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ABSTRACT 

 This report summarizes the proposed resolution of key Standardized 
Plant Analysis Risk (SPAR) model technical issues.  The issues addressed in this 
report are 1) methods for estimating support system initiating event frequencies 
using fault trees,  2) considerations for loss of offsite power and station blackout 
modeling, and 3) methods for determining the survival of boiling water reactor 
(BWR) core cooling systems following containment venting success or failure.   
Nuclear industry probabilistic risk assessments (PRAs) have the same modeling 
issues and have solved them using differing approaches.  One of the goals of the 
U.S. Nuclear Regulatory Commission (USNRC) in funding this project was to 
collaborate with industry to establish a consensus on the resolution of these 
modeling issues.   The first two issues were addressed through a memorandum of 
understanding between the USNRC, the Electric Power Research Institute (EPRI) 
and its contractors, and the Idaho National Laboratory (INL).  The result was that 
EPRI published guidance documents on both issues that represent the consensus 
reached.   This report provides a brief summary of the consensus achieved and of 
how future SPAR model development should proceed to comply with the 
consensus position to the extent practicable. 

The third SPAR modeling issue, BWR core cooling following containment 
venting success or failure, has not been subject to the same consensus-building 
process as the first two issues.  As a result, this report provides only the INL 
recommendations for future SPAR model treatment of this issue. 
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Resolution of SPAR Model Technical Issues 
1. SUPPORT SYSTEM INITIATING EVENT MODELING 

1.1 Background 
Support system initiating events (SSIEs) are those component or system failures that both 

cause a nuclear power plant trip, and affect the ability of the plant protection systems to safely 
shut down the plant in response to the trip.  Probabilistic risk assessments (PRAs) that model the 
dual nature of SSIEs report a higher component importance for components composing these 
systems.  This is particularly so when using PRA to evaluate the risk significance of equipment 
failures and other off-normal conditions.  PRA models that do not represent the dual nature of 
SSIEs are under-reporting component importance and possibly plant core damage risk.  A further 
motivation for improving the way SSIEs are treated in PRAs comes from the fact that there have 
been no complete losses of either component cooling water (CCW) systems or service water 
(SWS) systems recorded in the Nuclear Regulatory Commission’s (NRC’s) initiating event 
report1.  Both CCW and SWS systems are key support systems in most industry PRAs.  
Therefore, while it is known that SSIEs are rare events, the available data can only provide an 
upper bound on the occurrence frequency; other methods are required to provide a best estimate 
of the occurrence frequency.  Also, the consequences of a total loss of many support systems 
might be severe, and because of variations in plant design, both the frequency of loss and the 
consequences resulting from a loss can vary greatly from plant to plant.  Because of these facts, 
the Electric Power Research Institute (EPRI) issued a technical report2 that established the 
framework and basic requirements for using fault tree models to predict SSIE frequencies using 
methods that integrate well with existing probabilistic safety assessment methods and tools.  The 
EPRI report was developed in cooperation with the NRC and with the Idaho National Laboratory, 
and represents a consensus approach to SSIE modeling.   As such, it is intended to serve as a 
guide to be applied to the development of SSIE models in both industry PRAs, and in 
development of the NRC Standardized Plant Analysis Risk (SPAR) models. 

PRAs that have SSIE models typically use fault trees to determine the initiating event 
occurrence rate for cooling water systems and for plant air systems.  There are two main classes 
of cooling water systems for which SPAR initiating event fault trees are to be built.  They are 
closed systems, and open systems.  Closed systems circulate cooling water in a cooling loop that 
is not open to the outside environment.  Because these systems are not subject to plugging and 
fouling to the same extent as systems that circulate untreated water, closed system are expected to 
have higher component reliabilities and lower system failure rates than open systems.   Plant air 
systems are similar to the closed cooling water systems in this respect.  Component reliabilities 
for closed systems should be calculated from the failure information in the RADs or EPIX 
systems with good accuracy because of the relatively large number of recorded component failure 
events, and because of the relative similarity of the operating environments from one contributing 
plant to the next.   Open systems are different in that environmental factors are expected to have a 
large affect on system reliability.  A study of the available system failure event records for these 
systems suggests that it might be reasonable to separate the effects of the environmental factors 
from the basic component reliability information.  INL has made some initial attempts to 
understand the impact of environmental factors on the open systems.   The direction of that effort 
is summarized in one of the following sections. 

The SSIE methodology from the EPRI report has been applied to five prototype SPAR 
models.  The resulting SPAR SSIE frequency predictions are typically higher than the 
corresponding industry estimates, with the results dominated by common cause failure events.  
This outcome resulted in separate NRC efforts to address potential CCF data conservatisms, 
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particularly with respect to how CCF failure rate parameters are calculated for components in 
closed cooling water systems, and in separate efforts to address the impact of environmental 
affects in the open cooling water systems. 

1.2 Issue Resolution 
EPRI and its contractors, with input from the NRC staff and the INL (hereafter referred to as 

the SSIE working group), produced a set of SSIE modeling recommendations and guidelines2.  
With the release of the EPRI guidelines, the SSIE modeling issue is considered resolved.  The 
resolution with respect to SPAR model development is largely a matter of following the EPRI 
recommendations describing the consensus method for developing SSIE fault trees.  The working 
group did not reach a consensus with respect to three modeling issues: 1) the correct procedures 
for estimating common cause failure rates, 2) the best procedure for calculating importance 
measures for events that both create a reactor trip and mitigate it, and 3) the best procedure for 
capturing the impact of water quality on open cooling water systems.  These items were 
considered beyond the scope of what the working group could accomplish.  This section 
summarizes selected aspects of the methodology described in the EPRI report and briefly 
summarizes how the SPAR models will address the aforementioned items for which no consensus 
was achieved.       

1.2.1 System Failure Occurrence Rate 
The possible ways of obtaining system failure occurrence rates for support systems include 

direct simulation, Markov models, and fault tree methods.  Simulation and Markov methods 
require software that is not currently part of the existing software packages used for industry 
PRAs or for SPAR model development.  Fault tree methods can be integrated into the existing 
PRAs and SPAR models using the existing software suites (CAFTA, SAPHIRE, etc.).   Of the 
possible SSIE fault tree approaches there are three that either regularly appear in the literature or 
are used in existing industry PRAs and in the SPAR models.  These methods do not have proper 
names, but can be described as the unavailability method,3,4 the multiplier method, and the 
explicit event method.  The unavailability method provides the most rigorous approach to the 
problem, but the existing quantification codes do not, at present, have the algorithms required to 
determine the system failure rate from a system unavailability model.  The last two methods, 
multiplier and explicit event, are both in common use and each have their advocates in industry.  
The two methods are roughly equivalent.  The EPRI guidance states the explicit event method is 
the preferred method of the two, so future SPAR model development will focus on that approach. 

Two ways of applying the explicit event method to the SPAR models have been tested while 
developing five prototype SPAR models.  The first uses a SSIE fault tree to estimate the subject 
system failure frequency.  The resulting failure frequency is then used as a point estimate input to 
an existing initiating event.  The second option takes the cut sets from the SSIE fault tree, instead 
of just the estimated failure occurrence rate, and makes them visible in the core damage sequence 
cut sets.  With the first method a reading of the PRA cut sets will show only one event 
representative of the frequency of the subject system failure.  With the second method a reading 
of the cut sets will show many events contributing to the frequency of system failure.  Since the 
first option represents the least disruption to the structure of existing PRAs and SPAR models, it 
is the option described here.  Note that the SAPHIRE code used for SPAR model development 
allows the initiating event fault tree to be fully integrated into the model with either option. 

The development of the expression for the SSIE occurrence rate has been provided in a 
number of  references3,4,7.  The SSIE occurrence rate, typically referred to in the supporting 
literature as the unconditional system failure intensity, is defined as 
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𝑤! 𝑡 𝑑𝑡 =  the number of times that the fault tree top event occurs in time t  to t  +  dt . 
   
The system failure occurrence rate is expressed, using the rare event approximation, as the sum of 
N  minimal cut set occurrence rates 

𝑤! 𝑡 = 𝑤!(𝑡)
!

!!!

 (1)  

where the minimal cut set occurrence rate for an nth order cut set is defined as 

𝑤! 𝑡 =   
!

!!!

𝑤!"(𝑡) 𝑞!"(𝑡)
!

!!!
!!!

 (2)  

           =  wi1(t)  ∙  qi2(t)  ∙  qi3(t)….qin(t)  +     
wi2(t)  ∙  qi1(t)  ∙  qi3(t)….qin(t)  +  
wi3(t)  ∙  qi1(t)  ∙  qi2(t)….qin(t)  +  
.  
.  
.  
win(t)  ∙  qi1(t)  ∙  qi2(t)….qin-‐1(t)   .  

 
The wij(t)’s are the component unconditional failure intensities for cut set i .  Development of 

the failure intensity expression typically assumes repairable components with exponentially-
distributed failure and repair times3,4.  This gives constant failure and repair rates (λ and ν) and  

𝑤 𝑡 =
𝜆  𝜈
𝜆 + 𝜈

+
𝜆!

𝜆 + 𝜈
𝑒!(!!!)!     . (3)  

For typical components in SSIE models the failure rates will be small compared to the repair rates 
and the asymptotic limit of the failure intensity will be 

𝑤 ∞ =
𝜆

𝜆 𝜈 + 1
≅ 𝜆    . (4)  

The qik(t)’s in Equation (2) are the component unavailabilities for cut set i .  Again assuming 
repairable components with constant failure and repair rates,3,4 the component unavailabilities are 

𝑞 𝑡 =
𝜆

𝜆 + 𝜈
1 − 𝑒! !!! !   . (5)  

The asymptotic limit of the component unavailability is 

𝑞 ∞ =
𝜆

𝜆 + 𝜈
≤ 𝜆𝜏   (6)  

where τ  is the component mean time to repair.   

Note that a given component in a cut set contributes to wi(t) in two ways;  it has a failure 
intensity contribution, wij(t) , which is sometimes referred to as the initiating event contribution, 
and an unavailability contribution, qik(t), which is sometimes referred to as the enabling event 
contribution.  To make a SSIE fault tree model yield the system failure occurrence rate instead of 
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the system unavailability, both elements must be incorporated into the fault tree model, or new 
algorithms must be developed to apply Equation (2) to the existing system cut sets.  Nuclear 
industry PRAs that have SSIE fault trees, as far as the INL can tell, always use the first option.  
Also, both the multiplier method approach and the explicit event approach have seen some usage.  
Since the EPRI guidance recommends the explicit event approach, it is expected that in the future 
many more industry PRAs will be using the explicit event approach.  However, there may be 
situations that can be handled better using the multiplier method.  Therefore both of the methods 
will be briefly outlined in the following discussion.  

The multiplier method works as follows.  A support system failure cut set from a support 
system unavailability model is examined to determine how many time-dependent component 
failures (e.g., fail-to-run failures) are involved.  Then two multipliers are applied to the cut set.  
The first is a value of 365, the second is an integer value for the number of time-dependent 
component failures in the cut set.  This is typically accomplished in one of two ways.  Cut set 
recovery rules are used to add multiplier events to the cut sets, or the fault tree logic is modified 
so that when the fault tree is solved, the resulting cut sets will include the required multiplier 
events.  In either case the model will require the introduction of basic events corresponding to the 
value 365 and to the values of any additional multipliers needed.   This method depends on the 
fact that time-dependent component failure unavailabilities can be represented by Equation (6), 
and the component failure rate λ will have units of failures per hour, and the mean time to repair τ   
be will 24 hours.   In effect, applying a multiplier of 365 to Equation (6) produces a reasonable 
approximation to w(t) in units of failure events per reactor critical year.  When an additional 
integer multiplier is applied for each time-dependent component unavailability in the cut set 
representing failure of a normally operating component to continue operating, a reasonable 
approximation for wi(t) is obtained.   This method is not recommended because the introduction 
of the multiplier events into the cut sets causes difficulties for the min-cut upper bound used by 
most quantification codes to combine cut sets, and causes difficulties in calculating importance 
measures.   These issues are mentioned in the EPRI report2.  The advantage of the method is that 
it requires less effort to apply than the preferred explicit event method (and offers some additional 
capability in solving event sequences where the success criteria for the SSIE fault tree and for the 
corresponding support system fault tree are different).   The reduced complexity of the SSIE fault 
tree model may allow the multiplier method to be applied in cases where system complexity 
causes the explicit event method to become unmanageable. 

The preferred explicit event method works as follows.  The SSIE fault tree is developed in a 
way that encodes Equation (2) directly.  This is accomplished by adding basic events to the fault 
tree logic that correspond to w(t) for each component.  Consider the following unavailability cut 
set for a 1-of-2 component configuration operating in active parallel. 

{A,B}         (7)  

A SSIE fault tree for this system would be designed to produce the following cut sets 

{IE-‐A,  B}  ;  {  IE-‐B,  A}      (8)  

which are quantified using Equation (2) as 

𝑤! 𝑡 = 𝑤! 𝑡 𝑞! 𝑡 + 𝑤! 𝑡 𝑞! 𝑡     . (9)  

Application of either method relies on some mission time assumptions and simplifications 
that should be made clear.  Industry PRAs typically represent component unavailability for 
normally running components using separate events for planned and unplanned outages.  Planned 
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outages are assumed to only occur pre-trip and are quantified by dividing total planned down time 
by total system operating time.  Unplanned outages may occur either pre-trip or post-trip.  This 
separation is made because, with few exceptions, repair of components that fail post-trip is not 
considered plausible, making the post-trip quantity of interest the component unreliability 
(probability a normally running component will fail during the post-trip 24 hour mission).    SSIE 
models are simplified if the post-trip unreliability events can be re-used in the SSIE models as 
pre-trip unavailability events (enabling events) since unplanned failures occurring in support 
systems, pre-trip, will generally be repaired without causing a trip, and should be represented as 
such.  The quantification of the unplanned outage unreliability is, for typical failure rates,  

𝑞 𝑡 = 1 − 𝑒!!" ≅   𝜆𝑇   (10)  

where T  is the component post-trip mission time, typically 24 hours.  Therefore SSIE models are 
simplified if the post-trip unreliability events already in the PRA can be re-used in the SSIE 
models as pre-trip unavailability events.  A comparison of Equations (6) and (10) shows that, so 
long as the mean time to repair is not substantially different from the PRA mission time, it is 
reasonable to use the post-trip unreliabilities as pre-trip unavailabilities.    

Component repair rate information is limited, but what data there is suggests that the post-trip 
mission time of 24 hours is also a reasonable repair time for the pre-trip unavailabilities.  For 
example Reference 12 provided the information in Table 1-1.  Many components have Technical 
Specification allowed outage times of either 24 or 72 hours, which explains the upper bounds of 
the repair times in Table 1-1.   

Table 1-1. Log-normal modeled maintenance act durationa. 
Component Range of Durations, hr Mean Duration, hr 
    Pumps 0.5 - 24. 

0.5 - 72. 
7 

19 
    Valves 0.5 - 24. 7 
    Diesels 2.0 - 72. 21 
    Instrumentation 0.25 – 24. 6 
aWASH-1400, Table III 5-3. 
 

1.2.2 Treatment of Common Cause 
At the time the EPRI guidance was developed there was some disagreement within the SSIE 

working group on the appropriate way to treat common cause failure in SSIE models.  The 
following is what INL proposes for the SPAR models, and does not reflect a consensus developed 
while working on the EPRI guidance.  The SPAR models use the alpha factor method, as it is 
described in Reference 6, for computing CCF frequencies and probabilities.  Assuming constant 
component failure rates, the rate at which k components in a common cause group of size m fail 
together because of a common cause is given by Equation (5.7) of Reference 6 as    

𝑤! 𝑡 ≅ 𝜆! =
𝑘

𝑚 − 1
𝑘 − 1

  
𝛼!
𝛼!
𝜆! (11)  

where 

𝑚 − 1
𝑘 − 1 =

𝑚 − 1 !
𝑘 − 1 ! 𝑚 − 𝑘 !

 (12)  
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and 

𝛼! = 𝑘  𝛼!

!

!!!

    . (13)  

The applicability of Equation (5.7) of Reference 6 to failure rates as shown in Equation (11) 
above is called out in Reference 6, and also demonstrated in work by Vaurio8,9,10.  Furthermore, 
published work by Stott et. al.17, and unpublished work by Attwood and Kelly have demonstrated 
that the form of Equation (11) is not affected by the testing scheme (non-staggered or staggered) 
making Equation (5.7) of Reference 6 applicable to both testing schemes and the correct equation 
for continuously operating support systems.  CCF quantities that are affected by the testing 
scheme are the form of the estimators for the αk, and form of the time-averaged CCF event 
unavailabilities.  The proper form of the αk estimators is an issue for the NRC parameter 
estimation task.  The proper form of the unavailabilities are not expected to be an issue for SSIE 
development because systems of interest are in continuous operation and discovery of CCFs will 
be immediate; the variation in the proper form of the CCF event unavailability results from the 
differing potential discovery times of faults in continuously operating systems versus standby 
systems that are tested according to either non-staggered or staggered testing schemes. 8   

The unreliability associated with k failures in a group of m components during some mission 
T is then   

𝑞! 𝑇 = 1 − 𝑒!!!!   .       (14)  

The unavailability associated with k failures in a group of m components can likewise be 
calculated, if needed, by substituting Equation (11) into Equation (5).  CCF event average 
unavailabilities are not expected to be required in the development of SSIE models.  If they were 
to be required, the method is well described by Vaurio8.  In developing the SSIE fault trees CCF 
intensities and unreliabilities will both be required for any given CCF group.  The logic required 
to incorporate the aforementioned quantities into the SSIE fault trees is well demonstrated in the 
prototype SPAR models created for this project. 

At the time this is written, the SAPHIRE code cannot be used to calculate the failure 
intensities (Equation (11)) and unreliabilities (Equation (14)) for the CCF events required for the 
SSIE fault trees.   The required intensities and probabilities have to be calculated outside of 
SAPHIRE environment and input to basic events as SAPHIRE calculation type 1 frequencies and 
probabilities.  This is because the SAPHIRE built-in CCF calculator gives the total CCF 
probability for a given common cause group instead of the required λk  and qk values spelled out 
above.  Some implications of this are that, because the SAPHIRE CCF plug in is not being used, 
1) uncertainty distributions will not be properly represented, and 2) the conditional CCF 
probabilities required in event assessment will not be calculated automatically.  Furthermore, the 
application of the conditional CCF calculation as it is specified in Reference 24 and in Appendix 
E of Reference 6 is not spelled out for frequencies, as opposed to probabilities.  These two items, 
calculation of the qk values, and calculation of the conditional CCF frequencies/probabilities in 
the SSIE context, are expected to be addressed in future SAPHIRE modifications. 

1.2.3 Applications in Event and Condition Assessment 
An important application for the SPAR models is event and condition assessment (ECA).   

The NRC has guidelines for performing ECAs (RASP guidelines).  These guidelines provide 
SPAR model users with a standardized way of mapping equipment failures and degradations into 
the SPAR model so as to obtain a core damage frequency or probability conditional on the 
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observed failures.   With the introduction of SSIE logic into the SPAR models, new guidance may 
be required.   To illustrate, consider a three train system operating in active parallel in which only 
one train is required for success.  Using the notation from the RASP manual, the cut sets for the 
probability of event S, system failure, are 

{AI, BI, CI} ; {AI, CBC} ; {BI, CAC} ; {CI, CAB} ; {CABC}  . (15)  

Applying the explicit event method to the above cut sets produces the following SSIE cut sets for 
the frequency of event S  

{IE-AI, BI, CI} ; {IE-BI, AI, CI} ; {IE-CI, AI, BI} ; {IE-AI, CBC} ; {IE-CBC, AI} ;  

{IE-BI, CAC} ; {IE-CAC, BI} ; {IE-CI, CAB} ; {IE-CAB, CI} ; {IE-CABC} . 
(16)  

An example of an ECA would be to evaluate 1) the conditional probability of system failure 
and 2) the conditional frequency of system failure given train C has been inoperable for some 
period. If train C is failed, event CT has occurred.  The existing RASP guidance would have the 
analyst set the event CT to TRUE.   The quantification software used in ECAs (SAPHIRE) would 
then produce the following conditional cut sets for the probability of event S  

{AI, BI} ; {AI, CBC} ; {BI, CAC} ; {CAB} ; {CABC}  . (17)  

Likewise, the conditional cut sets for the frequency of event S become  

{IE-AI, BI } ; {IE-BI, AI } ; {IE-CI, AI, BI} ; {IE-AI, CBC} ; {IE-CBC, AI} ; {IE-BI, CAC} ;  

{IE-CAC, BI} ; {IE-CI, CAB} ; {IE-CAB } ; {IE-CABC} . 
(18)  

Note that there are two cut sets that survive setting event CI to TRUE, and should not.  The 
offending cut sets are lined out.  To force SAPHIRE to remove the offending cut sets, the 
initiating event IE-CI must also be set to FALSE.   

