3 18

Theresultsare again dominated by the offsite costs but are much smaller than for theice condensers.
For Grand Gulf the total averted offsite costs due to interna events amount to $10k for a 7%
discount rate and $18k for a 3% discount rate.

Inclusion of averted onsite costs produces a negligible change in all cases. Since the Mark Il1
contalnments considered here are single nuclear units, the discussion of Section 3 regarding onsite
costs related to the effect of containment failure would imply that onsite property damage costs
averted by adding a combustible gas control system which functions under SBO conditions would
also be small.

52 BWR Mark Il Uncertainty Consider ations

To estimate the uncertainty in benefits achieved by enhancing gas control in BWR Mark 111
containments to operate under SBO conditions, BNL:

1 made additional benefit estimates based on the uncertainty results from the NUREG 1150
study for Grand Gulf,

2. ran the latest available SPAR model for Grand Gulf and River Bend and calculated benefits
based on the uncertainty in the SBO frequencies provided in these models, and

3. reviewed the IPEs and |PEEESs for variation in SBO CDF and variation in CPEF for Mark
[l plants.

Norecent industry PRAS, similar to thosemade availablefor theice condenser plants, wereavailable
for the Mark 111 benefit estimates.

NUREG-1150 Grand Gulf

Table 13 above summarized the 5™ percentile, mean, and 95" percentile values for both SBO CDF
and the CPEF found for Grand Gulf in the NUREG-1150 study.

A series of benefit calculations were made using the NUREG-1150 SBO frequencies and the
accident progression scenarios from Figures 1 and 2, above. The results of the calculations are
summarized in Table 22 below. Benefits were estimated with the split fractionsin Figures 1 and 2
(which assume the NUREG-1150 mean value for CPEF) for the 5 percentile, mean, and 95"
percentile NUREG-1150 SBO frequencies (Grand Gulf 1 in Table 22).
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To further examine the uncertainty in benefits, a sensitivity calculation was made using the 95
percentile for CPEF, which is essentialy 1.0, i.e., the containment always fails (Grand Gulf 2 in
Table 22). Thisassumption will increase the benefit from gas control during SBO.

Another sensitivity calculation was made to further increase the benefits by assuming half (rather
than 40%) of all sequences are at low pressure, and assuming drywell failure occurs whenever
containment fails (Grand Gulf 3in Table 22). Thisisquite aconservative case and should provide
some reasonable upper bound on the benefit.

Sincebenefitsarealready low inthe base case, nolower range sensitivity cal culation wascarried out.
SPAR Model Runs

To further estimate benefitsaswell asthe uncertainty associated with the Level 1 PRA calculations,
BNL ran the latest available 3i SPAR model for Grand Gulf, an internal events, Level 1 model,
which incorporates uncertainty parametersand can cal cul ate a point estimate, the mean, median and
various percentiles associated with the SBO CDF. The model incorporates up-to-date information
on loss of offsite power frequency and emergency diesel generator availability. Similar to theice
condenser models, these Mark I11 SPAR models have not undergone aquality assurance process as
yet, and the model software warnsthe user that the 3i versions are developmental versionsthat have
not been peer reviewed, may contain errors, and may change. However, since no up to date Mark
Il PRAswere made availablefor the benefit estimates, theresultswith the SPAR model frequencies
are included here. The NUREG-1150 accident progression was again assumed, and the same
sensitivity caseswererun. Theresultsareillustrated in Table 22 (Grand Gulf 4, 5, 6).

Inaddition, the 3i SPAR model for River Bend was al so exercised and benefit resultswere obtained,
again using the NUREG-1150 Grand Gulf accident progression scenario for the Level 2 analysis.
For the consequence cal culations, the NUREG-1150 Grand Gulf person-remvaluesfor all sequences
wereincreased by afactor of 3.1 to account for theincreased population density around River Bend.
Benefitswere again cal culated for the base case of the accident progression split fractions of Figures
1 and 2 and the two sensitivity cases (River Bend 1, 2, 3, respectively in Table 22). SPAR model
SBO frequencies are shown in Table 20.

Table20 SPAR 3i SBO CDF rangesfor internal events(ry)

5th mean 95th
Grand Gulf 1.4E-7 2.4E-6 8.2E-6
River Bend 2.7E-8 1.0E-5 2.8E-5

The uncertainty associated with the Level 2 calculations for Grand Gulf cannot be estimated with
the SPAR models, since no Level 2 SPAR models incorporating uncertainty are available.
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|PE and IPEEE Comparisons

The PRAs conducted for the IPE Program and the IPEEE Program did not include uncertainty
estimates. However, asurvey of the SBO frequencies and containment failure probabilitiesused in
the IPE and IPEEEs was carried out for this report and the results are shown in Table 21, including
some of the reasons for the variation in frequency.