Obtaining the correct cut sets for an ECA is only part of the solution.   New probabilities for 
some of the events in the cut sets also need to be calculated as prescribed by the RASP guidance.  
The probability adjustments have, in the past, been made automatically by a SAPHIRE module 
designed for this purpose.  However, the SAPHIRE module was not designed to handle including 
specific events for CCF sub groups in the cut sets (e.g., event CABC).  The introduction of the 
specific CCF combinations into the cut sets will initially require manual calculations to 
implement the RASP requirements.  It is expected that SAPHIRE will eventually be modified to 
accomplish this automatically. 

1.2.4 Importance Measures 
Cheok18 writes that one of the principal activities in the application of the risk informed 

regulatory process is expected to be either the ranking or the categorization of structures, systems, 
and components (SSCs) with respect to their risk significance.  The methods required to do this 
rely on the application of importance measures, the most important of which are summarized in 
Table 1-2.  These importance measures are well documented in PRA literature, generally encoded 
in PRA software, but have two significant shortcomings.  First, importance measures are designed 
to provide the risk importance of events, not SSCs.  SSCs may be represented in a risk model by 
more than one event.  For example, an emergency generator in a SPAR model typically has, at the 
very least, events for fail to start, fail to run, and for unavailable due to test or maintenance.   



 

 8 

Table 1-2.  Summary of PRA importance measures. 
Importance measure Symbol Definitiona 

Birnbaum BIi 𝜕𝑅
𝜕𝑋!

= 𝑅!! − 𝑅!! 

Criticality CIi 𝜕𝑅
𝜕𝑋!

𝑋!
𝑅
= 𝑅!! − 𝑅!!

𝑋!
𝑅!

 

Differential DIMi 𝜕𝑅
𝜕𝑋!

𝑑𝑋!
𝜕𝑅
𝜕𝑋!

𝑑𝑋!!
!!!

 

Fussell-Vesely FVi 𝑅! − 𝑅!!

𝑅!
 

Risk achievement worth RAWi 𝑅!!

𝑅!
 

Risk reduction worth RRWi 𝑅!
𝑅!!

 

a.  Definitions use the following nomenclature: 

 𝑅! = nominal risk value 

𝑅!!= risk value when event i is occurring 

𝑅!!= risk value when event i is not occurring 

 𝑋! = nominal probability of event i. 

The way such events do or don’t combine to indicate the risk importance of the emergency 
generator is the subject of a number of papers13,14,18.  The differential importance measure13 
(DIM), in particular, provides an example of an importance measure that can be used for 
representing SSC importance as a sum of the importances of the associated events.  This first 
shortcoming is generic to PRA methods and not a particular consequence of SSIE modeling.  
Furthermore, given the ability to calculate the DIM, it appears the first shortcoming has been 
addressed.  What remains is to establish a consensus between regulator and industry that this is 
actually the case. 

The second shortcoming is that application of SSIE methodology causes some events to be 
represented in the risk model as both initiating events and enabling events.  Accident sequences 
are quantified by combining the frequency of the initiating event (typically a yearly frequency) 
and the conditional probability of the mitigating events (conditional on the occurrence of the 
initiating event).  If a particular event is both an initiating event and a mitigating event there is no 
established method for manipulating the risk equation to obtain an importance that captures the 
combined influence of the event on the risk result.  The MSPI program guidance provides 
methods for adjusting importance measures critical to the MSPI program and obtained by 
conventional methods to account for this circumstance.  The guidance identifies four general 
ways in which SSIE models are incorporated in PRAs and provides procedures for adjusting the 
importance measures for each.  However, the MSPI guidance is not easily generalized to all the 
importance measures shown in Table 1-2, and is not easily incorporated into PRA codes such as 
SAPHIRE since the corrections depend on the details of how SSIE events are included in the 
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model. See Appendix F of NEI-99-02 for details.  Therefore there is reason to continue to 
research this issue. 

A possible method for capturing the combined influence of SSIEs is the application of partial 
derivatives to the risk equation with respect to the event occurrence rate.  The shortcoming of this 
method is that importance measures obtained with respect to event occurrence rates are not 
comparable to importance measures obtained with respect to event probabilities.  This is a 
significant consideration when attempting to use the resulting values for either ranking or 
categorization of SSCs.  However, the resulting importance measures do address the need to 
estimate changes in the risk result given changes in component reliability.    

The DIM and the Birnbaum are both examples of the application of partial derivatives to the 
risk equation.  The DIM is more complicated to compute than the Birnbaum and not in wide use 
by the US nuclear industry.   It is mentioned here because it solves the issue of combining event 
importance measures to indicate component importance, it allows prediction of changes in the 
risk result given changes in component reliability, and it has the potential to address the dual 
influence of SSIEs.  It therefore deserves more attention than it has received.  The Birnbaum, on 
the other hand, is in common use and is well understood by PRA practitioners.   Therefore to 
illustrate the issues associated with calculating importance measures for risk results that include 
SSIEs, the following discussion will focus on the Birnbaum.    

Consider the following cut sets for a 2-of-3 system operating in active parallel 

{A,  B}  ;  {A,  C}  ;  {B,  C}    .   (19)  

Applying the SSIE cut set expansion to the cut sets in Equation (19) gives the following 
expression for system failure frequency  

Fr 𝑆 = 𝑅! = 𝜆!𝑞! + 𝜆!𝑞! + 𝜆!𝑞! + 𝜆!𝑞! + 𝜆!𝑞! + 𝜆!𝑞!    .      (20)  

Equation (20) is analogous to the risk expression in the SPAR models and in industry PRAs that 
feature SSIEs.  The frequency of system failure with event A occurring is  

𝑅!! = 𝜆!𝑞! + 𝜆! 1 + 𝜆!𝑞! + 𝜆! 1 + 𝜆!𝑞! + 𝜆!𝑞!   .       (21)  

The frequency of system failure with event A not occurring is  

𝑅!! = 𝜆!𝑞! + 𝜆!(0) + 𝜆!𝑞! + 𝜆!(0) + 𝜆!𝑞! + 𝜆!𝑞!       (22)  

The resulting Birnbaum for event A is then 

BI! = 𝑅!! − 𝑅!! = 𝜆! + 𝜆!     .     (23)  

The above procedure is typical of industry quantification codes and is what is used in the 
SAPHIRE software.  Cheok18 points out that procedures such as the above that do not perform the 
Boolean reduction implied by an event occurring or not occurring are in error.  To illustrate, the 
following is how the Birnbaum is calculated using Boolean reduction prior to calculating the 
system failure frequency.  If event A is occurring the system fails whenever event B or C occurs.  
The cut sets for the system are 

{B}  ;  {C}     (24)  
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and the frequency of system failure given event A occurring is 

Fr 𝑆 𝐴 = 𝑅!! = 𝜆! + 𝜆!     .       (25)  

If event A cannot occur then the cut set for the system is   

{B,  C}     (26)  

and the frequency of system failure given event A not occurring is 

Fr 𝑆|𝐴 = 𝑅!! = 𝜆!𝑞! + 𝜆!𝑞!    .       (27)  

The Birnbaum for event A is then 

BI! = Fr 𝑆 𝐴 − Fr 𝑆|𝐴 = 𝜆! + 𝜆! −  𝜆!𝑞! − 𝜆!𝑞!     (28)  

Comparing Equations (23) and Equation (28) demonstrates the common approach provides a 
reasonable estimate for the BIA since the additional terms shown in Equation (28) are numerically 
small compared to the others.  Note that BIA is a frequency, and it is not dependent on the 
occurrence rate of the event for which the importance is calculated.  This is a significantly 
different result than would be obtained by application of the alternate differential-based definition 
of the Birnbaum to the rate of occurrence of event A. 

The alternate definition is 

       

𝐵𝐼 =   
𝜕𝑅
𝜕𝑋!

    . (29)  

 

Appling this definition to Equation (20) and differentiating with respect to the failure rate 
parameter λA and using the long-term component unavailability with repair gives 

       

𝐵𝐼 =   
𝜕𝑅
𝜕𝜆!

=
𝜕
𝜕𝜆!

𝜆!𝑞! + 𝜆!
𝜆!

𝜆! + 𝜈
+ 𝜆!𝑞! + 𝜆!

𝜆!
𝜆! + 𝜈

+ 𝜆!𝑞! + 𝜆!𝑞!  (30)  

 

            = 𝑞! + 𝜆!
𝜈

𝜆! + 𝜈 ! + 𝑞! + 𝜆!
𝜈

𝜆! + 𝜈 !   

 

This result is dimensionless and is predictive of a change in risk given a change in the rate of 
occurrence of event A.  It is also representative of both initiating event and enabling event 
influences on the risk equation, thus addressing the second shortcoming of importance measures 
for risk models that include SSIEs.  However, it still suffers the main short-coming of differential 
methods; the results are dimensionally different when Xi is a probability versus when Xi is rate 
parameter and are therefore not comparable, and therefore not directly useful for component 
ranking.     

Borgonovo and Apostolakis13 have shown the DIM  provides some advantages over the 
Birnbaum and other local measures.  Therefore additional efforts to resolve the importance 
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measure issue should be directed at exploring the application of the DIM to the parameters of risk 
models that apply SSIE methodology. 

1.2.5 Intake Structure Modeling 
 Typically, the intake structure(s) is the source of water for multiple open-‐loop cooling 

systems at a plant. In an open loop system, water is drawn from some external raw water source 
(such as a river, lake, bay, or ocean) via the intake structure, circulated through various heat 
exchangers for closed loop cooling water systems (such as component cooling water), removing 
heat from those systems, and then discharging the heated water back into the external raw water 
source. A plant will typically have multiple open-‐loop cooling systems including: circulating 
water system (CWS), which provides cooling for the main condensers, and service water systems 
(SWS), both essential and non-‐essential.   

The development of an intake structure model is actually being support by three NRC funded 
projects.  JCN N6751 has been used to support most of the logic modeling and past discussions 
with the SPAR modelers.  JCN N6890 is supporting work on collecting and reviewing data on 
problems encountered by nuclear power plants that result in a degradation of water supplied to 
intake structures.  Lastly, JCN N6632 is supporting the review and coding of data that will be 
used to support quantification of the intake structure logic model.  Work also needs to be done to 
understand the specific designs of the intake structure at each nuclear power plant in the U. S.  
There is wide variability in the designs of intake structures and in geographic locations for 
nuclear power plants (which of course affects the type of environmental events that might pose a 
hazard to the intake structure).  The impact of these variations in designs and location remains to 
be fully evaluated; one obvious aspect is the susceptibility of a particular site to the various 
environmental events (e.g., aquatic flora, aquatic fauna, ice, and storm blown debris). 

The loss of intake structure model currently under development addresses the situation 
whereby some environmental material such as aquatic flora, aquatic fauna, ice, debris, etc. 
accumulates in the openings to the circulating water intake structure resulting degradation of 
components in the service water system (SWS), possibly leading to a loss of service water. The 
loss of service water (LOSW) component event tree presented in Figure 1-1 starts with an 
occurrence of an extreme environmental (EE) event.  The system response is then modeled to 
determine the frequency of failure of pumps, strainers, and heat exchanges in the service water 
system.  The nodes on the event tree are described in the following paragraphs. 

TSA-PLUG—The plugging of the traveling screen assembly (TSA) is the most likely result 
of the EE event.  The plugging often occurs faster than the screen wash and screen cleaning can 
maintain the screen.  The failure to operate of the TSA is not a prerequisite to plugging, however.  
The plugging is even more likely if the screen has failed to operate.  Often, the operators will 
reduce power and shut down circulating water system (CWS) pumps in order to reduce the TSA 
debris loading, remove the debris, and then put the TSA back in service and clear the next one.   

INTAKE-LEVEL—The level of ultimate heat sink water in the intake (or forebay) structure 
is critical to the continued operation of the SWS pumps (and CWS pumps).  Operator action is 
required to mitigate a low level in the intake structure.  Generally, the high dp across the TSA 
alerts the operators to reduce demand on the intake structure by shutting down a CWS pump.  
Either very rapid plugging or slow operator actions can lead to lowering levels in the intake 
structure.  Sufficiently low levels will lead to either a low-level trip of the SWS pump(s) or 
without the trip, cavitation and failure of the SWS pumps. 

TSA-BYPASS—The bypass of the TSA can be either directly due to the EE event and is 
represented by the conditional probability of the TSA bypass due to the EE event or can be the 
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result of the degraded conditions causing the TSA to fail to operate (FTO) and/or plug.  Either 
situation can result in bypassing the TSA.   

SW-PUMP—The failure of the SWS pumps is sufficient to lose enough cooling to the closed 
loop heat exchangers to cause the trip.  The upper branch from TSA-BYPASS models the SWS 
pumps failure without the bypass of the TSA.  This can model those elevated SWS pump failures 
during an EE event which include: 

1) EE caused failures of the SWS pumps that originate within the intake structure, 
2) Heightened failure rates of the SWS pumps due to bearing cooling degradation from EE, 

and 
3) Random failures of the SWS pump. 

 
The lower branch from TSA-BYPASS includes: 

1) The conditional SWS pump failure rate given the EE event and bypass of the TSA, 
2) EE caused failures of the SWS pumps that originate within the intake structure, 
3) Heightened failure rates of the SWS pumps due to bearing cooling degradation from EE, 

and 
4) Random failures of the SWS pump. 

 
SW-STRAINER-FLOW—This top models the failure of the strainers to allow sufficient flow 

to support the heat loads on CCW.  Plugging is the ultimate method to reduce/stop flow.  The 
upper branch from TSA-BYPASS models the strainer failure without the bypass of the TSA.  
This can model those elevated SWS strainer failures during an EE event which include: 

1) Strainer failure to operate, which is the precursor to the plugging of the strainer if efforts 
to recover fail, 

2) While recovering from the strainer fail to operate or plugging, the plant must switch to a 
non-operating pump to continue to provide sufficient flow, and 

3) The clams on the inlet shelf of the standby pump causing that pump to fail to start while 
attempting to recover the plugged strainer comes to mind here. 
 

The lower branch from TSA-BYPASS includes: 

1) The conditional SWS strainer failure rate given the EE event and bypass of the TSA, 
2) Strainer failure to operate, which is the precursor to the plugging of the strainer if efforts 

to recover fail, 
3) While recovering from the strainer fail to operate or plugging, the plant must switch to a 

non-operating pump to continue to provide sufficient flow, and 
4) The clams on the inlet shelf of the standby pump causing that pump to fail to start while 

attempting to recover the plugged strainer comes to mind here. 
 

SW-STRAINER-BYPASS—The bypass of the SWS strainers is treated as its own top event.  
Since loss of flow is sufficient to fail SW, the next mechanism that can cause this is the bypass of 
the strainers and plugging of the CCW heat exchangers.  The bypass is considered in the success 
branch of the strainer flow.  Generally, bypass is considered to be dependent on the plugging of 
the strainers and this is true. 

CCW-HX—The CCW heat exchangers on the SWS side can fail for the following reasons: 

1) Plugging due to the bypass of the SWS strainers.  There is a chance of the CCW heat 
exchangers will survive the bypassing of the SWS strainers, 
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2) There are flow-control valves on the SWS side of the CCW HXs that can cut off the 
cooling of the CCW HXs.  There is no evidence that these valves have any dependency to 
the EE event or any other components failure.  No data collection effort was made for 
these valves, and the recommendation is to use a generic SWS flow control valve failure 
rate. 
 

While the quantification of this event tree is still under development, it is expected that the 
final intake structure model will be very close to the above.  The key concepts in the application 
of this intake structure model to a SPAR model is that there are three end states that represent 
failures of service water pumps, strainers, and heat exchangers, as a result of an environmental 
event, that may lead to a loss of service water.  The three end states represent a contribution to the 
total failure probability for a particular component in a particular service water system.  When 
these end states are quantified they will be used as template events that specify the environmental 
event-caused failure rate of the pumps, strainers, and heat exchangers in the target systems.  This 
rate contribution will be treated as additive to the pump, strainer, and heat exchanger failure rates 
that are already being used in the SPAR models1.      

1.3 SPAR Model Application 
Support system initiating event fault trees have been developed for a series of SPAR 

demonstration models.  Reference 1 indicates industry-averaged component cooling water 
initiating event frequencies should be in the mid 10-4 events per reactor critical year range.  
Table 1-3 shows the initiating event frequencies calculated using SPAR initiating event fault 
trees.  The event count column shows the number of system failures actually observed at each 
plant for each system.  The time column shows the number of reactor critical years in the 
observation period for each plant.  The last column shows the probability of seeing the observed 
number of failures in the observation period if the true system failure rate is given in the failure 
frequency column.  If the probability of seeing the indicated events counts given the calculated 
frequency is greater than 0.5, the calculated frequency is considered plausible.  Table 1-3 
therefore demonstrates that the calculated system failure rates are plausible.  However, the rates 
are high enough to result in unacceptable core damage frequency predictions at a few plants that 
have very high conditional core damage probabilities for loss of component cooling water 
initiating events.   

The magnitude of the SSIE rates shown in Table 1-3 are largely a result of the calculated 
common cause failure frequencies for pumps and heat exchangers in these systems.   Review of 
the failure rates and alpha factors in a forthcoming data update to the SPAR models shows that 
calculated CCF rates are likely to be halved.  Therefore the potential for unacceptably high SSIE 
predictions does not appear to be a problem, particularly if recovery is applied to the dominant 
CCF rate terms. 

Note that the SSIE frequencies for open cooling water systems in Table 1-3 are lacking intake 
structure (i.e., environmental impact) modeling.   When the intake structure model is included it 
is expected that some plants with a history of environmental issues affecting the cooling water 
intake will see somewhat higher SSIE frequencies.  How much higher has not yet been 
determined. 

A final lesson learned from this modeling effort is that highly redundant systems such as the 
Browns Ferry 1 raw cooling water system are too complicated to model using the preferred 
explicit event method.  In such cases the number of initiating event and enabling event 
combinations that must be enumerated in the fault tree logic becomes unmanageable and the only 
workable alternative is to apply the multiplier method.  It should also be noted that SAPHIRE is 
limited to six trains when using the internal common cause failure calculator and the SPAR 
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standard template set only includes common cause failure alpha factors for up to 8 trains in a 
common cause group.  These issues point to the need for some additional thinking about how the 
highly redundant systems should be modeled. 
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INIT-EV-EE

Extreme Environmental 
Event Occurs

TSA-PLUG

TSA Screens Pass Flow

INTAKE-LEVEL

Level in Intake Structure 
Sufficient

TSA-BYPASS

TSA Screens Filter 
Debris

SW-PUMP

Service Water Pumps 
Produce Sufficient Flow

SW-STRAINER-FLOW

Serv ice Water Strainers Pass 
Suf f icient Cooling Water

SW-STRAINER-BYPASS

Service Water Strainer 
Does not Bypass

CCW-HX

Component Cooling Water Heat 
Exchanger Serv ice Water Side

# End State
(Phase - PH1)

1 OK

2 OK

3 CCW-HX-PLUG

4 STR-FLOW

5 PUMP-FLOW

6 OK

7 OK

8 CCW-HX-PLUG

9 STR-FLOW

10 PUMP-FLOW

11 OK

12 OK

13 CCW-HX-PLUG

14 STR-FLOW

15 PUMP-FLOW

16 OK

17 OK

18 CCW-HX-PLUG

19 STR-FLOW

20 PUMP-FLOW

21 PUMP-FLOW

Figure 1-1.  Service water system component failure process event tree 
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Table 1-3.  Support system initiating event fault tree demonstration model results. 
 
 
Plant and System 

Success 
Criteria 
(Trains) 

Failure 
Frequency 
(per rcry) 

n 
Event 
Count 

T 
Time 
(rcry) 

 
 

P(n,T)c 
      
Browns Ferry 1      
  Plant control air 2-of-4a 8.6E-3 0 2.49 0.98 
  Service water (raw cooling water) 5-of-7b 1.6E-3 0 2.49 0.99 
      
Brunswick 2      
  Conventional service water 2-of-3 1.8E-2 0 11.17 0.83 
  Instrument air 2-of-4 2.1E-3 0 11.17 0.97 
  Nuclear service water 1-of-2 1.4E-2 0 11.17 0.86 
Reactor building closed cooling water 1-of-3 6.1E-3 0 11.17 0.94 
Turbine building closed cooling water 2-of-3 4.4E-3 0 11.17 0.95 

      
Comanche Peak      
  Component cooling water 1-of-2 4.5E-3 0 11.20 0.95 
  Service water 1-of-2 1.0E-3 0 11.20 0.98 
      
Peach Bottom 2      
  Instrument air system 1-of-4 1.6E-2 0 11.58 0.84 
  Normal service water 1-of-3 4.2E-4 0 11.58 0.99 
Reactor building closed cooling water 1-of-2 1.1E-3 0 11.58 0.99 
Turbine building closed cooling water 1-of-2 1.3E-3 0 11.58 0.99 

      
Sequoyah      
  Component cooling water 1-of-3 1.6E-3 0 10.99 0.98 
  Component cooling water  
  (Train A) 

1-of-2 4.5E-3 0 10.99 0.95 

  Essential raw cooling water 4-of-8 4.6E-3 0 10.99 0.95 
  Essential raw cooling water  
  (Train A) 

2-of-4 2.6E-2 0 10.99 0.77 

  Essential raw cooling water 
  (Train B) 

2-of-4 2.6E-2 0 10.99 0.77 

      
a.  Success requires either the G compressor or 2-of-4 of compressors A through D. 
b.  The 5-of-7 success criteria proved too complicated to model using the explicit event method.  Only a 

multiplier method model was used. 
c.  The probability of seeing n events in T plant-specific reactor critical years between 1998 and 2009 given 

the calculated failure frequency. 
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2. LOSS OF OFFSITE POWER/STATION BLACKOUT MODELING 
2.1 Background 

The core damage risk from loss of offsite power (LOOP) and station blackout (SBO) is evaluated in 
commercial reactor probabilistic risk assessments and in the NRC SPAR models.  Often LOOP/SBO is 
the dominant contributor to the overall core damage frequency (CDF) from internal events occurring 
while a plant is at power.  Specific portions of the LOOP/SBO model that most impact the risk result 
include the following: initiating event frequency for LOOP, curves for recovery of offsite power 
(probability versus time), emergency diesel generator (EDG) mission time, convolution of  EDG failure 
and offsite power recovery, and the consequences of battery (dc power) depletion.   

The frequency and duration of LOOP used in the SPAR models is provided by NUREG/CR-6890.  
Industry appears to hold the view that this data, as it is used in the SPAR models, does not sufficiently 
capture plant-to-plant variability in LOOP frequency and duration.   Conversely, plant-specific data is too 
sparse to give a reasonably accurate picture of LOOP frequency and duration.    

Knowledge of the time to core uncovery during various SBO scenarios is essential to correctly 
modeling restoration of offsite power. Without detailed thermal hydraulic calculations the SPAR 
modelers must use conservative assumptions, engineering judgment, or estimates from the licensee PRAs.  
Licensee models also struggle with these issues.  There is considerable variability in the quality and depth 
of analysis performed in industry PRAs to determine the time available for restoration of offsite power.  
In the SPAR models there are three key scenarios for PWRs and two for BWRs. The first PWR scenario 
involves sequences with failure of secondary side makeup and with the power-operated relief valves 
(PORVs) lifting only intermittently to relieve pressure and then reseating. The second PWR scenario has 
secondary side cooling success but with a stuck open PORV.  The third PWR scenario has secondary side 
cooling success but with reactor coolant pump seal leakage.  The first BWR scenario involves loss of 
coolant injection with the reactor coolant system bottled up with the exception of the relief valves opening 
intermittently to relieve pressure.  The second scenario has a stuck open relief valve with only HPCI or 
RCIC as an injection source. The SPAR models need a consistent basis for assessing the time available 
for restoration of offsite power under these scenarios.  Consistent from one SPAR model to the next and 
consistent with best industry practices.   

Emergency diesel generator mission time is a modeling issue because there are several approaches 
used in industry.  A simplistic approach to quantifying multiple EDG fail-to-run events in conjunction 
with failure to recover offsite power may overestimate risk by more than an order of magnitude.  What is 
needed is a standard approach to quantifying these events that is both manageable, reflects a standard 
PRA mission, and is accurate.  

The current SPAR modeling philosophy concerning battery operation during SBO events is to 
terminate credit for recovery of offsite power upon battery depletion. It is assumed that the plant is unable 
to recover offsite power in a timely and accurate manner without the use of dc power for breaker 
alignment and indication.  However, many industry PRAs typically allow some credit for such recovery.  
This difference in assumptions can lead to large differences in core damage frequency predictions, 
especially for plants with short battery lives (less than three hours).  

The optimum strategy for modeling these elements of the risk calculation must remove unnecessary 
conservatisms and at the same time capture plant-to-plant variability in a consistent way.  The need for a 
uniform approach to these issues has been recognized by industry and resulted in the creation of best-
practices document that summarizes the state of the art with respect to these issues.  The following 
summarizes the SPAR model changes that should be made to comply with the industry best practices 
document.  A complete requirement-by-requirement summary is provided in Appendix A. 
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2.2 Issue Resolution 
The following sections summarize the SPAR model approach to addressing the outstanding 

LOOP/SBO issues.  Appendix A provides a detailed commentary on each requirement in the EPRI 
guidance document.     

2.2.1 LOOP Frequency and Duration. 
The SPAR models use the LOOP frequency and duration data from NUREG/CR-6890 and its recent 

updates.  The working group acknowledged this as the best source of LOOP-related data for the SPAR 
models.  However, the working group had some issues with NUREG/CR-6890 and thought consideration 
should be given to  

1) Using plant-specific LOOP frequencies for the SPAR models, or at the very least to apply the 
frequency and duration data by grid reliability council    

2) Development of an extreme-weather LOOP class that represents hurricanes or other extreme 
weather events; the defining characteristic of this group would be that it forces a plant shutdown 
and precludes (with any reasonable probability) recovery of offsite power for 24 hours 

3) NOT using the baselining method from NR/CR-6928 to establish the time period of interest 

4) Using estimates from NR/CR-6890 as a prior distribution for derivation of plant-specific 
frequencies and durations. 

5) Do a fully Bayesian analysis of both frequency and duration, not half Bayesian, half frequentist.  

6) Include model validation as part of the Bayesian analysis 

These issues are only indirectly SPAR-related in that the model development task has been kept 
separate from the data collection task.   It is therefore recommended that these issues be addressed by the 
data analysis team in a future update to NUREG/CR-6890.   Kelly and Smith15 have provided an outline 
of how the Bayesian methods might be applied, and the use of plant-specific data has also been 
recommended as a result of the peer reviews22,23 performed on the SPAR models.   

2.2.2 Consequential LOOP. 
Consequential LOOP events are those events in which a reactor trip occurred and perturbed the 

electrical distribution system and subsequently a LOOP occurred.  The working group was generally of 
the opinion that consequential LOOP events should be included in the LOOP/SBO model development, 
an opinion shared by some in the SPAR model user community.  There are two types of consequential 
LOOP events that were recommended for inclusion; 1) those induced by a general transient, and 2) those 
specifically caused by a LOCA event.   

The first type of consequential LOOP has always been implicitly included in the SPAR models.  The 
SPAR models use the NUREG/CR-6890 LOOP frequencies, which include the recorded consequential 
LOOP events in the LOOP frequency development.   However, since the SPAR model user community 
has shown an interest in including expanded switchyard logic in the SPAR models, the prototypes 
developed for this project include it.  Including the switchyard logic results in transient cut set elements 
that are redundant to events also included in the LOOP initiating event development.   This redundancy 
appears acceptable to the user community so long as it results in models that have a reasonable logic 
representation of the fast bus transfer that is required to maintain offsite power following a reactor trip at 
many plants.  The prototype SPAR models developed for this project include the recommended 
consequential LOOP modeling approach, with its implied redundancy.  The redundant elements in the 
prototypes include; 1) the LOOP initiating event frequency which is take from Table 3-1 of NUREG/CR-
6890 and includes transient induced LOOP events, 2) the conditional probability of transient-induced 
LOOP taken from Section 6.3 of NUREG/CR-6890 and included in the switchyard logic, and 3) specific 
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switchyard component failures which are redundant to both 1) and 2).  To keep the desired fast-bus 
transfer logic without these redundancies would require reworking the LOOP frequency and duration data 
with this purpose in mind.  The additional effort to rework the LOOP frequency data does not appear 
justified given the relatively small contribution to overall CDF that the added logic has caused in the 
prototype SPAR models.   

The addition of the transient induced LOOP logic has resulted in a large expansion of event 
sequences that include EDG failure logic.  These sequences are typically very computationally intensive 
and have resulted in noticeable increases in model solve times.  Also, the resulting CDF contribution has 
not changed base line CDF significantly.  These two facts have to be weighed against the additional 
model utility gained by including switchyard logic, and a decision made as to whether this modeling 
approach should be made standard. 

The second type of consequential LOOP event is the LOCA-induced type.  The working group 
thought use of the 1E-2 probability for conditional LOOP given a LOCA event appears reasonable 
[Reference 20, Section 3.1.5.2].  The working group thought it sufficient to model LOCA-induced LOOP 
in the supporting ac power fault tree logic, without detailed ac power recovery modeling.  This approach 
has been applied to the prototype SPAR models developed for this project.  Inspection of the resulting 
LOCA cut sets shows they are dominated by unrecovered EDG failures.  These are low-frequency cut sets 
and have little impact on total CDF.  However, they are prominent in the LOCA results and it is likely 
these unrecovered EDG failure cut sets are going to draw some criticism in the future.   Building the 
SPAR models such that appropriate ac power recoveries are applied to these cut sets is harder than the 
working-group-recommended approach and raises cost-effectiveness concerns; is it worth spending a lot 
of modeling effort reducing the conservatism in cut sets that have little impact on base line CDF, but may, 
in the future impact some significance calculation or condition assessment? It is the INL judgment that it 
is not worthwhile at this time. 

  Therefore a reasonable SPAR model position on consequential LOOP modeling might be to follow 
the industry practice for LOCA induced LOOP, build and test detailed transient induced LOOP 
sequences, then comment out the transient induced LOOP sequences in the final SPAR model in cases 
where solve times are excessive and the contribution to CDF is minimal.  Should the anticipated LOCA 
induced LOOP cut set criticism develop, then the LOCA sequences can be developed like the transient 
induced LOOP sequences, such that full ac power recovery potential is modeled.   

2.2.3 Multi-Unit Site Considerations. 
The EPRI guidance calls for detailed consideration of multi-unit site effects.  The SPAR models 

include multi-unit modeling considerations on a case-by-case basis.  Future SPAR model development 
should implement the EPRI guidance more consistently by including the conditional LOOP probabilities 
from Table 6-4 of NR/CR-6890 in the shared equipment and unit cross-tie failure logic.   

2.2.4 EDG Recovery Curve. 
The SPAR models include EDG recovery failure events based on the recovery curve from Table 5-1 

of NUREG/CR-6890.  The repair time curve in Table 5-1 is based on choosing the easiest to repair of two 
failed EDGs.  The working group showed general agreement to use an EDG recovery curve developed 
from unplanned maintenance on just one diesel (also provided by NUREG/CR-6890), and not use the 
curve developed by choosing the shortest repair.  Common cause and independent failure to run will be 
treated using the single EDG recovery curve.  

2.2.5 Convolution and Surrogate EDG Mission Time. 
The SPAR models and industry risk models take a similar approach to analyzing LOOP events.  Both 

SPAR models and industry models produce cut sets that are quantified using similar simplifying 
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assumptions.  The risk dominant cut sets from both models, for a power plant with two divisions of 
emergency power, typically contain the following: 

1) {offsite power is lost} ; {diesel 1 fails to start} ; {diesel 2 fails to start} ; {operator fails to repair 
a diesel} ; {operator fails to recover offsite power} 

2) {offsite power is lost} ; {diesel 1 fails to run} ; {diesel 2 fails to run} ; {operator fails to repair a 
diesel} ; {operator fails to recover offsite power} 

The first of the above two cut sets can be quantified accurately using the standard techniques of fault 
tree analysis because there are no complex timing issues that need to be accounted for.  The second cut set 
implies timing issues that, in the SPAR models, are addressed through a series of simplifying 
assumptions:  

1) If two diesels fail to run, they fail at the same time, and that time is when the LOOP first occurs, 

2) The time available to repair a diesel is counted from when the LOOP first occurs, 

3) The time available to recover offsite power is counted from when the LOOP first occurs, 

4) The time to core damage, given inadequate core cooling, is constant.  It does not increase as 
decay heat levels decrease following successful initial core cooling. 

Many industry models are quantified using the same simplifying assumptions as the SPAR models.  
However, many industry models also attempt to address the simplifications in the above assumptions.  
There was a clear consensus in the working group that conservatism in these simplifications was 
unacceptable and should be removed where possible.  The recommended approach was to eliminate the 
largest source of conservatism by applying convolution mathematics to the fail-to-run cut sets.   

Depending on the sequence of events that produced the cut set there is generally a limiting time in 
which the recovery of ac power must occur.  The limiting time is often based on the time required to 
uncover the core given a total loss of core cooling.  The key conservatism here is the time at which core 
cooling is lost is the time at which the LOOP occurs.  In the first cut set, if all core cooling depends on the 
two diesel generators, then core cooling is lost when the LOOP occurs and the diesels fail to start.  In this 
case the time available to recover ac power (either a diesel or offsite power), and therefore core cooling is 
just the core uncovery time.  In the second cut set it simplifies the calculations to assume both fail-to-run 
events occur when the LOOP does, but it is also unrealistic.  A more probable scenario is if initially both 
diesels are running and a diesel fails at t1 hours, it is then likely repair efforts would begin immediately.  
At this point the second diesel is still running and powering decay heat removal systems.  If the second 
diesel fails at t2 hours, some time after the first, then core cooling is lost at t2 hours instead of at time 0.  If 
the timing constraint on the cut set is based on the core uncovery time, tcu, then the time available for 
offsite power recovery is not just tcu hours; it is actually t2 + tcu hours.  The time available for diesel 
recovery is even more complicated.  Diesel repair starts at t1 hours and must be completed by t2 + tcu 
hours, making the time available for diesel recovery t2 + tcu - t1 hours.  It is even possible that repair of the 
first diesel is completed before the second diesel fails.  

The recommended approach for addressing the timing issues implied by the second cut set above is 
the use of a convoluted distribution model [Ref. 16, pg. 49].  With this method the probability density 
functions that describe the distribution of the EDG failure time data and the distribution of offsite power 
duration data are joined to create a new distribution that can be used to calculate the probability of the cut 
set.  The general method to accomplish this is to create a convolved distribution function of the form 

𝑓!"…! 𝑡 = 𝑓!(𝑡 − 𝑡!)𝑓!"…(!!!)(𝑡!)𝑑𝑡′
!

!
 (31)  
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In this expression f12…i(t) is the failure probability density function for ith and all prior failure events. 
Once the failure density function has been obtained, the cut set failure probability can be obtained as 
follows 

𝐹 𝑡 = 𝑓!"…!(𝑡!)𝑑𝑡′
!

!
 (32)  

 

To illustrate the method with respect to the second cut set above, let f1(t) be the failure time 
probability density distribution for EDG 1, f2(t) the failure time probability density distribution for EDG 
2, and fL(t) be the loss of offsite power event duration probability density distribution.  In the expression 
to be developed, EDG 1 is assumed to fail before EDG 2.  A factor of two is introduced to account for the 
possibility that EDG 2 might fail before EDG 1.  Applying the method to the fail-to-run cut set above 
produces the following expression 

𝐹 𝜏 = 2 𝑓!(𝑡!)
!

!
𝑓!(𝑡!) 1 − 𝑓!(𝑡!)𝑑𝑡!

!!!!!

!

!

!!
𝑑𝑡!𝑑𝑡! (33)  

where F(τ) is the failure probability for failure of two EDGs and failure to recover offsite power before 
some cut set timing constraint (e.g., battery depletion, core uncovery, etc.) is exceeded in some time 
interval 0 to τ.  In the above expression EDG repair has been ignored.  EDG repair will be addressed in 
another section.  The timing issues implied by the second cut set above are handled in the limits of 
integration.  The time at which the first EDG fails is t1, the time at which the second EDG fails is t2, and 
limiting time for recovery of offsite power is t2 + tc.   

Data collection efforts19 have provided the distributions and distribution parameters for each function 
in Equation (33).  The distribution of EDG failure times is described by an exponential distribution 

𝑓!,! 𝑡 = 𝜆!exp  (−𝜆!𝑡) (34)  

Reference 19 identifies the distribution of LOOP event durations as a lognormal distribution.  The 
lognormal density and cumulative distribution functions are in the form of 

𝑓! 𝑡 =
1

𝑡 2𝜋𝜎
exp   −

1
2
ln 𝑡 − 𝑢

𝜎
 (35)  

 

𝐹! 𝑡 = Φ
ln 𝑡 − 𝑢

𝜎
 (36)  

where 

t = offsite power recovery time, and 

u = mean of natural logarithms of data, and 

σ = standard deviation of natural logarithms of data, and 

Ф = error function  

This proposed SPAR model method for quantifying fail-to-run cut sets is developed from basic 
reliability equations.  Note that for simplicity, EDG repair is not addressed in this section.  One of the 
primary benefits of the method developed in this section is that solutions can be generated quickly for 
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large numbers of equipment configurations using an Excel spreadsheet in lieu of using detailed 
engineering calculation software. 

The probability that some device will not fail between 0 and t is the reliability of the device [Ref 16, 
pg. 24], R(t)  

𝑅 𝑡 = exp − 𝜆 𝑡! 𝑑𝑡′
!

!
 (37)  

The quantity λ(t) is the hazard rate for the device.  The quantity λ(t)dt is the probability the device 
fails in dt about t, given successful operation to t.  The starting point for the spreadsheet model is the 
basic reliability equation [Ref. 16, pg. 92] for devices in active parallel operation; either device 1 or 
device 2 must operate for system success  

𝑅!"! 𝑡 = 𝑅!(𝑡) + 𝑅!(𝑡) − 𝑅!(𝑡)𝑅!(𝑡) (38)  

where 
 R1(t) is the probability EDG 1 operates to time t, 

 R2(t) is the probability EDG 2 operates to time t, and 

 Rsys(t) is the probability the emergency power system operates to time t. 

For exponentially distributed failure times, λ(t) = λ, Reference 16 provides 

𝑅!"! 𝑡 = exp  (−𝜆!𝑡) + exp  (−𝜆!𝑡) − exp   −(𝜆! + 𝜆!)𝑡  (39)  

For a device in continuous operation, that does not undergo repair, the probability the device operates 
to time t and fails in time dt about time t as  

𝑓 𝑡 𝑑𝑡 = 𝑅 𝑡 𝜆 𝑡 𝑑𝑡 = 1 − 𝐹(𝑡) 𝜆 𝑡 𝑑𝑡 (40)  

The quantity F(t) is the probability the device will fail between 0 and t and is called the device 
unreliability, which is just 1 - R(t).  To construct the expression for failure of the emergency power 
system with failure to recover offsite power, start with Equation (40 ) and multiply by the offsite power 
recovery failure probability: 

𝑓 𝑡 𝑑𝑡 = 𝑅!"! 𝑡 𝜆!"! 𝑡 𝑑𝑡 1 − 𝐹! 𝑡 + 𝑡! = 1 − 𝐹!"! 𝑡 𝜆!"! 𝑡 𝑑𝑡 1 − 𝐹! 𝑡 + 𝑡!  (41)  

In this expression the quantity Rsys(t) represents the probability that one of the diesels operates to time 
t.  The quantity λsys(t) dt represents the probability of emergency power failure in dt about t, given 
successful operation to t, and the quantity 1 - FL(t + tc) represents failure to recover offsite power before 
the core is uncovered or other timing constraints are violated.  The tc term is generally assumed to be 
constant, but may change with the passage of time.  Therefore additional conservatism can be removed by 
expressing tc as a function of time, tc (t).  The λsys(t) term above is the system hazard rate which can be 
determined from either the system reliability or unreliability as follows 
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𝜆!"! 𝑡 =
𝑑𝐹!"!(𝑡)/𝑑𝑡
1 − 𝐹!"!(𝑡)

≈
△ 𝐹!"!/△ 𝑡
1 − 𝐹!"!(𝑡)

≈ −
△ 𝑅!"!/△ 𝑡
𝑅!"!(𝑡)

 (42)  

The FL(t + tc) term in Equation (42) represents the cumulative distribution function for the loss-of-
offsite power duration data, that is, the fraction of all loss of offsite power events with duration less than 
or equal to t + tc.   

The system failure probability density, with credit for offsite power recovery, and in a form suitable 
for spreadsheet solution, is then 

𝑓 𝑡 𝑑𝑡 = 1 − 𝐹!"!(𝑡)
△ 𝐹!"!/△ 𝑡
1 − 𝐹!"!(𝑡)

𝑑𝑡 1 − 𝐹(𝑡 + 𝑡!)  (43)  

The above expression could be written using either Rsys or Fsys.  The expression was cast in terms of 
Fsys to take advantage of the higher numerical precision that is possible this way. The last thing required is 
to integrate the probability density function to get the cumulative failure probability F(t).  This can be 
done with sufficient accuracy using the Trapezoidal Rule: 

𝐹 𝑡 = 𝑓 𝑡! 𝑑𝑡′
!