Table21 SBO Frequenciesfrom thelPEs(ry)

Plant Internal | External Additional information from I PEs
Events Events
Clinton 9.8E-6 not ISi?jaratte standby service water (SSW) system for emergency
: oads.
avallable For LOSP uses high initiating event and non-recovery frequency.
Grand Gulf 7.5E-6 not Separate SSW system for emergency |oads. -
available SSW pump room ventilation failure an important contributor.
Perry 2.2E-6 not Only Mark 111 to credit fire water for injection early in SBO
available | =
River Bend 1.4E-6 not SSW failures lead to short term SBO. |
available Credits prevention of switchover to high temp suppression pool to

keep reactor cooling isolation system (RCIC) working.

AsTable 21 indicates, theinternal events SBO CDFsfor Mark I11 plantsin the IPEsarewell within
the range (5" to 95™ percentiles) of the Grand Gulf NUREG-1150 SBO frequency and the SPAR
model frequencies. Notethat the River Bend | PE frequency isan order of magnitude lower than the
3i SPAR model frequency. No external event frequenciesare availablefor Mark 111 plantsfrom the
| PEEEsS.

Variation in population density around the plant sites was aso surveyed. Based on FSAR
projections, Perry hasthe highest projected year 2000 (50 mile radius) population density, about 7.5
times that of Grand Gulf, which has the lowest. Both Clinton and River Bend have population
densities that are about 3.1 times that of Grand Gullf.

Although Perry has the highest population ratio, it also has the lowest SBO frequency. Therefore,
since the estimates for River Bend were done with the (high) SPAR 3i model SBO frequenciesand
by accounting for the increased population density around River Bend (vs. Grand Gulf), the River
Bend calculations(River Bend 1, 2, 3, in Table 22) should provideaboundfor all four Mark I11 sites.
53 Summary of BWR Mark |11 Results

Table 22 summarizes the results of the calculations carried out for estimating the benefit of an
enhanced combustible gas control system for the BWR Mark 111 plants. Note that no uncertainties
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inthe Level 3 part of the calculations involved in the averted cost have been addressed.

Table22 Averted Costs ($k)

Plant & Casedescription

Sour ce of SBO frequency

Internal Events External
" " Events
5 mean 95
Grand Gulf NUREG-1150
1 Mean NUREG-1150 CPEF <1 10 29
Split fractions from Figs 1& 2 NA
2 95" NUREG-1150 CPEF <1 22 61
Split fractions from Figs 1& 2
3 95" NUREG-1150 CPEF 2 60 170
50% of sequences at low pressure,
drywell alwaysfailsif containment fails
SPAR 3
4 Mean NUREG-1150 CPEF <1 6 22
Split fractions from Figs 1& 2 NA
5 95" NUREG-1150 CPEF <1 13 45
Split fractions from Figs 1& 2
6 95" NUREG-1150 CPEF 2 36 120
50% of sequences at low pressure,
drywell alwaysfailsif containment fails
River Bend SPAR 3i
1 Mean NUREG-1150 CPEF <1 57 160
Split fractions from Figs 1& 2 NA
2 95" NUREG-1150 CPEF <1 120 330
Split fractions from Figs 1& 2
3 95" NUREG-1150 CPEF <1 320 880
50% of sequences at low pressure,
drywell alwaysfailsif containment fails

The following assumptions apply to al the cases shown in Table 22:

1.
2.

40 year plant life remaining

7% discount rate (3% discount rate would increase all results by afactor of 1.74)
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6. DISCUSSION OF RESULTS

Comparison of theresultsin Section 4 for the PWR ice condenser plantswith the resultsin Section
5fortheBWR Mark 111 plants showsthat the estimated benefit of providing combustible gascontrol
during SBO sequences differssignificantly for these two plant types. Using lifetime averted offsite
costsfor internal eventsfor the example casg, i.e. the mean NUREG-1150 case (7% discount rate),
the Sequoyah (ice condenser) cost estimate (with latefailure) is $320k, while the Grand Gulf (Mark
[11) lifetime averted costs for the mean NUREG-1150 caseis estimated at $10k. In other words, the
Sequoyah results are higher than the Grand Gulf results by a factor of roughly 30.

Thereasonsfor thislarge difference can be attributed to anumber of factorsinvolved inthe analyses
of these plants:
1 The SBO frequency is lower for Grand Gulf
2. The CPEF averted by the combustible gas control systemislower for Grand Gulf (and Mark
I1I’sin general) because
() the early failure of both the containment and the drywell are necessary to obtain
significant consequences, and
(b) the igniters are assumed effective only for low pressure sequences.
3. The conditional offsite person-rem are lower for Grand Gulf.

Comparison of these parametersisillustrated in Table 24 below.

Table 24: Parameter Comparison

Parameter Sequoyah Value Grand Gulf Value Sequoyah/Grand
Gulf

SBO fregquency 1.5E-5 3.9E-6 3.8

Approximate averted 0.15 0.09 17

CPEF*

Offgite person-rem 3.1E+6 6.1E+5 51

2000 estimate

TOTAL FACTOR ~30

*CPEF: for Grand Gulf the value shown is aweighted (by consequences) average of the CPEF

averted in end states 5 and 6 of Figure 2.
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