!
≈ ℎ

1
2
𝑓(𝑡!) +

1
2
𝑓(𝑡!!!)

!

!!!

 (44)  

where h is a constant time step ti+1 - ti, and n is the number of time steps between 0 and t .  All terms in 
Equations (43) and (44) can be calculated using functions available within the Excel environment.  Test 
calculations show a one hour time step provides an adequate level of accuracy for the two-EDG system 
described above.  A 0.10 hour time step for a 24 hour mission produces a result that agrees with 
MathCAD solution of equation 3 to three significant figures.  

Once the correct cut set frequencies have been determined by solution of Equation (44) the result 
must be incorporated in the SPAR models.  The way this is currently done is by adding, though the use of 
cut set recovery rules, a correction factor to each cut set that involves multiple EDG fail-to-run events and 
failure to recover offsite power.  The correction factor is the ratio formed by dividing the result obtained 
from solution of Equation (44) by the nominal cut set value (for the fail-to-run portion being corrected).  
When the correction event is attached to a given cut set, the resulting cut set value will then give the result 
obtained from Equation (44). 

In the SPAR models the above method is only applied to EDG fail-to-run cut sets with failure to 
recover offsite power.   The working group recommended applying the method to turbine-driven pump 
cut sets as well.   However, it was judged not cost effective to apply the method to other fail-to-run cut 
sets; the reason being that just the EDG calculations are already numbering over 700.  Also, the method 
does not include the EDG repair curve in the integration.  In the present generation of SPAR model, the 
time available for EDG repair is based on the timing constraint for the cut set, tc, without consideration of 
the time that might be available when multiple fail-to-run events are involved. This approach provides 
some conservatism related to the time available for EDG repair in that it does not credit the t2 + tc – t1 that 
is available when repair of a failed EDG is started promptly. Furthermore, given the convolution 
correction for recovery of offsite power has already been applied to the cut set, the additional reduction in 
cut set probability from careful consideration of the time available for EDG repair is not expected to have 
a significant effect on CDF. 

Many industry PSAs use the surrogate mission time approach to apply convolution mathematics to 
the LOOP/SBO model.  The surrogate mission time approach is described in some detail in the EPRI 
guidance document and is not repeated here.  The approach is not appropriate for the SPAR models.  The 
main issue is clarity of results.  Use of the method can produce a baseline CDF estimate that is virtually 
identical to the approach applied to the SPAR models.  The difficulty is the surrogate EDG run time is the 



 

24 

same in all cut sets, regardless of the associated timing constraint.  The EDG failure probability is 
therefore conservative for some cut sets, and non-conservative for others.  In the SPAR models, where a 
few specific cut sets may determine the result of a condition assessment or of a significance 
determination, the user cannot tolerate the potential for a non-conservative result.  Hence the more 
detailed approach described above. 

2.2.6 Long-Term SBO Sequences. 
USNRC project N6643 performed an evaluation of the mitigating strategies required for severe long-

term accident scenarios.  The result of that study was that of ten BWR strategies and seven PWR 
strategies, two were found to yield clear-cut decreases in core damage frequencies.  These strategies 
involved local manual operation of turbine-driven makeup systems and depressurization of the reactor or 
the steam generators to allow injection from power independent pumps.  These strategies were most 
beneficial when applied to station blackout scenarios.   With manual control of the turbine-driven pumps, 
and other actions to extend their operation as long as possible, it was found possible to extend the time to 
core damage well beyond the battery depletion times (12 hours or longer). The details of how these 
measures were applied to the SPAR models are described in the final report for N664321.  The SPAR 
SBO event trees were modified to include these strategies.  However, achieving any benefit from the 
long-term mitigating strategies requires relaxing the SPAR general assumption that core damage is 
unavoidable if ac power is not recovered before battery depletion.  While the SPAR models now contain 
the logic for this, the operator actions are set to evaluate to TRUE such that no credit is taken in the 
baseline SPAR models.  Full credit for these measures in the SPAR models therefore depends on the 
licensees demonstrating the ability to restore ac power following battery depletion in accordance with the 
EPRI guidelines [Reference 20, Sections 3.2.8.2, 3.3.3.6].   The N6643 report showed that the expected 
reduction of core damage frequency when the long-term credits are allowed is in the range of 1 to 10 
percent.   

2.2.7 Summary of SPAR Model Changes. 
The following SPAR model modifications are recommended and are currently being made to the 

models in Table 1-3.  Plants with completed SSIE logic will also have the following modifications  

1) The current SPAR composite LOOP event trees are split into separate event trees for each LOOP 
source: 

• Plant Centered 
• Switchyard Centered 
• Grid Related 
• Weather 
• Extreme weather 

Splitting the event trees allows better initiator-specific modeling of the mitigating actions.  In 
particular, the extreme weather case may have logic more representative of a manual shutdown 
than of a plant trip.  For extreme weather (hurricane) cases the event tree logic should reflect the 
fact that a manual shutdown is performed as the hurricane approaches the plant.  As a result, 
sequences with SORVs may not be applicable.  Offsite power recovery during the 24 hour 
mission is not considered likely, and the availability of cross-ties on dual unit sites may be 
affected.   These details can best be represented with initiator-specific logic, instead of with flag-
sets and averaged values as was done before the initiators were split out. 

 
2) Conditional LOOP logic should be added.  For LOOP scenarios that follow LOCA initiators, the 

LOOP is modeled in the ac power support logic, and as a result, offsite power recovery is not 
included in the logic.  For conditional LOOP scenarios that follow transient initiators, the 
conditional LOOP is developed in the event tree structure using transfers from each initiating 
event tree into the average LOOP event tree.  As a result, the higher-frequency conditional LOOP 
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contributors include recovery of offsite power logic like any other LOOP initiator.  The resulting 
recovery values are the class-averaged values.  Additional research may prove the plant-centered 
recovery curves a better choice. 

 
3) The best practices document calls for consideration of BWR recirculation pump seal failures 

(especially for isolation condenser plants).  This consideration also includes potential impacts of 
containment heatup with respect to forced depressurization.  This logic should be added to station 
blackout logic. Other than SBO scenarios, recirculation pump seal failures are considered as just 
another contributor to the existing LOCA class frequencies. 

 
4) The LOOP/SBO logic has been expanded to include system failures following recovery of ac 

power, such that the a complete 24 hour mission is represented in the SBO logic, even following 
recovery of ac power.  The SBO logic has also been modified to accommodate long-term 
considerations, although the default operator HEPs for these actions have been set to TRUE. 

 
5) DC power support system fault tree logic should be split into long-term and short-term failures. 

The short-term logic may credit both batteries and chargers, or just batteries depending on 
charger capacity.  The long-term logic reflects the requirements of a 24 hour mission and credits 
only the chargers. 

 
6) A generic SPAR convolution credit has been added to the model.  Correction factors are available 

for up to four fail-to-run events in a single cut set, or one common cause fail-to-run of all trains.  
Combinations of independent fail-to-run events and common cause failure events in a single cut 
set have not been addressed. 

 
7) Detailed modeling of switchyard response to plant trips should be added.  This is thought 

especially important for plants that operate with emergency buses normally supplied from the 
main generator (i.e., require fast bus transfer following trip).  At a minimum the modeling 
includes the SATs/RATs. 
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3. EMERGENCY CORE COOLING INJECTION FOLLOWING 
CONTAINMENT FAILURE MODELING 

3.1 Background 
Many licensee BWR PRAs credit coolant injection following containment venting (CV) and 

containment failure (CF) caused by the slow over-pressurization of containment resulting from a loss of 
containment heat removal.  The key characteristic of these sequences is the failure of containment (or the 
venting of containment) before core damage occurs.  These sequences often involve a loss of ac power 
and are sometimes called “core vulnerable” sequences, but are generally known as TW sequences.  
Although historically the SPAR models have not given credit for injection following containment failure; 
recently some of the new revisions to the SPAR models include some credit for late (post-CF) injection.  
Whether or not credit for coolant injection is given post containment failure (or venting) will significantly 
affect core damage frequency predictions, component importances, and ECA findings. 

There are a number of concerns regarding emergency coolant injection performance during the time 
leading up to and immediately after containment failure (or venting).  These issues are primarily 
associated with accident sequences that include failure of long term heat removal (TW) or anticipated 
transients without scram (ATWS) where heat removal is simply inadequate for the heat being generated.  
The progression of these sequences includes the effects of high pressure inside containment and then the 
consequences of subsequent containment failure or venting.  Specifically, as the containment atmosphere 
pressurizes, there is the potential that some injection systems might cease working because of increased 
back pressure on the turbine steam exhaust and/or the automatic depressurization system (ADS) valves 
being forced closed by the high ambient pressure.  Additional concerns arise when the containment fails, 
or is vented.  In this case, there is the potential that the severely adverse environment produced in the 
reactor building as a result of containment failure (or venting) could fail needed safety equipment.  Also, 
at the time of containment failure (or venting) the rapid depressurization of the suppression pool (SP) 
water could generate boiling in the SP, and ECCS pumps not designed for two-phase flow, could fail. 

Each of these mechanisms has the potential to result in failure of some or all coolant injection and 
hence lead to core damage.  These phenomena are identified here as: 

• Issue #1 – High Pressure Inside Containment, 

• Issue #2 – Containment Failure or Venting Results in Harsh Reactor Building Environment, 

• Issue #3 – Saturation of Suppression Pool Water, 

• Issue #4 – Rupture of Containment Fails Injection Lines. 

Each of these issues is discussed in the sections that follow. 

An additional issue has received attention in recent years concerns the reliance on containment 
overpressure when assessing the operability of emergency coolant injection during a postulated design 
basis accident.  Specifically, to support a power uprate application some licensees count on the increased 
containment pressure to maintain the suppression pool water in a subcooled condition in order to allow 
emergency coolant injection pumps (e.g., RHR) to continue to operate during a design basis accident.  
Although a licensing issue that some decision-makers have questioned since the licensee is counting on 
one aspect of the severe environment (i.e., increased containment pressure) to overcome the detrimental 
effects of another aspect of the severe environment (i.e., increased temperature of the suppression pool 
water); this concern is not relevant to assessing the operability of injection after containment failure.  In a 
PRA context, this concern is unwarranted for two reasons.  First, most computer codes used in examining 
potential core damage accidents for PRA applications (i.e., MELCOR, MAAP) attempt to reflect the 
actual operability requirements and context of the severe accident when assessing the nominal availability 
of plant systems and components.  If the water is subcooled, then it is subcooled, regardless of conditions 
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that produce the subcooling (i.e., any existing containment overpressure condition).  Second, the focus of 
this current discussion is: what happens once containment fails and the overpressure condition no longer 
exists. 

3.1.1 High Pressure Inside Containment 
High pressure inside containment can result in closure of Target Rock ADS valves.  By the time 

containment pressure has risen to the point when the operability of the ADS is threatened, the primary 
reactor coolant system (RCS) has already been depressurized by the control room operators.  Emergency 
operating procedures direct the control room operators to depressurize the RCS whenever the suppression 
pool (SP) has reached the heat capacity temperature limit (HCTL).  Operators are also inclined to 
manually depressurize the RCS when the relief valves are repeatedly cycling open/closed and susceptible 
to failing and sticking open.  Forcing closed the ADS valves would result (assuming the RCS pressure 
boundary is otherwise intact) in pressurization of the RCS, which would then prevent injection by low 
pressure injection systems.  The ADS valves require pressurized nitrogen to open.  If the differential 
pressure between the ambient environment and the pressurized nitrogen approaches zero the ADS valves 
will be unable to open, or if already open, will drift closed.  The pressurized nitrogen is typically 
maintained at about 100 psia.  Therefore, if the ambient pressure rises to 100 psia, then there is no 
differential pressure available to operate the valves.  A similar issue concerns the operability of steam 
turbine exhaust discharging to the suppression pool.  This affects the operability of HPCI and RCIC 
pumps.  If the pressure raises high enough, the turbines will trip on high exhaust pressure.  For RCIC 
turbines this pressure is relatively low (about 50 psig).  For HPCI turbines the trip pressure is relatively 
high (about 150 psig). 

For this issue the key point is: at what pressure will the containment be vented?  If the emergency 
operating procedures specify a pressure that is significantly lower than the pressure at which the ADS 
valves will close, then the only scenarios for which the re-pressurization of the RCS is a concern, are 
those in which venting has not occurred.  In these cases, where venting does not occur and the 
containment is threatened by over-pressurization, it is likely that the ADS valves will close and if there is 
no other breach of the RCS pressure boundary, the RCS will pressurize just before the containment fails. 

For the SPAR models, the assumption will be that venting (if it occurs) will be at a pressure low 
enough that the relief valves remain open (if they were open), and the RCS pressure will remain low (if 
the RCS had previously been depressurized).  If venting does not take place, then containment failure 
occurs at a pressure high enough that any open relief valves are forced closed before containment fails.  
No credit is provided for rapid depressurization following containment failure that allows for re-
establishment of low pressure injection before core damage occurs. 

3.1.2 Reactor Building Environment 
The venting of containment via a soft vent path (i.e., not a hard pipe) or containment failure, would 

likely result in a harsh environment (high temperature steam) in the reactor building.  This harsh 
environment could then result in the failure of equipment (e.g., ECCS pumps) located in the reactor 
building. 

This issue is much less straightforward compared to the other issues, and there are two considerations 
that must be addressed.  The first question is about containment venting.  Most BWR containments 
incorporate a variety of possible venting paths.  Some of these are hard-pipe vents and some are basically 
ventilation system duct-work that would likely rupture if they were used in a containment venting 
capacity.  In addition, these various vent paths span a range of sizes.  Obviously, the preferred vent path 
would be a hard-pipe vent from the suppression pool airspace.  However, emergency operating 
procedures basically direct the control room operators to continue opening additional vent paths until the 
desired effect (i.e., reduce pressure in containment) has been achieved.  This might or might not include 
soft vent paths, and would definitely be dependent on the details of the severe accident.  The second 
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question is on the consequence of containment venting (or containment failure).  Given venting by a soft-
vent path, or containment failure, what would be the resulting environmental conditions in the reactor 
building, and more importantly, how would vital safety equipment located in the reactor building be 
affected. 

There are two considerations for evaluating the operability of injection equipment located in a reactor 
building subject to the severe environment that might result from containment failure or venting.  First is 
the obvious issue of equipment qualification.  Potential concerns are typically electrical connections and 
junction boxes.  However, for the steam-turbine driven pumps (i.e., HPCI and RCIC) the other factor to 
consider is the increased temperature in the reactor building that can result from containment failure or 
venting can activate a steam line break signal causing an isolation of the steam line to the pump turbine.  
This isolation typically occurs when the ambient temperature reaches 200oF. 

Determining likely containment failure locations (and potential vent paths) relative to the locations of 
the relevant coolant injection equipment, as well as the configuration of the reactor building (e.g., open 
stairwells and closed doors) is a very plant-specific process.  Therefore, to maintain this issue as tractable 
the simple assumption is, containment failure from overpressure can result in one of two failure 
mechanisms.  Either the drywell head leaks or the containment wall ruptures.  If the drywell head leaks, 
the harsh environment is produced in the refueling bay and reactor building equipment is nominally 
available.  If the containment wall ruptures, all equipment in the reactor building is assumed to be failed.  
For containment venting, if a hard-pipe flow path is used, all reactor building equipment is assumed to be 
nominally available.  If a soft path (e.g., HVAC duct work) is used, all reactor building equipment is 
assumed to be failed. 

3.1.3 Saturated Water in Suppression Pool 
Overpressure conditions in containment would likely imply (in accident sequences where the core and 

RPV are still intact) saturated conditions in the suppression pool.  Once containment is vented (or failed) 
the drop in pressure inside containment would produce boiling of the SP water.  This could result in the 
cavitation of any pump taking suction from the SP.  Any pump not designed for two-phase flow would 
probably fail.  Some PRAs credit the possibility of the control room operators being able to vent 
containment in a controlled fashion such that bulk boiling of the SP water is prevented. 

For this issue, if the containment is vented or fails, the reduction in pressure (combined with the high 
temperatures expected at the time) will result is the suppression pool water becoming saturated.  
Assuming the pumps that are taking suction from the suppression pool are not capable of pumping two-
phase water, then they will fail.  There are two qualifiers to this scenario: first, it appears that most HPCS 
pumps are capable of pumping two-phase water (this should be verified).  Second, some licensee PRAs 
postulate that the containment can be vented in a controlled manner such that saturated conditions in the 
suppression pool can be avoided.  However, given that venting the containment in a controlled manner is 
not something that can be practiced, and is likely to be highly variable and dependent on the specifics of 
the severe accident, the likelihood of successfully avoiding saturated conditions in the suppression pool 
would seem to be very low. 

For the SPAR models the assumption will be, if the containment fails as a result of overpressure, then 
the suppression pool is unavailable as a source of water for late injection.  If the containment is vented, 
there is a small chance (10%) that it could be vented in a manner to prevent bulk boiling and maintain 
sufficient net positive suction head for the pumps taking suction from the suppression pool. 

3.1.4 Injection Line Integrity 
Catastrophic failure of containment from overpressure can result the failure of injection lines.  The 

concern is that the physical forces on the containment structure caused by the catastrophic overpressure 
failure can result in the failure of the injection lines that pass through the containment wall.  For the 
SPAR models, two containment failure mechanisms are considered.  The drywell head might leak or the 
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containment wall could rupture.  If the DW head leaks, no adverse impact is assumed on the injection 
lines penetrating the containment wall.  If the containment ruptures, there is assumed a 50%-50% chance 
that the physical forces that result will fail the injection lines. 

3.2 Issue Resolution 
A modeling framework that accounts for these issues is presented below and displayed graphically in 

the CONT-OP event tree, which is shown on Figure 3-1.  The first four top events on the CONT-OP event 
tree delineate the various cases that can occur and basically summarize the relevant characteristics and 
actions that are currently modeled in the existing level-1 SPAR models.  The remaining top events 
represent modeling that would be new to the SPAR models, and identify the various outcomes for late 
coolant injection. 

Quantifying the branch probabilities for each top event listed below is problematic.  The objective is 
to estimate the availability of injection after containment failure (or venting) for each and every BWR in 
the U.S. industry.  Performing a detailed analysis for each and every BWR will be an expensive and time 
consuming endeavor.  For the purpose of exercising and demonstrating this framework, the branch 
probabilities are simply the result of engineering judgment that is based on a review of available 
information including:  interim SOARCA program results, NUREG-1150 program results, Generic Letter 
88-20 submittals, and some updated licensee PRAs (a tabulation of extracted information is included as 
Appendix B).  In addition a number of MELCOR code calculations were performed for the Peach Bottom 
plant (a selection of MELCOR results are included as Appendix C). 

 
CONT-OP – Potential Consequences of BWR Containment Failure/Venting on Coolant Injection. 
 
Event Tree Assumptions/Logic 
 
CONT-OP:  Initial condition is an overpressure inside containment.  This implies containment/decay heat 
removal has failed, but emergency coolant injection is operating.  The core remains covered, but the 
containment environment and the suppression pool water continue to heat-up, and the pressure inside 
containment continues to increase.  Ultimately, containment will either be vented by the control room 
operators or it will fail.  Coolant injection can be accomplished by a various mechanisms, but RCIC is not 
likely to be one since as the containment pressure rises, the steam turbine exhaust back-pressure will 
exceed the trip set-point for RCIC.  HPCI turbine exhaust pressure set-point is typically high enough that 
tripping on exhaust pressure is not a concern. 
 
RCS-PBF:  This is a boundary condition for determining the path of later branches – is the reactor coolant 
pressure boundary intact?  If RCS is intact, then RCS is at high pressure.  If RCS is not intact, then RCS 
is at low pressure. 
 
DEPRESS-F:  If RCS is at high pressure, do the control room (CR) operators depressurize the system 
using ADS?  If successful, then RCS is at LP; if failure, then RCS is at high pressure. 
 
CST-EMPTY:  One prerequisite for maintaining core integrity before the containment fails is to provide a 
means of refilling the CST.  Basically, if the CST drains-down and empties, then core damage will 
precede containment failure.  For containment failure to precede core damage then water inventory in the 
CST must be maintained.  This event tree model presumes a means to maintain water inventory in the 
CST is available.  Hence the failure of this event is set to FALSE (i.e., probability of the CST being 
empty is zero) in the SAPHIRE model. 
 
CONT-FAILS:  At this point the CR operators are assumed to have the opportunity to vent the 
containment to prevent an overpressure failure of the containment structure.  Success implies the 
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containment is vented by the CR operators.  Failure means containment is not vented and subsequently 
fails from overpressure.  If previously the RCS was successfully depressurized by the CR operators using 
ADS, then failure to vent containment will first result in the ADS valves being forced closed by the 
increasing pressure in the containment atmosphere prior to containment failing from overpressure.  
Typically, this takes place at about 100 psia, or whenever the ambient pressure reaches the pressure in the 
instrument air (or nitrogen supply) used for operating the ADS valves.  When the ADS valves are forced 
closed, the RCS will re-pressurize prior to containment failure.  Also, if containment fails from 
overpressure, then the suppression pool is near saturation conditions.  At a pressure of 100 psi, the 
saturation temperature is approximately 325 degrees F.  At this temperature, any pump taking suction 
from the suppression pool will likely fail. 
 
SP-SAT:  If containment is vented then the resulting rapid decrease in containment pressure would likely 
result in the suppression pool (SP) water becoming saturated.  If the SP water is saturated then the pumps 
taking suction from the SP would likely experience damage from cavitation and consequently fail.  
However, if the containment pressure was reduced in a controlled manner, it might be possible for the CR 
operators to prevent the suppression pool water from becoming saturated.  This top event accounts for the 
possibility that the CR operators vent containment in a controlled manner such that saturated conditions in 
the SP water are avoided and the pumps taking suction from the SP do not experience cavitation. 
 
RB-STM:  BWR containment venting can be accomplished using a variety of potential vent paths from 
containment.  These paths range is size (for Peach Bottom, for example) from 2 inches to 18 inches.  In 
addition, some of these vent paths are hard-pipe paths that could withstand the high internal pressures 
expected, while other paths are only duct-work that would certainly rupture when experiencing internal 
pressures of only a few psi.  Lastly, emergency operating procedures will typically not specify a particular 
vent path the operators should use, but often just list the potential vents paths (in order of most desirable 
to least desirable) and leave it to the operators to decide how far down the list to go.  Therefore, given the 
large variability in conditions possible from just a single severe accident, it is impossible to predict which 
of the vent paths will be ultimately used and whether venting is limited to a hard-pipe that directs the 
effluent to the outside, or if a duct-work path is also used that ruptures and allows the adverse conditions 
inside containment to propagate into the reactor building.  If the harsh conditions enter the reactor 
building (either from a ruptured vent path or from containment failure), vital equipment located there 
could be threatened (this issue is addressed in top event L-ECI-F – Late Emergency Coolant Injection). 
 
L-ECI-F:  There are two potential failure scenarios for late emergency coolant injection.  First, if 
containment failed or was vented in an uncontrolled manner, it is assumed the challenge to containment 
integrity was from overpressure.  This then implies the generation of (primarily) steam inside 
containment, which in turn leads to the conclusion that the suppression pool water was close to saturated 
conditions.  Therefore, if the containment pressure was rapidly reduced (from containment failure or 
uncontrolled venting), the water in the suppression pool likely became saturated resulting in cavitation of 
any pump taking suction from the suppression pool (i.e., emergency coolant pumps).  Cavitation is 
assumed to lead to pump failure.  Second, if the harsh environmental conditions inside containment enter 
the reactor building (either from a ruptured vent path or from containment failure) it is possible vital 
equipment (such as components needed for coolant injection, particularly the related electrical 
components) could fail.  Again, large variability exists in possible failure locations (i.e., entry point for 
the steam entering the reactor building, either from a ruptured vent path or from containment failure).  
Therefore even in a plant-specific application, it is very difficult to predict specific local environments 
within the reactor building. 
 
L-ACI-F:  There are two basic situations accounted for here.  One is where all alternate coolant injection 
is nominally available, and the second is when the reactor building is steam-filled as a result of 
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containment failure or venting (i.e., rupture vent path).  In the second case it is assumed that only alternate 
coolant injection equipment located outside of the reactor building is nominally available. 

3.3 Results 
The containment overpressure event tree (CONT-OP) was quantified for the six cases expected to 

arise in the SPAR BWR level-1 models.  These six cases are: 

 
Case-1:  The RCS pressure boundary is intact (e.g., no LOCA large enough to depressurize the RCS) but 
is depressurized by the control room operators using primary system relief valves and the containment is 
successfully vented. 
 
Case-2:  Similar to case 1 with the RCS intact, but initially depressurized by the CR operators.  However, 
containment venting is not successful and the pressure inside containment continues to rise such that the 
relief valves used to depressurize the RCS are forced close by the high ambient pressure.  Consequently 
the RCS re-pressurizes.  Containment eventually fails from overpressure with the RCS pressure high. 
 
Case-3:  The RCS is intact and there are no actions taken by the control room operators to depressurize 
the RCS.  Consequently, the RCS is at high pressure and remains at high pressure (until the reactor 
pressure vessel fails).  The containment is vented by the control room operators. 
 
Case-4:  Similar to case 3 in that the RCS is intact and not depressurization, so the RCS pressure remains 
high, but the containment is not vented and ultimately fails from overpressure.  Note that in terms of the 
status of relevant plant characteristics, case 4 results in a state very similar to that for case 2.  The only 
difference being for case 2 the RCS was depressurized, but then re-pressurizes, whereas in case 4 the RCS 
starts at high pressure and remains at high pressure. 
 
Case-5:  The RCS pressure boundary has failed resulting in low pressure in the primary coolant system.  
Since RCS pressure is already low, ADS and operator actions to depressurize are moot.  For this case, 
containment venting has been successful.  Functionally, this case results in the same plant status as case 1 
(i.e., RCS at low pressure and successful containment venting). 
 
Case-6:  Similar to case 5 in that the RCS pressure boundary has failed resulting in low pressure in the 
primary system.  However, no containment venting occurs, which ultimately leads to containment failure 
from over-pressurization. 
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Table 3-1.  Summary of late injection status cases. 
Case RCS Initial 

Status 
ADS Relief Valves Containment 

Status 
1 Intact-HP ADS successful, RCS at LP Vented 
2 Intact-HP ADS initially successful but high 

containment pressure forces valves 
closed, RCS at HP 

Not vented, 
containment fails 

3 Intact-HP No depressurization, RCS at HP Vented 
4 Intact-HP No depressurization, RCS at HP Not vented, 

containment fails 
5 RCS pressure 

boundary failed, 
RCS at LP 

N/A Vented 

6 RCS pressure 
boundary failed, 
RCS at LP 

N/A Not vented, 
containment fails 

 
 
Table 3-2.  Late injection status by case. 
Late 
Injection 
Status 

Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 

LI-AA 0.05 -- -- -- 0.05 -- 
LI-AE 0.025 -- -- -- 0.025 -- 
LI-HH -- -- 0.05 -- -- -- 
LI-HX -- -- 0.025 -- -- -- 
LI-NA 0.45 0.9 -- 0.9 0.45 0.9 
LI-NE 0.475 -- -- -- 0.475 0.09 
LI-NH -- -- 0.45 -- -- -- 
LI-NN -- 0.01 -- 0.01 -- 0.01 
LI-NX -- 0.09 0.475 0.09 -- -- 
Notation for end states:  LI-XY 
LI = Late Injection. 
X = Status of normal emergency coolant injection (ECI).  

H - High pressure system nominally available; 
L - Low pressure systems nominally available; 
N - No ECI nominally available; 
A - All ECI nominally available. 

Y = Status of alternate coolant injection (ACI). 
H - High pressure ACI nominally available; 
X - High pressure ACI outside reactor building nominally available; 
E - Only those systems external to the reactor building are nominally available; 
N - No alternate coolant injection nominally available; 
A - All ACI nominally available. 
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Figure 3-1.  Status of late coolant injection after containment failure or venting 

Notes for figure 1: Notation for end states:  LI-XY 
LI - Late Injection. 
X = Status of normal emergency coolant injection.  H - High pressure system nominally available; L - Low pressure systems nominally available; N - no ECI nominally available; 
A - all ECI nominally available. 
Y = Status of alternate coolant injection.  H - High pressure ACI nominally available; X - High pressure ACI outside containment nominally avaiable;  E - only those system 
external to the reactor building are nominally available; N - no alternate coolant injection nominally available; A - all ACI nominally available.   
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CONT-FAILS
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Containment

SP-SAT

Containment Vented in 
unControlled Manner

RB-STM

Cont. Venting Fails Rx 
Bldg Equip

CF-OP

OverPress Results in 
Containment Failure

INJ-LINES-F

Injection Lines Failed by 
Containment Rupture

L-ECI-F

Late Emergency Coolant 
Injection

L-ACI-F

Late Alternate Coolant 
Injection

# End State
(Phase - PH1)

Frequency
(Phase - PH1)

Comments
(Phase - PH1)

Over-Press. in Cont.                            

RCS at HP                            

RCS at LP                            

CST refilled      

CASE 1: Cont. Vented w ith RCS at LP      

Controlled Venting (0.1)                            

Rx Bldg clear (0.5)                            avail.                            avail.                            1 LI-AA 0.05 Case-1

Steam in Rx Bldg (0.5)                            

ECI avail. (0.5)                            ext-RB ACI avail.                            2 LI-AE 0.025 Case-1

Steam fails ECI (0.5)                            ext-RB ACI avail.                            3 LI-NE 0.025 Case-1

Venting Not Controlled (0.9)                            

Rx Bldg clear (0.5)                            ECI fails                            avail.                            4 LI-NA 0.045 Case-1

Steam in Rx Bldg (0.5)                            ECI fails                            ext-RB ACI avail.                            5 LI-NE 0.045 Case-1

Case-2: Cont Press Closes ADS RCS at HP Cont Fails      

Dryw ell Head Leak (0.9)       ECI fails                          avail.                          6 LI-NA 0.9 Case-2

Rupture (0.1)      

Inject Lines Survive (0.9)      ECI fails                            ext-RB HP-ACI avail.                            7 LI-NX 0.09 Case-2

Inject Lines Fail (0.1)      ECI fails                          all ACI fails                          8 LI-NN 0.01 Case-2

CD before CF      9 LI-CD CD before CF

RCS at HP                            

CST refilled      

Case-3: Containment Vented RCS at HP      

Controlled Venting (0.1)                            

Rx Bldg clear (0.5)                            HP-ECI avail.                            HP-ACI avail.                            10 LI-HH 0.05 Case-3

Steam in Rx Bldg (0.5)                            

HP-ECI avail. (0.5)                            ext-RB HP-ACI avail.                            11 LI-HX 0.025 Case-3

Steam fails ECI (0.5)                            ext-RB HP-ACI avail.                            12 LI-NX 0.025 Case-3

Venting Not Controlled (0.9)                            

Rx Bldg clear (0.5)                            ECI fails                            HP-ACI avail.                            13 LI-NH 0.45 Case-3

Steam in Rx Bldg (0.5)                            ECI fails                            ext-RB HP-ACI avail.                            14 LI-NX 0.45 Case-3

Case-4: Cont Fails RCS at HP      

Dryw ell Head Leak (0.9)      ECI fails                          avail.                          15 LI-NA 0.9 Case-4

Rupture (0.1)      

Inject Lines Survive (0.9)      ECI fails                            ext-RB HP-ACI avail.                            16 LI-NX 0.09 Case-4

Inject Lines Fail (0.1)      ECI fails                          all ACI fails                          17 LI-NN 0.01 Case-4

CD before CF      18 LI-CD CD before CF

RCS at LP                            

CST refilled      

Case-5: Containment Vented      

Controlled Venting (0.1)                            

Rx Bldg clear (0.5)                            avail.                            avail.                            19 LI-AA 0.05 Case-5

Steam in Rx Bldg (0.5)                            

ECI avail. (0.5)                            ext-RB ACI avail.                            20 LI-AE 0.025 Case-5

Steam fails ECI (0.5)                            ext-RB ACI avail.                            21 LI-NE 0.025 Case-5

Venting Not Controlled (0.9)                            

Rx Bldg clear (0.5)                            ECI fails                            avail.                            22 LI-NA 0.45 Case-5

Steam in Rx Bldg (0.5)                            ECI fails                            ext-RB ACI avail.                            23 LI-NE 0.45 Case-5

Case-6: Containment Fails      

Dryw ell Head Leak (0.9)      ECI fails                          avail.                          24 LI-NA 0.9 Case-6

Rupture (0.1)      

Inject Lines Survive (0.9)      ECI fails                            ext-RB ACI avail.                            25 LI-NE 0.09 Case-6

Inject Lines Fail (0.1)      ECI fails                          all ACI fails                          26 LI-NN 0.01 Case-6

CD before CF      27 LI-CD CD before CF
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Appendix A 
Proposed SPAR Model Treatment of Loss of Offsite 

Power and Station Blackout. 
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Proposed SPAR Model Treatment of Loss of Offsite 
Power and Station Blackout 

Jerry Phillips, 
John Schroeder 

 
The following is a summary of how the SPAR Models comply with the guidance in the EPRI report 

on the “Treatment of Loss of Offsite Power  (LOOP) in Probabilistic Risk Assessments: Technical Basis 
and Guidelines” Draft Report Dated October 2007 (Rev.D).   

The numbering system is the same used by the EPRI report.  Where possible the EPRI Guideline is 
listed first, followed by a paragraph indicating how the SPAR models comply with the guideline.  

 
EPRI Report Section 3 - PRA Modeling 

 

3.1 Initiating Events and Recovery:  Initial LOOP 

3.1.1 LOOP Definition 

3.1.1.3 Guideline 
The required attributes of the LOOP events are: 

• A reactor scram occurs 

• Loss of the main generator as a viable AC source 

• All offsite AC power to the evaluated unit is unavailable 
(Manual alignments to restore AC power to buses on the unit would be considered 
in response to the scram and loss of AC power) 

• The cause of the LOOP is the result of an “internal events” modeled event.  This 
includes: 

– Plant Centered 
– Switchyard Centered 
– Grid Centered 
– Weather  
– Extreme Weather  
The weather induced LOOPs that are included in the analysis are those weather events 
that have resulted in a unit LOOP event and have not resulted in failure of a safety 
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related structure.  Weather events of a severity that cause both a LOOP and significant 
damage to a safety related structure are considered to be treated in the external events 
analysis. 

Multi-Unit LOOP:  The above conditions applied to more than one unit. 

Not included are partial loss of offsite power events.  These are excluded from this 
guidance document although many of the insights are expected to apply. 

SPAR Models:  

The SPAR models have event trees for grid-related, plant-centered, switchyard 
centered, weather-related, and in some cases extreme-weather LOOP initiators.  The 
initiator definitions and frequencies are provided by NUREG/CR-6928.  External events 
models exist for a few SPAR models.  If external events models have been developed, 
then the LOOP initiators are defined in accordance with the above guidance.    

Multiple unit effects are addressed by modeling common unit equipment, and by using 
conditional probabilities for a site-wide LOOP.  The conditional probabilities of site-
LOOP are also provided by NUREG/CR-6890, Table 6-4. The conditional LOOP events 
are placed in the supporting ac power fault trees so as to fail shared equipment and 
cross-ties that might be required by the other units during a site-wide LOOP event.  

3.1.2 Types or Causes of LOOP Events 

3.1.2.3 Guideline 
Group LOOP initiating events in terms of plant response, success criteria, timing, and the 
challenge to operators.  Per ASME,  AVOID subsuming events into a group unless: (i) the 
impacts are comparable to or less than those of the remaining events in that group, AND 
(ii) it is demonstrated that such grouping does not impact significant accident sequences. 

 

SPAR Models: 

The SPAR models separate the causes of LOOP according NUREG/CR-6890, Volumes 
1 and 2.  The SPAR model development staff considers these documents to represent 
state-of-the-art groupings.  

3.1.3 LOOP Frequency  

3.1.3.3 Guideline 
Guideline: Use NUREG/CR-6890 generic data (or equivalent) to support a Bayesian 

update process for the calculation of LOOP initiating events by the following 
causes: 

 Generic Prior(2) Plant Specific 
Evidence 
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Plant Centered Nationwide Plant 

Switchyard Centered Nationwide Plant 

Weather Related(1) Nationwide Plant 

Grid Related Regional Plant 

___________________ 

(1) For at-power; the shutdown frequency can use the coastal vs. 
non-coastal priors. 

(2) Use Nationwide averages where little statistical differences are 
seen: 

  At-power: 
− Plant centered 
− Switchyard centered 
− Weather 

  Use region (reliability council) averages for grid-related. 

For weather induced events, there is a requirement to be clear regarding 
where the treatment of extreme weather is to be performed, i.e., as part of 
the internal events analysis or as part of the external events hazard analysis. 

For the purposes of this guideline, the following approach is adopted. 

Weather induced failure of offsite AC power is derived from the data 
consistent with NUREG/CR-6890.  Only exclusions are those weather 
conditions observed to fail both offsite AC sources and significant safety 
related mitigation equipment or structures.  These are treated as external 
hazard LOOP events and are not included in the internal events PRA. 

For all plant specific assessments, the following should be considered: 

• Events occurring during shutdown should not be screened unless they 
involved situations that cannot occur at-power.  

• Multi-Units sites should differentiate events as single or multi-unit 
events. 

• Initiating event recovery (i.e., AC Power Recovery) is modeled 
separately. 

• Discounting of older events should not occur unless significant 
operational changes have occurred to make the event less relevant.   

 SPAR Models: 
The SPAR models use the industry-averaged initiating event frequencies and LOOP 
durations from NUREG/CR-6890 for plant centered, switchyard centered, grid related 
and weather related LOOP.  The above considerations are reflected in these 
documents.  The SPAR models do not attempt to apply plant-specific LOOP 
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frequencies and durations.  NUREG/CR-6890 does make the case that plant-specific 
frequencies and durations may be justified by reliability council.  In the future the SPAR 
models should be modified to use the plant-specific reliability council data as 
recommended above.  The use of a Bayesian update procedure could also be applied.  
However, each units operating experience is already in the industry-averaged values.  
To avoid a double counting of a given units operating history, the recommended 
procedure would be to use the industry-averaged values as a starting point, and 
Bayesian update the data with just the plant experience that has accumulated since the 
data snapshot represented in NUREG/CR-6890 (or in NUREG/CR-6928, which 
represents a later snapshot).  

3.1.4 LOOP Duration 

3.1.4.3 Guideline 
Use the NRC report (NUREG/CR-6890) or equivalent and applicable quality analysis 
which provides offsite AC power recovery information by cause category.  These durations 
are judged sufficient and acceptable for application to all plants given that a LOOP 
initiator of the cause category has occurred. 

SPAR Models: 

The SPAR models use NUREG/CR-6890 ac power duration/recovery curves.  

3.1.5 Conditional LOOP 

3.1.5.3 Guideline 
Develop an appropriate model for the probability of a LOOP event coincident with other 
initiators.  Recommended conditional LOOP probability is 2E-3/demand for any initiating 
event resulting in a Scram without a coincident LOCA signal.  Recommended conditional 
LOOP probability is 2E-2/demand for any initiating event resulting in a Scram with a 
coincident LOCA signal.   

The conditional LOOP to be used should be: 

 Scram (no LOCA signal) = 2E-3/demand 

 Scram Signal and LOCA Signal = 2E-2/demand 

SPAR Models: 

The SPAR models have historically used functional initiator frequencies.  This implies a 
small double counting of the frequency of general transient events, and of LOOP events 
that were root-cause transients, but because of the subsequent development of the 
conditional LOOP, became LOOP events.  The historical approach produces a 
dramatically smaller number of sequences than alternate approaches that attempt to 
resolve the conditional LOOP events with event tree and fault tree logic, and only the 
use of root-cause initiators.  The SPAR models did not historically try to evaluate LOOP 
conditional on LOCA initiators. 
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The prototype SPAR models developed to aide in evaluating this guidance consider 
conditional LOOP given a transient initiator, and conditional LOOP given a LOCA 
initiator.  The probability of the former is 5.3E-3 and is based on reactor trip data from 
1997 – 2004 which resulted in LOOP events (pg. 51 of NUREG/CR-6890).   The 
probability of LOCA induced LOOP is 2E-2 as recommended above.   
 
The approach applied in the prototype models is expected to be applied to all the SPAR 
models at some point in the future.  However, the consequence of this approach is a 
very large number of new sequences that substantially increase solve times while not 
producing significant new cut sets.  Experience with the prototype models suggests that 
the value of this approach is questionable.  It is recommended that future SPAR models 
contain the event tree and fault tree logic to implement this requirement fully, but 
comment out the resulting new sequences once it has been demonstrated that they 
contain no significant new cut sets. 

  

3.1.6 Multi-Unit Effects 

3.1.6.3 Guideline 
(a) A multi-unit site needs to be evaluated regarding the influence of single and 

multi-unit LOOP events as appropriate.  The types of site configurations 
include: 

– Alternate 1:  Sites with a single ring bus that supplies power to all units 
onsite.  Loss of offsite AC power causes loss of AC power to all units. 

– Alternate 2:  Sites with multiple transformers which supply individual units 
with their own offsite AC power connections such that a single unit can lose 
offsite AC power while AC power remains available to the other unit.  (Cross 
ties inside the plant may still be available to restore AC power to the unit 
that has lost AC power.) 

If the assessment concludes that not all units are necessarily affected, then use 
available plant specific or generic data to quantify the conditional probability of 
a multi-unit LOOP event. 

The second alternative has been evaluated in NUREG/CR-6890. 

(a) Multiple unit LOOP events (e.g., multi unit) are estimated from the generic 
data in NUREG/CR-6890.  These data are considered appropriate for the 
assessment of whether the LOOP initiator is a single unit or multiunit event.  
Use the conditional probability of a multi-unit LOOP event to assess the 
condition of the plant given a LOOP initiator.  The conditional probability of 
the multi-unit effect varies with the cause of the LOOP. 

SPAR Models: 

The switchyard equipment, transformers, cross ties, etc., are modeled to a greater 
extent now than in the past which is designed to reflect multiunit effects and make the 
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models comply with this guideline.  The data from NUREG/CR-6890 is used for multi-
unit LOOP events to assess the status of the other plant(s) on site given a LOOP 
initiator (implementing the second alternative above). 

3.2 Success Criteria 
LOOP and SBO accident sequence evaluations have generally been performed considering time 
dependent effects explicitly in the sequence modeling. 

The success criteria developed for the PRA model generally applies equally to the LOOP/SBO 
modeling.  However, there are a number of supplemental sequence specific and time dependent 
items that must be addressed. These include: 

• Timelines 

• Thermal Hydraulic Analysis 

• Mission Time 

• DC System capabilities without AC Power Available 

• Instrumentation Available without AC Power Available 

• Evaluation of room heatup 

• Impacts on Operator Reliability 

• Support for AC Recovery 

• Operation of Steam-Driven Systems 

• Operation of Systems after AC power restored 

• Coincident LOCA 

• Initial Alignments 

• Containment Isolation status 

While many of these issues are discussed in more detail under the Accident Sequence, HRA, 
and Systems topics, the key considerations for success criteria topic involve event timing and 
adjustments to mission time that may be required. 

3.2.1 Timelines 

3.2.1.3 Guideline 
Establish various discrete time intervals to capture the variations that could occur during 
the LOOP/ SBO development.  The development of the discrete time intervals will then 
help to establish the major intervals that should be captured in the logic model to represent 
the accident scenarios in a realistic manner.  For example, the following timelines could be 
established: 

• 0-60 seconds - Initial LOOP or partial LOOP:  For LOOP definition see section 3.1.1.1.  
(This is generally subsumed into the initial 30 min. to 60 min. time interval.) 
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• 0-1 hours - Onsite AC power Response:  A distinction is made for SBO and non-SBO 
events. 

− SBO: - All onsite AC power systems fail to start and/or run. 

− Non-SBO – Establish minimal combination of AC sources (e.g., one of four DGs) 
required to mitigate the LOOP.  

• 0-4 hours - Core Cooling Systems Response: Initial makeup from turbine driven 
systems available without AC power.  Several issues must be addressed in this time 
frame. 

− Battery life may need to be extended by successful load shedding. 

− Actions for alternative room cooling or cabinet cooling may need to be taken to 
ensure continued system operation 

− Environmental impact on SSCs which challenges their mission time. For further 
details see Section 3.2.3 

• 0-4 - Initial response to SBO: Initial RPV pressuriztion may lead to SORV.  Recirc/RCS 
pump seal leakage may result due to LOOP/SBO related loss of seal cooling. 

• 0.5-24 hours - Extended LOOP with Onsite AC Recovery:  Several issues must be 
addressed in this time frame. 

− The restart of equipment as diesels restore power may result in pumps starting 
following drain down due to loss of keep full system, leakage past valves, or pre-
existing conditions with open valves.   
Potential for water hammer is generally considered low, as is the conditional 
probability of any system failure due to a water hammer. 

− Certain SSCs will not be available because AC being is provided by onsite sources 
with limited capacity and/or line-up capability.  

− Safe stable conditions must be maintained with only onsite AC sources until offsite 
power is recovered.  In addition, stability must be maintained even without recovery 
of offsite power (e.g. a single DG with 24 hour mission time).  

• 4-8 hours Long-term SBO (DC power available): Extending the availability of DC 
supported systems capability to inject but other factors would cause them to fail. 

− Recirc/RCS pump seal leakage may result due to LOOP/SBO related loss of seal 
cooling.  This would lead to depressurization and impact the steam driven systems. 

− Without room cooling, turbine driven pumps may isolate steam line temperature 
sensors or fail. 

− For BWRs, degrading containment conditions may directly compromise equipment 
operability or alternatively EOP directions (e.g., Emergency Depressurization) may 
compromise turbine driven equipment. 
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• 8-12 hours Extended SBO (after loss of DC power): Injection systems may be lost 
without AC power recovery during this interval or continued operation without DC 
power may need to be established via alternate means.   

− Alternate injection systems (e.g., low head or lower capacity pumps) may be capable 
of providing continued core cooling at the beginning of this time phase.  

− Additional requirements for room cooling or containment heat removal may need to 
be established to ensure continued operation of capable injection systems. 

• 0-24 hours - Post-Core Damage:  Mitigation timing within the RPV. A distinction is 
made for accident sequences that could result in radionuclide release at various times 
relative to the time for a General Emergency declaration.  This declaration can be site 
specific and the time for subsequent evacuation is also site specific.  Early core damage 
(1-4 hours) versus late core damage (>4 hours)  

 
SPAR Models: 
The existing SPAR model documentation does not fully comply with this guideline.  
Tables have been developed that describe some of the elements required here.  
However, the referenced documentation that is available for SPAR development is not 
sufficient to support a plant-specific discussion of all the elements required.  NRC-
supported MELCOR models are now available for a very limited number of plants.  To 
some extent the calculations performed using the available models can be used as a 
surrogate for many of the remaining plants.  However, it is not anticipated that the  
SPAR models will ever be fully compliant with this guidance. 

3.2.2 Thermal Hydraulic Analysis 
 

3.2.2.3 Guideline 
Guideline: Using the deterministic analysis tool for the plant, specify accident sequence 
scenarios to support: 

• Success criteria over the mission time 

• RPV and containment conditions during the mission time 

• Establishing cues for operator actions 

• Establishing times for automatic system actuations or trips 
The scenarios defined need to be realistic unless they are designed to subsume a spectrum 
of events and then they are to encompass the “conservative” response of the plant. 

Guideline: Develop a plant specific T&H model that can be used to model RPV and 
containment conditions during an SBO. 

Critical Input Variables 
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• Initial pool temperature (BWRs) 

• Initial RWST/CST temperature 

• RPV / S/G pressure control strategy 

• Other procedural guidance 

• Battery life 

• RCP/Recirc pump seal leakage as a time dependent function of RPV 
pressure 

Critical Output Variables 

• RPV/Pressurizer water level 

• Containment (or Drywell) temperatures and pressures 

• Suppression pool temperatures (BWRs) 

• RPV pressure 

• RWST/CST level 

Guideline: Develop the T&H results for the following: 

• RPV collapsed water level in the core region 

• Highest nodal temperature 

• Containment conditions 
– DW/T (BWRs) 
– SP/T (BWRs) 
– Temperature 
– Pressure 

• RPV pressure 

• Injection flow 
 
SPAR Models: 
MELCOR models developed by the US NRC are available for a very limited number of 
plants.   These MELCOR models are sufficiently detailed to support this guideline.   The 
NRC is using these models to validate success criteria used in the SPAR models.  
However, it is not expected that the existing models will provide thermal hydraulic 
calculations applicable to more than a handful of plants.  Plant class similarities can be 
used to extend the results to additional plants but complete coverage for all the SPAR 
models is not realistic.  Therefore, at best, the SPAR models can only partially comply 
with this guidance without excessive reliance on licensee MAAP runs.  (Runs not 
currently provided to NRC in any event). 
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Using MELCOR calculations to inform HRA calculations per this guidance is desirable.  
However, SPAR-H is not so sensitive to timing considerations that anything would be 
gained by implementing this guideline with respect to the SPAR HRA. 

3.2.3 Mission Time 

3.2.3.3 Guideline 
Develop an appropriate set of mission times to reflect critical operator actions and 
component requirements. Document the bases for the mission times.  Ensure that safe 
stable accident sequences have mitigation capability for the entire 24 hour sequence 
mission time. 

SPAR Models: 

SPAR model success criteria is such that the modeled success paths will result in an 
end state that is safe and stable at 24 hours.   No particular basis for this is 
documented.  No credit is given for component mission times less than 24 hours in 
sequences where a stable end state may be reached before 24 hours.   This is largely 
to avoid having to use multiple fail-to-run events for a given component, which obscures 
importance measure calculations.    

Station blackout sequences are the notable exception.  In the past, development of 
SBO sequences was truncated with recovery of ac power.  The new SPAR models 
developed to comply with this guidance do include SBO modeling out to a full 24 hours.  
However, like the conditional LOOP modeling mentioned early, this is of questionable 
value.   It creates many additional sequences that are difficult to model (because of the 
required flag set manipulations) and time consuming to quantify.  It is recommended 
that future SPAR models contain logic to quantify the full 24 hour mission in recovered 
SBO sequences, but the sequence logic be commented out after demonstrating that no 
significant cut sets are generated by the full 24 hour mission logic.  

3.2.4 DC System Capabilities Without AC Power Available  

3.2.4.3 Guideline 
Develop and justify a realistic battery life for each battery credited in the model.  Include 
battery life values in the development of PRA model time phases. 

Battery life can be established by any of the following alternatives: 

• First Priority Option:  Use a realistic calculation of loads on the battery for an SBO 
condition 
a) with no DC load shedding 
b) with DC load shedding 

• Second Priority Option:   Perform a battery discharge test to demonstrate the battery 
discharge life (Use the loads characteristic of an SBO during the test.) 
a) with no DC load shedding 
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b) with DC load shedding 

• Last Priority Option:  Use the SBO coping time documented as part of the UFSAR or 
SBO Rule response 

The battery life determination requires the identification of the following: 

• The point at which the battery is ineffective in adequately controlling the 
plant/component function (e.g., 105V DC for typical 125V DC systems) 

• Both 125V DC and 250V DC systems may need to be addressed 

• The assumptions regarding the initial battery conditions that need to be incorporated 
include: 

(a) Life characterization 
– “Good as New” 
– Mid life 
– End of life 

(b) Electrolyte temperature 
SPAR Models: 
The SPAR development team does not have the information or resources to make 
independent assessments of the battery depletion times as required by this guidance.   
The SPAR models do include the impact of battery depletion, but the depletion times, 
both with and without load shedding are obtained from licensee PSA information.   

3.2.5 Instrumentation Available without AC Power Available 

3.2.5.3 Guideline 
Develop a listing of instrumentation needs for scenario response and factor the availability 
of the required instruments into the HRA.  

SPAR Models: 

The SPAR models generally assume instrumentation is completely reliable, but do 
include HRA values for some manual actions (e.g., alignment for for decay heat 
removal) and for a limited number of recovery actions.  Although instrumentation is not 
specifically modeled, loss of ac power and eventual battery failure will cause a loss of 
components that depend on dc power for control and instrumentation.  In SBO 
sequences where loss of vital instrumentation is known to be an issue, the SPAR model 
HRA attempts to represent the impact through adjustment of the SPAR-H performance 
shaping factors.  However, SPAR-H is limited in its ability to represent this situation, and 
as a result the SPAR documentation of this situations is minimal. 
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3.2.6 Evaluation of Room Heatup 

3.2.6.3 Guideline 
Include the potential for room heat-up in systems analysis.  

SPAR Models: 

The SPAR models do not include a room heat-up analysis.  The models generally 
assume room cooling is required, and include the room coolers when the PSA includes 
the required support system information.  When the PSA documentation shows room 
cooling is not required, or the impact of heat up is less constraining than other sequence 
requirements (e.g., battery depletion during SBO), then the SPAR models will attempt to 
include logic similar to the PSA. 

The NRC’s MELCOR models include some room heat up modeling.  However, the 
number of plants covered by MELCOR models is extremely limited, and this is not 
expected to change in the near future.  So independent evaluation of room heat up does 
not appear possible in the near future.  

3.2.7 Impacts on Operator Reliability 

3.2.7.3 Guideline 
Include the scenario limitations such as loss of lighting, loss of instrumentation, and room 
heat-up in the HRA. 

SPAR Models: 

SPAR models include human error limitations due to loss of lighting, loss of 
instrumentation, and room heat-up, to the extent that these are known to be dominating 
issues in some sequences.  The SPAR models rely heavily on the PSA documentation 
and on the PSA cut sets to identify the appropriate basic events.  As mentioned above, 
SPAR-H has limited ability to model the impact of these issues.  As a consequence, the 
SPAR model documentation of this issue is minimal. 
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3.2.8 Support for AC Recovery 

3.2.8.3 Guideline 
Credit AC power recovery only for time phases which can be maintained by support 
systems. 

SPAR Models: 

The ac power recovery points in the SPAR LOOP/SBO models where originally based 
on issues identified in the NRC’s daily events manuals.  Later model revisions were 
made to incorporate issues identified in the NUREG-1150 studies and in the plant 
specific PSAs.  Current SPAR models also include logic to reflect capabilities 
associated with long term SBO scenarios.   

Independent assessment of support system requirements at the key timing points is not 
generally possible, so the SPAR models rely heavily on the PSA documentation to meet 
this requirement.   

The NRC’s MELCOR models provide some very limited validation of the resulting SPAR 
model timing points and support requirements for key SBO sequences.  The extent to 
which the existing MELCOR runs can be extended to plants for which a MELCOR 
model does not exist is unknown. 

3.2.9 Operation of Steam-Driven Systems 

3.2.9.3 Guidelines 
Develop and justify the basis for steam-driven system availability over the time phases 
considered in the model. 

SPAR Models: 

In previous versions of the SPAR models steam-driven systems were generally limited 
by the battery life in SBO scenarios.  In the current models, consideration is given to the 
possibility that steam-driven systems can be operated beyond battery life.  Additional 
information is required to support this application.  Suction source volume, room 
cooling, pump cooling, NPSH, and pump limits related to containment conditions are all 
considered.   Some independent analysis of the pump support requirements is possible 
using the NRC’s MELCOR decks.  However, the conclusions drawn from the available 
MELCOR models apply to only a few SPAR models.  The remaining models rely heavily 
on PSA documentation to justify steam-driven system operation over the time phases 
considered. 

The SPAR models do not include failure of the control room due to room cooling unless 
specifically mentioned in the plant documentation nor do the models assume the loss of 
switch gear rooms unless specifically mentioned in the plant documentation. 
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3.2.10 Operation of Systems after AC Power Restored 

3.2.10.3 Guideline 
Model the equipment and operator actions necessary for event mitigation in cases with AC 
power recovery. 

SPAR Models: 

SBO sequence development in the older SPAR models has been truncated following 
successful recovery of ac power – either offsite power or a diesel generator.  The 
additional risk contribution arising from equipment failure following recovery of an ac 
power source has been considered small.   Current models designed to comply with this 
guidance include equipment required to achieve a full 24 hour mission following 
recovery of offsite power (no extended development following emergency power 
recovery).  This has proven complicated to model and resulted in substantially 
increased compute times.  Also, the original assumption has been justified in that very 
little addition to core damage frequency has resulted.   

3.2.11 Coincident LOCA 

3.2.11.3 Guideline 
BWRs 

For recirculation seal leak effects, see Section 3.2.9. 

For SORVs induced during the event or as the cause of the event, an explicit accident 
sequence evaluation considering the SORV should be included.  This requires: 

• Deterministic calculations that assess the time available for AC recovery 
– With HPCI, RCIC, or ICs available 
– With no inventory maintenance system available 

• An HRA and LOOP recovery evaluation of actions based on these times available 

PWRs 
Include an explicit accident sequence evaluation for stuck open pressurizer PORV and 
RCS pump seal failure induced small LOCAs caused by plant response to SBO events.  
This requires: 

• An assessment of plant response to LOOP for potential pressurizer PORV opening 

• An estimate of the likelihood of a PORV sticking open 

• Use of accepted RCS pump seal LOCA modeling (see section 3.4.7) 

SPAR Models: 

The SPAR models include the recommended sequence development.   The SPAR 
models consider the conditional LOOP given a LOCA (2E-2 is used for a plant trip and 
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with a LOCA).  The success criteria and recovery times for these sequences are 
independently verified by NRC MELCOR calculations for the plants for which the NRC 
has MELCOR models.  Because of the limited coverage of these calculations, PSA 
documentation is generally relied on to inform the development of these sequences.  

3.2.12 Initial Alignments 

3.2.12.3 Guideline 
Consider the impact of alternate initial system alignments to impact mitigation equipment 
or operator action.  

SPAR Models: 

SPAR model development does not include any independent assessment that would 
meet this guideline.   The SPAR models do not consider the possibility of system drain 
down and subsequent water hammer in the RHR system following a loss of power to 
the RHR pumps.  The only time these issues are addressed is when the benchmark 
process identifies them as important to a specific license model.  In such cases the PSA 
documentation would be used to develop a SPAR representation for the issue.  

3.3 Accident Sequence Development 
This subsection addresses the modeling of accident sequences that involve LOOP initiated 
sequences or sequences involving a station blackout.   

The primary focus is on addressing the critical aspects of the accident sequence models which 
reflect LOOP/SBO related items affecting structure or probability of events.  These critical 
features can be included in either the event trees or fault trees.  The mix of how this integration is 
performed is considered an analysts choice dependent on: 

• Software approach 

• Degree of desired visibility of the sequence display 

• Reliance on fault trees to reflect the dependencies 

3.3.3.2 Time Lines 
Guideline: Develop a set of timelines for plant response to LOOP/SBO scenarios that 
account for both success and failure states of key mitigation equipment and related 
operator actions.  Ensure the PRA logic model reflects an accurate representation of the 
timelines. 

SPAR Models: 

The SPAR model documentation includes tables documenting the basis for key timing 
points used in the development of the SBO sequences.  The tables are not as detailed 
as this guideline intends they should be.   Plant-specific time lines are difficult since the 
development team does not have access to detailed plant information.  To the extent 
that this information is available in the PSA documentation, it is used.  For example, we 
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generally know what the PSA staff believes the battery life is with and without load 
shedding.  However, we seldom have detailed room heat-up rates and times.    

NRC MELCOR calculations are currently being used to inform development of the SBO 
timelines.  However, the resulting plant-specific coverage is limited.  Also, the current 
model documentation package will be improved by including an expanded timeline 
representation. 

3.3.3.2 Conditional LOOP  
Guideline: Model the potential for a LOOP event conditional on other non-LOOP 
initiating events.  Link the conditional LOOP logic to relevant initiators and postulated 
equipment failures to group any variances in expected grid challenge magnitude. (See 
Section 3.1.5) 

SPAR Models: 

See section 3.15 for this discussion.  

3.3.3.3 LOOP-LOCA  
Guideline: Explicitly model the potential for LOCA conditions that are conditional on 
LOOP/SBO scenarios (See Section 3.2.11). 

SPAR Models: 

The SPAR models contain sequence development for stuck open relief valves and 
Recirculation/RCS pump seal leakage following a LOOP/SBO event.  Also see 
discussion for Section 3.2.11.  

3.3.3.5 Dual Unit Events  
Guideline: Dual Unit sites should account for shared equipment capacity as well as 
procedural and staffing requirements for any cross-tie alignments credited. 

SPAR Models: 

The SPAR models include dual unit equipment to the extent that the PSA 
documentation describes it.  No independent verification of the information is performed 
by the SPAR development staff. 

3.3.3.6 Recovery  
Guideline: Develop failure to recover AC logic consistent with the time frames 
supported by plant equipment.  Consider all necessary support equipment for AC power 
recovery.  (See Sections 3.1.4, 3.2.8, 3.6.5) 

SPAR Models: 

The SPAR models use data-driven recovery curves from NUREG/CR-6890 to derive ac 
power non-recovery probabilities.  The times available for recovery are determined from 
the timeline development referred to in previous guidance elements.   Lighting and 
habitability issues are not addressed in the SPAR models.  The current SPAR models 
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assume dc power will be available (i.e., no recovery credit is allowed after battery 
depletion) to provide instrumentation and breaker control for restoration of ac power.  
SPAR models designed to comply with this guidance, and to include consideration of 
extended SBO success may extend the SBO timeline beyond the battery depletion time.   
In these cases PSA documentation will have to be relied on to determine if adequate 
supports are available for recovery, and the standard applied will by how the PSA 
documentation complies with the guidance provided in the EPRI document. 

3.3.3.7 Post-Recovery  
Guideline: Model equipment and operator actions that must be successful in order to 
support safe shutdown following AC recovery. 

SPAR Models: 

See Section 3.2.3.3.  Basic mission success requirements for a full 24 hour mission are 
now implemented in models designed to comply with this guidance  

3.3.3.8 Emergency Diesel Generators (EDGs) 
Guideline: Develop adequate support system logic to ensure EDG operation in credited 
modes.  Only credit the EDG with supporting other equipment when it has been 
demonstrated that capacity, alignment configuration, and procedures have been addressed.  
(See Section 3.4.2 and the treatment of EDG run time in Appendix F.) 

SPAR Models: 

Diesels and diesel dependencies are included in the SPAR models.  The dependencies 
are derived from the PSA documentation dependency matrices when available.  Typical 
dependencies include dc power and service water.  Other dependencies are included 
case-by-case as required by the PSA documentation.  

3.3.3.9 Circular Logic 
Circular logic occurs when different logical nodes rely on each other.  This creates an endless 
loop of logic linking the two nodes and renders the model incapable of quantification.  

The best example is the DC Power-AC Power relationship at most plants.  DC power is required 
to start EDGs and operate AC breakers.  AC power is required to maintain charging to DC 
power.  Breaking this logic loop is usually performed by creating short term and long term DC 
Logic nodes.  The short term node consists of the batteries and buses only and does not contain 
any AC power links.  This node is linked as a support system to the related AC nodes such as 
fast transfer, EDG start, and EDG load breaker closure.  Since these nodes do not require DC 
power success for more than a few minutes at the start of a transient, the short term node 
requirement is adequate.  The long term DC node would be linked into the model for frontline 
functions such as SRV/PORVs, ECCS initiation, etc.  In this way the short term and long term 
functionality of DC power is propagated throughout the model in an appropriate way that 
eliminates circular logic restrictions.   

Another common circular logic limitation occurs when EDGs require forced cooling.  EDGs 
support forced cooling systems such as service water and forced cooling systems such as service 
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water, in-turn, commonly provide component cooling for the EDGs.  This circular logic is 
typically eliminated by “cloning” the AC logic structures and eliminating the service water 
inputs.  These cloned AC logic structures are then linked, as appropriate, to the service water 
node alone and the original AC logic structures are linked to all other nodes that require AC.  
Care needs to be taken to maintain the relationship between the original and “cloned” logic gates.  
If a model modification is warranted, it needs to be applied, as appropriate, to both the original 
and “cloned” logic. 

Alternately, in the RISKMAN modeling approach, functional MACROs can be constructed to 
effectively “OR” each node in the model as required.  This allows the model to “ask” each node 
separately, as required.  This eliminates the circular logic by eliminating the explicit link 
between the nodes. 

SPAR Models: 

Logic loops are addressed in the SPAR models.  Generally the loops are created by the 
dc power and service water dependencies.  Most models require just the dc bus and 
batteries be available to start the diesels (not the charging components and resulting ac 
power path back to the diesels).  The service water loops are usually broken by 
including just the service water components as a support to the diesels, with no ac 
power path back to the diesels.  In cases where there are cross-tied service water 
headers, the logic loop may be broken lower in the logic circle by including specific 
diesel dependencies (but not the full ac power path) to the service water pumps that 
support the diesels. 

3.3.3.10 Use of Design Basis Criteria 
Guideline: Provide a realistic assessment of the plant coping capability.  (See Section 
3.2) 

SPAR Models: 

Battery life is obtained from the plant design information in the FSAR or PSA 
documentation.  Room heat-up calculations are not performed as discussed above, but 
where applicable it is assumed that equipment is lost if room coolers fail.  

3.3.3.11 Special Pre-Initiating Event Alignments 
Guideline: The efforts for the development of the logic model should include a review of 
alternate plant alignments that can affect system response, success criteria, or timing.  (See 
Section 3.2.10) 

SPAR Models: 

The alternate alignments included in the SPAR models are related to rotating normally 
operating and normally standby redundant trains to balance component wear.  Other 
alternate plant alignments may be included if described in the plant PSA documentation 
and there is reason to believe they are significant to the model (perhaps as indicated in 
past benchmarking efforts).  
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3.3.3.12 Partial LOOP 
Guideline: Sequence development should consider the need to model loss of a single 
offsite source as an initiating event. 

SPAR Models: 

The SPAR models do not include loss of a single offsite power source as a specific 
initiating event.  Equivalent scenarios are developed in the conditional LOOP logic.  A 
general transient that becomes a LOOP may be a partial LOOP if specific switchyard 
and power distribution components included in the OEP fault tree fail.  The SPAR 
models, in most cases, also include loss ac bus initiators.  In these cases the affected 
bus is generally one of the emergency power division buses, and no ac power recovery 
credits are provided for the affected bus.   

3.3.3.13 RPV Repressurization 
Guideline: Consider the potential for RPV/RCS repressurization when low pressure 
conditions are required for long-term operation of credited systems. 

SPAR Models: 

The affects of repressurization are implied in the SBO event tree logic.  Typically 
recovery of ac power must be accomplished before containment conditions would force 
closure of the SRVs and result in repressurization of the reactor.  Since most SBO 
sequences have been ended with success or failure of recovery of ac power at the end 
of battery life, this has not been a significant issue.  New models that may develop the 
SBO logic out to 24 hours, and may allow recovery of ac power after battery depletion 
need to be more careful about implementing this guidance.  The NRC MELCOR 
calculations are being used to inform the SPAR models on this point.  However, 
MELCOR model coverage is limited at this time. 

3.3.3.14 Consideration of Safe and Stable Endstate 
Guideline: Success throughout a defined mission time should include the requirement 
that equipment as well as plant conditions are stable.  (See Section 3.2.) 

SPAR Models: 

The SPAR model success criteria are such that the plant is in a safe and stable end 
state by the completion of a 24 hour mission (or the sequence would be considered 
core damage).  Components that may be required for only a portion of this time are still 
required to operate for 24 hours.  An important example is the diesel generators.   
LOOP/SBO scenarios require diesel support for the full 24 hours, even though some 
sequences my resolve to either core damage, or to success by recovery of offsite power 
long before 24 hours.  The conservatisms in this approach are then reduced somewhat 
by applying a convolution method to cut sets containing diesel fail-to-run events.  
Components that may not sufficient for a 24 hour mission without operator action (e.g., 
refill of the CST) include operator action to address the shortcoming.  In most such 
cases the PSA documentation must inform this element, because the SPAR team will 
typically not have the information to make an independent determination.  
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3.3.3.15 EOPs and Instrumentation to implement core cooling and plant cooldown 
Guideline:    Incorporate plant-specific considerations of SBO EOPs.  Consider 
instrumentation impacts caused by LOOP/SBO and verify that accident sequence logic 
adequately addresses relevant challenges. Ensure that equipment and operator actions are 
credited within the conditions expected and are consistent with procedural direction 
including EOPs.  (See Section 3.2.5.) 

Table 3.3.4-1 Sample Table – Availability of Instruments During SBO 

Parameter Control Room (CR) Local 

Conditions With DC Available   

Narrow Range Level Yes No 

Wide Range Level No Yes (ASD Panel) 

Fuel Zone Level No Yes (ASD Panel) 

Rx Pressure  Yes Yes 

Torus Water Temperature No Yes (ADS Panel) 

Drywell Temperature No No 

RCIC/HPCI Flow No No 

Torus Level No Yes (ASD Panel) 

Conditions with DC Available   

Drywell Pressure No Yes (LTR-104) 

Torus Pressure No Yes (RCIC DC) 

Full Core Display (Overtravel in Lights) Yes No 

Annunciators No No 

HPCI Steam Pressure Yes No 

RCIC Steam Pressure Yes No 

CST Level No No 

Conditions With DC Failed/exhausted   

Mechanical Level Instrument No Yes 

Mechanical Pressure Instrument No Yes 
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SPAR Models: 

Instrumentation is not generally included in the SPAR models, and plant-specific EOPs 
are not generally available.  EOPs are available in a few cases (e.g., Peach Bottom trip 
procedures, and emergency procedure guidelines (EPGs) for some general classes of 
plants).  When the EOPs or EPGs are available they are used to inform model 
development.   Variations in the operator response within a class represented by the 
available EOPs and EPGs are captured through the benchmark process and review of 
the PSA documentation.  The result is the SPAR model operator response model tends 
to be very similar to the licensee model.  

3.3.3.16 Room Heatup 
Guideline: Ensure that room heatup is adequately addressed for all equipment credited 
for LOOP/SBO sequence response.  Ensure credit taken in each scenario time phase is 
consistent with room heatup requirements.  (See Section 3.2.6) 

SPAR Models: 

Room heatup calculations are not done.  Room cooling is an assumed support system 
requirement for most ECCS components, and room cooling equipment is typically part 
of the fault tree models.  Exceptions are based on licensee dependency matrices.  No 
independent evaluation is possible.    

In the future, NRC MELCOR calculations may inform the development of a few models.    

3.3.3.17 Post-Recovery 
Guideline: Model equipment and operator actions that must be successful in order to 
support safe shutdown following AC recovery. 

SPAR Models: 

See Section 3.2.3.3.  Conservative success criteria are now being implemented for the 
period between recovery of ac power and the full 24 hour mission..  

3.3.3.18 Consideration of Safe and Stable Endstate 
Guideline: Success throughout a defined mission time should include the requirement 
that equipment as well as plant conditions are stable.  (See Sections 3.2.2 and 3.2.3.) 

SPAR Models: 

See Section 3.2.3.3  The SPAR models use 24 hour as a mission time.  

3.3.3.19 AC Recovery After Core Damage  
Guideline: Post-Core damage AC power recovery should be addressed in CETs and 
should include considerations of radionuclide impact on equipment and operator actions 
required to provide critical mitigative functions.  (See Sections 3.8.1, 3.8.2) 

SPAR Models: 
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The SPAR models do not generally develop sequences beyond the point of core 
damage.   There are two SPAR models that include elements of a Level II analysis.  
These models do question ac power after core damage .  

3.3.3.20 Containment Event Trees (CETs) 
Guideline: CET logic should address LOOP/SBO sequence characteristics.  (See Section 
3.8.) 

SPAR Models: 

As above, the SPAR models are Level I core damage models.  The two exceptions that 
include Level II elements have very abbreviated CETs.  

3.4 System Modeling 
There are a myriad of plant specific configurations that may influence the LOOP/SBO response.  
Some of these configurations are subsumed into the generic data associated with LOOP initiating 
events.  Sorting out the configuration specific items that are unique and can be separately 
modeled from the available data can be a difficult task.  The following subsections present a 
discussion on significant systems within the LOOP/SBO accident type.  These include: 

• Offsite Power Connections 

• Onsite AC Power Sources 

• DC Distribution 

• Steam Driven Safety Systems (See Section 3.2) 

• Fire Protection System 

• “Black” Capable Containment Venting 

• “Black” Capable RCIC/AFW 

• Reactor Coolant System Pump Seal Integrity 

3.4.1 Offsite Power Connections 

3.4.1.3 Guideline 
Model equipment related to offsite power to a level consistent with available data as well as 
expected uses of the model. 
Support systems for equipment that is maintained by outside organizations must be 
accounted for if it limits the offsite AC recovery time. 

The available AC power recovery data may double count much of the switchyard 
equipment.  This is judged to be a small incremental addition.  

SPAR Models: 
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The SPAR models developed to comply with this guidance contain startup transformers, 
auxiliary transformers, and circuit breakers between site and offsite power and the 
emergency buses.  Fast bus transfer is modeled.  In cases where offsite resources are 
used to mitigate SBO sequences, the PSA documentation is used to inform this 
guidance  element.  

3.4.2 Onsite or Local AC Power Sources 

3.4.2.3 Guideline 
Develop realistic models for onsite and local AC power supplies that include the following: 

• Equipment reliability 

• Equipment availability 

• Effect of grid, plant centered, switchyard, or weather related impacts on the generation 
and transmission of power (includes building adequacy) 

• Common cause failure effects 

• Operator reliability and capability given the LOOP/SBO sequences 

For shared equipment, the following additional guidelines apply: 

• Confirm that the test or maintenance unavailability of the shared diesel represents the 
unavailability of the diesel when the subject unit is at power (i.e., not shutdown) 

• Assess the probability that the diesel may align to the other unit and not be initially 
available for AC power support to the unit being evaluated.  (Use 0.5 probability of 
diesel alignment to the opposite unit to minimize the maximum error). 

• Evaluate the procedures for diesel alignment to determine if sharing the diesel between 
plants is proceduralized. 

• Interview the crew and trainers to determine if the crew would attempt to share the 
diesel given no procedures. 

• Evaluate the load carrying capability of a single diesel to carry the necessary loads 
under LOOP conditions.  If it is possible to overload the diesel, ensure that an operator 
action to control the loading of the diesel is included in the assessment. 

 
SPAR Models: 
The SPAR models have detailed models of local ac power supplies.  Equipment 
reliability is based on generic failure rate data from NUREG/CR-6928.  Effect of grid, 
plant centered, switchyard, or weather related impacts on transmission of power is 
included.  Common cause and operator reliability are included in LOOP/SBO events.  
Diesel alignment is based on information extracted from the plant PSA documentation.  
If the SPAR model is representing a plant at a multi-unit site the status of the other units 
is considered when determining shared equipment availability.  No crew interview are 
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performed.  Operator actions that are plant specific are identified through the 
benchmark process and incorporated into the SPAR model on a case-by-case basis.   

3.4.3 DC Distribution 

3.4.3.3 Guideline 
• Model equipment related to DC Distribution to a level consistent with available data as 

well as expected uses of the model. 

• Account for battery depletion time in the logic model (fault or event tree) with 
procedural directed load shed actions and without success of those actions. 

 
SPAR Models: 
The DC power fault tree models are to this level of detail.  Battery depletion time is 
accounted for in the SBO event trees.  Load shedding is usually modeled if the licensee 
is taking credit for it and documenting it in the PSA documentation.  

3.4.4 Steam-Driven Safety Systems (Black Operation) 

3.4.4.3 Guideline 
Guideline: Explicitly model equipment related to Steam-Driven Safety Systems (i.e., 
RCIC, HPCI, Emergency Condenser, AFW) to a level consistent with available data as well 
as expected uses of the model.  Include failure modes related to system operation as well as 
those related to the challenges caused by LOOP/SBO scenarios. 
Establish the mission time for the mitigation equipment on a sequence specific basis. 

Incorporate plant conditions that feedback to influence the operation, operability, or 
availability of the steam driven systems. 

Review the issues related to steam driven systems discussed in Section 3.2.9 as they affect 
success criteria and mission time. 

SPAR Models: 

Steam-driven safety systems are modeled in SPAR with the required supporting 
systems to a level consistent with available generic data.  Mission time of 24 hours is 
included in the models.  Conditions such as torus temperature are considered in the 
models.   The newest SPAR models have logic to credit “Black Operations” of steam-
driven systems.  However, there is considerable skepticism about the success potential 
at USNRC.  Therefore the SPAR models that have logic for black operation typically 
assign a very high human error probability to the action.  Additional credit beyond the 
default would depend on the extent to which the PSA documentation follows this 
guidance, and on the credibility given the proposed action by USNRC staff. 
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3.4.5 Diesel Driven Low Pressure Makeup (Fire Protection Systems) 

3.4.5.3 Guideline 
Guideline: Model equipment related to mitigation of loss of offsite power to a level 
consistent with available data as well as expected uses of the model. 

The PRA modeling must address: 

• Procedural and training guidance 

• Access 

• Timing 

• Capacity 

• Sequence specific issues (e.g., Level 2 complications) 

• Back pressure 

• Support systems for FPS, valves, RPV, and S/G pressure control 
 
SPAR Models: 
Diesel Driven Low Pressure Makeup (Fire Protection Systems) are evaluated in the 
SPAR models to the extent they are described in the plant specific information.  The 
information required for an independent assessment that complies with this guideline is 
not typically available.  

3.4.6 Containment Venting including “Black” Capable Configurations 

3.4.6.3 Guideline 
Guideline: Model equipment related to containment venting to a level consistent with 
available data as well as expected uses of the model. 

 

 

SPAR Models: 

New SPAR models that include prolonged SBO credits include black containment 
venting logic.  By direction from the NRC containment venting by “black operation” is not 
given significant credit (i.e., the associated operator action is set to TRUE).  

3.4.7 Reactor Coolant System Pump Seal Integrity 

3.4.7.3 Guideline 
Guideline: Consider PWR Reactor Coolant System Pump Seal Integrity and BWR 
Recirculation Pump Seal Integrity to a level consistent with available data as well as 
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expected uses of the model.  Construct failure models consistent with the time phases 
established in the accident sequence modeling. 

SPAR Models: 

Both PWR and BWR seal leakage is being included in models.  Industry leak rate data 
is used when available, along with pump capacities, tank volumes, etc. to obtain timing 
of the transients.  

3.4.8 Development of Switchyard Fault Tree 

3.4.8.3 Guidelines  
1. Use industry historical data to characterize the LOOP frequency. 

2. Consider augmenting the LOOP characterization by inclusion of the major 
switchyard components and breakers to allow on-line maintenance assessments to 
identify potential significant changes in plant configuration affecting offsite AC 
power reliability/availability. 

3. Avoid double counting of failures in the combined data/detailed model 

SPAR Models: 
 
The best available industry data is used for LOOP frequency.  Major switchyard 
components are modeled.  Plant configurations associated with maintenance actions 
are not modeled unless they were found to be prominent in the benchmark process.  
Potential double counting of failures in the combined data is not addressed. 

3.4.9 Support Systems 

3.4.9.3 Guideline 
Establish the mission time for accident sequences and then confirm that either the support 
systems or alternative procedural actions support the mission time of the front line systems. 

SPAR Models: 

Room cooling, compressed gas systems, and DC power systems are modeled.  
Lighting systems are not modeled.  Control room ventilation systems are modeled if 
mentioned in the plant specific documentation.  Support system requirements are 
informed by the licensee dependency matrices whenever possible. 

3.5 Human Reliability Analysis 

3.5.3 Guideline 
Guideline: Use generally accepted HRA methodologies and application practices 
appropriate to the characteristics of the LOOP/SBO. These include consideration of 
timing, multiple operations, and operational environment. 
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The HRA should consider the positive and negative performance shaping factors that may 
influence the calculation of Human Error Probabilities (HEPs).  The following inputs are 
desired: 

• There may be competing tasks 

• There may be a substantial overload in work 

• All resources both onsite and offsite are focused on assisting in the safe shutdown of the 
plant 

SPAR Models: 

The human actions included in the SPAR model consist of both pre-accident failures to 
restore systems following test or maintenance, and post-accident failures to align 
systems, to control or operate systems, and to recover system hardware failures. Pre-
accident failures to restore systems following test or maintenance are quantified using 
generic ASEP data, data from NUREG-1150 studies, and engineering judgment.  Post-
accident actions are quantified using SPAR-H.  SPAR-H is not sensitive to some of the 
required inputs, although there is enough flexibility in interpreting the performance 
shaping factors that SPAR-H generally yields human error probabilities equivalent to the 
licensee values for equivalent operator action events. 

3.6 Data Analysis  

3.6.1 Data Inputs – Random Component Failures 
 No guidelines were listed for this section so the EPRI report for Alternatives was retained.  

3.6.1.2 Alternatives  
Data analysis for LOOP/SBO sequences is similar to other aspects of the PRA with one notable 
exception.  Analysts should consider collecting Diesel Generator data with mission response in 
mind.  The first hour of EDG operation is markedly distinct from subsequent hours of operation 
due to two factors: 1) most EDG tests last on the order of an hour and, thus, experience from 
operation during the first hour dominates available data, and 2) unlike other active components 
in the PRA, such as pumps and fans, the EDGs have a complicated set of component failure 
modes which can vary in terms of the time of occurrence.  Some of these time dependent failure 
modes include: jacket water heatup, operation day tank fuel makeup, and air intake fouling.   

In recognition of this potentially noteworthy factor, some PRA analysts have grouped EDG 
failure data using the following modes: 

• EDG fails to Start (/demand) 

• EDG Fails to Run During the First Hour of Operation (/hr) 

• EDG Fails to Run After the First Hour of Operation (/hr) 

This grouping allows the collection of data to mirror available data and allows the analyst to 
model some delineation of the time-dependent nature of EDG failure modes.  Further, it allows 
for the assignment of greater parametric uncertainty to longer-term EDG operation in recognition 
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of the more limited experience data for longer term missions which are typically only undertaken 
once per cycle. 

Other similar grouping approaches can be used to explore this potential relationship.  One 
another approach would be to group first hour run failures with the failure to start failure mode.  
This allows the potential variance in reliability over time to be explored and is simpler to 
implement.  However, this treatment has a drawback in that it limits the ability to explore the 
significance of short term operation of the EDG, as initial operation may be more critical (i.e., if 
EDGs operate long enough to support post-trip recovery of RPV or SG level, there is a 
noteworthy benefit in terms of time to core damage).  This approach may also complicate the 
application of recovery factors.     

SPAR Models: 

The majority of failure rate data was developed and documented in NUREG/CR-6928, 
which is industry average (generic) data.  The EDG failure rates in the SPAR models 
are developed per the above guidance. 

3.6.2 Common Cause Data Between EDG and Alternate AC Sources 

3.6.2.3 Guideline 
Guideline:  Establish the common features as described above between the onsite AC 
sources and use available data, if available to characterize the dependent failure 
probabilities, otherwise use reasonable CCF terms between the multiple sources. 

Examples: 

• CCF values for diverse onsite power sources could be as low as 0.05 

• CCF values for similar onsite power sources could be as high as 0.5. 
 
SPAR Models: 
The NRC’s CCF database is the source of the alpha factors used in the SPAR models.  
The CCF database is well populated with EDG events, so the SPAR CCF probabilities 
should be considered state of the art. The SPAR models tend toward the conservative 
in modeling CCF groups, for instance, including CCF both HPCS diesel and main 
emergency power division diesel in the same CCF group. 

3.6.3 EDG Run Data 

3.6.3.3 Guideline 
Select an EDG modeling approach and corresponding EDG run failure rate that 
realistically models the mission time for the EDG to respond to LOOP events.  This would 
include consideration of offsite AC power recovery. 

SPAR Models: 
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NUREG/CR-6928 data is used for EDG failure rates.  The interaction between EDG fail 
to run and offsite power recovery is determined using the convolution integral approach, 
applied to a 24 hour diesel mission.  

3.6.4 EDG Unavailability for Multi-Units with Shared EDGs 

3.6.4.3 Guidelines 
Ensure that the restrictions on the use of a shared EDG are correctly encompassed in the 
probabilistic modeling. 

SPAR Models: 

Models include the likelihood of EDGs being used on either unit when appropriate. As 
described in previous paragraphs, some units have very large EDGs that could supply 
both units if needed.  The likelihood that a EDG may be in maintenance and any 
restriction is modeled as documented in the plant PSA documentation.   

3.6.5 EDG Repair and Recovery 

3.6.5.3 Guidelines 
The plant specific EDG repair data can be used if sufficient to support the quantitative 
characterization.  If not, then a generic data source can be used if the data is applicable.  
The following repair probability is recommended: 

RECOMMENDED VALUES FOR ONSITE AC POWER 
RECOVERY (CUMULATIVE) 

 
Cumulative Probabilities for 

Failure to Recover 

Time (Hr) NUREG/CR-6890 

0.5 (1) 

2 0.648 

3 0.556 

4 0.483 

6 0.374 

15 0.143 

24 0.063 

 
 

This repair probability is equally applicable to random EDG failures and common cause 
EDG failures. 
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SPAR Models: 

The SPAR models currently use an updated version of this curve based on ROP data 
for unplanned (single) EDG outages. 

3.7 Quantification Sensitivity 
The purpose of the sensitivity calculations is to provide decision makers and PRA analysts with 
typical issues that may influence the LOOP contribution to risk.  By identifying the issues and 
the approximate quantitative effect associated with varying critical impacts, the decision makers 
and PRA analysts can make informed decisions regarding the need for plant specific PRA 
analysis, sensitivity evaluation, or additional deterministic effort to justify realistic impacts for 
battery life, etc. 

LOOP/SBO sequences do not require different quantification techniques from other accident 
sequence types.  However, modeling assumptions and uncertainties for LOOP/SBO scenarios 
are, in many cases, quite unique from other types of scenarios included in a PRA model.  Some 
consideration of these aspects of the model is important to help guide analyst decision-making 
taken throughout all aspects of model development.  Examples of assumptions and contributors 
to uncertainty that are more noteworthy to LOOP/SBO scenarios are: 

• DC Battery Life 

• Battery Common-Cause Failure Probability 

• DC Load Shedding Operator Action 

• Steam-Driven System Availability 

• EDG Availability 

• EDG Common-Cause Failure Probability 

• Recirc/RCP Pump Seal Failure 

• LOOP Frequency 

• Conditional LOOP Probability (i.e., given 
another plant transient) 

• Offsite Power Recovery Time Frame 

• EDG Recovery Time Fframe 

• Diesel Fire Pump Flowrate to RPV/SG 

• Manual Alignment of Steam Driven 
Systems Given Battery Depletion 

These cases were investigated for a typical PWR and BWR.  For the typical BWR and PWR 
plants used here, the SBO contribution represents 41% of total CDF for the typical BWR and 14 
% for the typical PWR used in this example analysis. 

SPAR Models: 

SAPHIRE is cable of performing extensive sensitivity.  This sensitivity is most useful on 
a plant specific basis.  Thus far the recommended detailed sensitivity analysis is not 
required by the US NRC.  
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Appendix B 
Selected BWR Plant Characteristics 
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	   Brunswick	  

Units	  1	  &	  2	  
Brown's	  

Ferry	  Units	  1,	  
2	  &	  3	  

Cooper	   Hatch	  Unit-‐1	   Peach	  
Bottom	  

Pilgrim	   Monticell
o	  

Duane	  
Arnold	  

La	  Salle	  

Containment	  Type	   Mark-‐I	   Mark-‐I	   Mark-‐I	   Mark-‐I	   Mark-‐I	   Mark-‐I	   Mark-‐I	   Mark-‐I	   Mark-‐II	  
Containment	  constructor	   	   Pittsburgh-‐

Des	  Moines	  
Steel	  (PDM)	  

	   	   Chicago	  
Bridge	  and	  
Iron	  (CBI)	  

	   	   Chicago	  
Bridge	  
and	  Iron	  
(CBI)	  

	  

Rx	  Design	  Series	   	   BWR/4	   	   	   	   	   	   	   BWR/5	  
High	  Pressure	  ECCS	   HPCI	   HPCI	   HPCI	   HPCI	   HPCI	   	   HPCI	   HPCI	   HPCS	  
Containment	  Design	  Pressure	  (psig)	   62	   56	   56	   56	   56	   56	   56	   56	   45	  
Containment	  max	  internal	  pressure	  (110%	  of	  
design)	  

	   	   62	   	   	   	   62	   62	   	  

Design	  Temperature	  of	  Drywell	  (ºF)	   300	   281	   281	   281	   281	   	   281	   281	   340	  
Drywell	  Free	  Volume	  (ft3)	   164,100	   159,000	   145,430	   146,240	   175,800	   	   134,200	   130,000	   229,538	  
Pressure	  Suppression	  Chamber	  Design	  Pressure	  
(psig)	  

62	   56	   56	   56	   52	   	   56	   56	   45	  

Pressure	  Suppression	  Chamber	  Design	  
Temperature	  (ºF)	  

220	   281	   281	   281	   281	   	   281	   281	   275	  

Pressure	  Suppression	  Chamber	  Free	  Volume	  (ft3)	   124,000	   119,000	   109,810	   110,950	   127,700	   	   108,250	   	   165,100	  
minimum	   	   	   	   	   	   	   	   94,070	   	  

gross	   	   	   	   	   	   	   	   155,570	   	  
Pressure	  Suppression	  Pool	  Water	  Volume	  (ft3)	  -‐	  
min.	  

87,600	   85,000	   87,650	   87,660	   123,000	   	   77,970	   58,900	   128,800	  

maximum	   89,750	   127,800	   91,100	   	   	   	   	   61,500	   131,900	  
Pressure	  Suppression	  Pool	  Water	  depth	  (feet),	  
minimum	  

11.8	   	   	   	   	   	   	   10.1	   	  

maximum	   12.2	   	   	   	   	   	   	   10.4	   	  
Pressure	  Supp.	  Pool	  Water	  surface	  (ft2),	  minimum	   9,590	   	   	   	   	   	   	   	   	  

maximum	   9,630	   	   	   	   	   	   	   	   	  
Containment	  Vented	  at	  Drywell	  Pressure	  of	  (psig)	   70	   	   	   	   60	   	   	   	   	  
Containment	  Failure	  Pressure	  (Utimate)	  (psig)	   120	  /	  108	   140	   	   	   150	   	   	   140	   140	  

	   	   	   	   	   	   	   	   	   	  
Cont.	  Press.	  at	  which	  ADS	  valves	  forced	  closed	  
(psig)	  

	   	   93	   	   	   70	   	   	   64	  
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	   Brunswick	  
Units	  1	  &	  2	  

Brown's	  
Ferry	  Units	  1,	  

2	  &	  3	  

Cooper	   Hatch	  Unit-‐1	   Peach	  
Bottom	  

Pilgrim	   Monticell
o	  

Duane	  
Arnold	  

La	  Salle	  

	   	   	   	   	   	   	   	   	   	  
Rx	  Coolant	  System	  fluid	  volume	  (ft3)	   	   	   	   	   13,412	   	   	   	   	  
Rx	  Core	  Power	  (before	  uprate)	  (MWt)	   2,436	   3,293	   2,381	   2,436	  	   3,293	  	   	   1,464	  	   1,593	   	  
Rx	  Core	  Power	  (after	  uprate)	  (MWt)	   2,923	   3,458	   	   	   3,514	  	   	   	   1,912	   	  
Date	  uprate	  effective	   	   	   	   	   	   	   	   2001	  	   	  

	   	   	   	   	   	   	   	   	   	  
CST	  water	  volume	  (gallons)	  dedicated	  to	  HPCI-‐RCIC	   	   135,000	   2	  x	  

50,000	  
	   	   	   	   75,000	   	  

Main	  CST	  water	  volume	  (gallons)	   	   350,000	   450,000	  
+	  
700,000	  

	   	   	   	   2	  x	  
200,000	  

	  

	   	   	   	   	   	   	   	   	   	  
RCIC	  Turbine	  Exhaust	  High	  Backpressure	  Trip	  (psig)	  	   	   	   25	   	   50	   46	   	   	   	  
RCIC	  low	  steam	  supply	  pressure	  trip	  (psig)	   	   	   61	   	   75	   	   	   	   	  
RCIC	  turbine	  area	  temperature	  trip	  (F)	   	   	   195	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	  
HPCI	  Turbine	  Exhaust	  High	  Backpressure	  Trip	  (psig)	  	   	   	   150	   	   150	   150	   	   	   	  
HPCI	  low	  steam	  supply	  pressure	  trip	  (psig)	   	   	   107	   	   75	   	   	   	   	  
HPCI	  turbine	  area	  temperature	  trip	  (F)	   	   	   195	   	   200	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	  
	  	  	  from	  RWST	  via	  refueling	  water	  pumps	   	   	   	   	   yes	   	   	   	   	  
	  	  	  gravity	  feed	  from	  RWST	   	   	   	   	   yes	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	  
Wetwell	  Hardened	  Vent	   	   	   	   	   	   	   	   	   	  

size	  (inches)	   	   	   	   	   	   	   	   8	   	  
vent	  outlet	   	   	   	   	   	   	   	   offgas	  

stack	  
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Appendix C 
Selected MELCOR Results for Peach Bottom 
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	   6/28/2010	   MELCOR	  run	  date	   	   	  
	   	   TW	  with	  RCS	  depressurized	  at	  1	  hour	   	   	  
	   	   RCIC	  operates	  till	  8.3	  hours,	  CRD	  operates	  till	  CST	  empty	  (11	  hours)	   	   	  
	   	   When	  CST	  empties,	  SP	  water	  temp	  >	  RCIC	  NPSH	  limit	  and	  containment	  pressure	  =	  27	  psia	  
	   	   	   	   	  

Time	  
(sec.)	  

Time	  
(hrs.)	   MELCOR	  msg	   Notes	   Cont.	  Press.	  (psia)	  

	   	   	   	   	  1.01E+00	   0.00	   TOTAL	  LOSS	  OF	  AC	  POWER	  
	   	  1.01E+00	   0.00	   MSIVS	  CLOSE	  
	   	  1.01E+00	   0.00	   FEEDWATER	  TRIPS	  
	   	  1.01E+00	   0.00	   CRD	  HYDRAULIC	  SYSTEM	  TRIPS	  
	   	  1.01E+00	   0.00	   RECIRC	  PUMPS	  TRIP	  -‐	  START	  COASTDOWN	  
	   	  1.05E+00	   0.00	   REACTOR	  SCRAM	  SIGNAL	  
	   	  4.36E+00	   0.00	   downcomer	  level	  reaches	  low-‐level	  3	   0	  in.	  (172	  in.	  above	  TAF)	  

	  6.00E+02	   0.17	   downcomer	  level	  reaches	  low-‐level	  2	   -‐66	  in.	  (106	  in.	  above	  TAF)	  
	  6.02E+02	   0.17	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	  -‐	  start	   RCIC	  start	  
	  3.60E+03	   1.00	   START	  MANUAL	  DEPRESSURIZATION	  

	   	  3.60E+03	   1.00	   TOTAL	  LOSS	  OF	  AC	  POWER	  -‐	  recovered	   AC	  power	  recovered	  
	  3.60E+03	   1.00	   CRD	  HYDRAULIC	  SYSTEM	  TRIPS	  -‐	  recovered	   CRD	  re-‐started	  
	  4.12E+03	   1.14	   rpv	  pressure	  drops	  below	  lpi	  setpoint	  -‐	  400	  psig	   RPV	  pressure	  =	  400	  psig	  
	  9.53E+03	   2.65	   high	  drywell	  pressure	   2.5	  psig	  (?)	  
	  1.42E+04	   3.95	   Suppression	  Pool	  Heat	  Capacity	  Limit	  Exceeded	   RCS	  already	  depressurized	  
	  1.65E+04	   4.60	   DRYWELL	  SPRAYS	  INITIATION	  CRITERION	  MET	  

	   	  2.50E+04	   6.94	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	  -‐	  trip	   RCIC	  stop	  
	  2.50E+04	   6.95	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	  -‐	  start	   RCIC	  re-‐started	  
	  

	   	  
RCIC	  pump	  cycles	  off	  and	  on	  multiple	  times	  
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Time	  
(sec.)	  

Time	  
(hrs.)	   MELCOR	  msg	   Notes	   Cont.	  Press.	  (psia)	  

2.98E+04	   8.29	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	  -‐	  trip	  
RCIC	  stops	  and	  does	  not	  
start	  again	  (CRD	  running)	  

	  3.44E+04	   9.56	   HPCI	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT.	   info	  only,	  HPCI	  not	  running	  
	  3.58E+04	   9.95	   RCIC	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  RCIC	  not	  running	  
	  3.96E+04	   10.99	   CST	  WATER	  LEVEL	  BELOW	  5	  FEET	  

	  
27	  

3.96E+04	   10.99	   RCIC	  SUCTION	  ALIGNED	  TO	  SUPPRESSION	  POOL	   info	  only,	  RCIC	  not	  running	  
	  

3.96E+04	   10.99	   CRDH	  INJECTION	  SYSTEM	  FAILURE	  
CRD	  failure	  -‐	  End	  of	  all	  
injection	  

	  4.24E+04	   11.77	   RHR	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  LPCI	  not	  running	  
	  4.40E+04	   12.23	   LPCS	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  LPCS	  not	  running	  
	  5.27E+04	   14.64	   downcomer	  level	  reaches	  low-‐level	  1	   -‐171.7	  in.	  (at	  TAF)	   35	  

5.97E+04	   16.58	   GAP	  RELEASE	  IN	  ROD	  GROUP	  	  1,2,	  and	  3	   Core	  damage	  occurs	   43	  
6.04E+04	   16.79	   RCIC	  ISOLATION:	  LOW	  STEAM	  LINE	  PRESSURE.	   info	  only,	  RCIC	  not	  running	  

	  6.04E+04	   16.79	   HPCI	  ISOLATION:	  LOW	  STEAM	  LINE	  PRESSURE.	   info	  only,	  HPCI	  not	  running	  
	  6.08E+04	   16.88	   noble	  gas	  release	  from	  fuel	  exceeds	  gap	  inventory	  

	   	  6.13E+04	   17.02	   various	  structural	  failures	  in	  core	  
	   	  6.69E+04	   18.59	   RPV	  Water	  Level	  Drops	  Below	  Core	  Support	  Plate	  
	   	  6.76E+04	   18.79	   various	  structural	  failures	  in	  core	  
	   	  7.68E+04	   21.32	   CONTAINMENT	  FAILURE:	  START	  OF	  DW	  HEAD	  FLANGE	  LEAK	   DW	  head	  flange	  leak	  starts	   95	  

7.68E+04	   21.34	   RPV	  Lower	  Head	  Dries	  Out	  
	   	  7.84E+04	   21.78	   start	  of	  numerous	  deflagrations	  in	  volume	  411	  
	   	  9.35E+04	   25.98	   additional	  core	  structural	  failures	  
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7/12/2010 (a) MELCOR run date 

 TW 
 CST refill-on 
 CRD-on 
 RCIC-on 
 DW head-flange leak-off 
 Manual depress at 1-hour 
 

Time	  
(sec)	  

Time	  
(hrs)	  

Event	   	   	  

	   	   	   	   	  
1.01E+00	   0.00	   TOTAL	  LOSS	  OF	  AC	  POWER	   	   	  
1.01E+00	   0.00	   MSIVS	  CLOSE	   	   	  
1.01E+00	   0.00	   FEEDWATER	  TRIPS	   	   	  
1.01E+00	   0.00	   CRD	  HYDRAULIC	  SYSTEM	  TRIPS	   	   	  
1.01E+00	   0.00	   RECIRC	  PUMPS	  TRIP	  -‐	  START	  COASTDOWN	   	   	  
1.05E+00	   0.00	   REACTOR	  SCRAM	  SIGNAL	   	   	  
1.05E+00	   0.00	   REACTOR	  SCRAM	  ACTUATION	   	   	  
6.07E+02	   0.17	   downcomer	  level	  reaches	  low-‐level	  2	   -‐66	  in.	  (106	  above	  TAF)	   	  
6.08E+02	   0.17	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	   start	   	  
3.60E+03	   1.00	   START	  MANUAL	  DEPRESSURIZATION	   	   	  
3.60E+03	   1.00	   TOTAL	  LOSS	  OF	  AC	  POWER	   recovered	   	  
3.60E+03	   1.00	   CRD	  HYDRAULIC	  SYSTEM	  TRIPS	   re-‐start	   	  
4.12E+03	   1.14	   rpv	  pressure	  drops	  below	  lpi	  setpoint	  -‐	  400	  psig	   	   	  
9.17E+03	   2.55	   scram	  signal:	  high	  drywell	  pressure	   2.5	  psig	   	  
1.43E+04	   3.96	   Suppression	  Pool	  Heat	  Capacity	  Limit	  Exceeded	   	   	  
1.67E+04	   4.64	   DRYWELL	  SPRAYS	  INITIATION	  CRITERION	  MET	   info	  only,	  sprays	  not	  actuated	   	  
2.50E+04	   6.94	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	   stop	   	  
2.50E+04	   6.95	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	   re-‐start	   	  
2.96E+04	   8.21	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	   stop	   	  
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Time	  
(sec)	  

Time	  
(hrs)	  

Event	   	   	  

2.98E+04	   8.27	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	   re-‐start	   	  
2.98E+04	   8.27	   RCIC	  Pump	  Actuation	  Signal	  Toggled	  -‐	  30	  Second	  Delay	   stop	   	  
3.44E+04	   9.57	   HPCI	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  HPCI	  not	  running	   	  
3.58E+04	   9.95	   RCIC	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  RCIC	  suction	  from	  CST	   	  
4.27E+04	   11.87	   RHR	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  RHR	  pumps	  not	  running	   	  
4.48E+04	   12.44	   LPCS	  PUMP	  ISOLATION:	  SUPP.	  POOL	  TEMP	  >	  NPSH	  LIMIT	   info	  only,	  LPCS	  not	  running	   	  
6.23E+04	   17.31	   RCIC	  FAILS:	  STEAM	  LINE	  FLOODED	   info	  only,	  RCIC	  not	  running	   	  
9.17E+04	   25.47	   RCIC	  ISOLATION:	  HIGH	  TURBINE	  EXHAUST	  PRESSURE	   info	  only,	  RCIC	  not	  running	   	  
1.28E+05	   35.58	   CONTAINMENT	  FAILURE:	  START	  OF	  DW	  HEAD	  FLANGE	  LEAK	   info	  only	  CF	  disabled	  in	  run	   80-‐psig/95-‐psia	  
1.92E+05	   53.26	   CONTAINMENT	  FAILURE:	  WW	  RUPTURE	  ABOVE	  WATERLINE	   info	  only	  CF	  disabled	  in	  run	   	  
2.04E+05	   56.55	   HPCI	  ISOLATION:	  HIGH	  TURBINE	  EXHAUST	  PRESSURE	   info	  only,	  HPCI	  not	  running	   155-‐psia	  
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MELCOR zero = RPV Bottom Head 
Normal RPV Level = 47.5 feet 
TAF = 31.2 feet 
Main Steam Lines = 54.4 feet  
 

 


