
 

 

This is a preprint of a paper intended for publication in a journal or 
proceedings. Since changes may be made before publication, this 
preprint should not be cited or reproduced without permission of the 
author. This document was prepared as an account of work 
sponsored by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, or any of 
their employees, makes any warranty, expressed or implied, or 
assumes any legal liability or responsibility for any third party’s use, 
or the results of such use, of any information, apparatus, product or 
process disclosed in this report, or represents that its use by such 
third party would not infringe privately owned rights. The views 
expressed in this paper are not necessarily those of the United 
States Government or the sponsoring agency. 

INL/CON-10-17987
PREPRINT

Proposed SPAR 
Modeling Method for 
Quantifying Time-
Dependent Station 
Blackout Cut Sets  
 

PSAM-10 
 

John A. Schroeder 
Robert F. Buell 

 

June 2010 
 



Proposed SPAR Modeling Method for Quantifying Time Dependent Station 
Blackout Cut Sets

John A. Schroedera*, Robert F. Buella

aIdaho National Laboratory, Idaho Falls, USA  
  
 
 

Abstract: The U.S. Nuclear Regulatory Commission’s (USNRC’s) Standardized Plant Analysis Risk 
(SPAR) models and industry risk models take similar approaches to analyzing the risk associated with 
loss of offsite power and station blackout (LOOP/SBO) events at nuclear reactor plants. In both SPAR 
models and industry models, core damage risk resulting from a LOOP/SBO event is analyzed using a 
combination of event trees and fault trees that produce cut sets that are, in turn, quantified to obtain a 
numerical estimate of the resulting core damage risk. 
 
A proposed SPAR method for quantifying the time-dependent cut sets is sometimes referred to as a 
convolution method. The SPAR method reflects assumptions about the timing of emergency diesel 
failures, the timing of subsequent attempts at emergency diesel repair, and the timing of core damage 
that may be different than those often used in industry models. This paper describes the proposed 
SPAR method. 
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1.  INTRODUCTION 
 
The U.S. Nuclear Regulatory Commission’s (USNRC’s) Standardized Plant Analysis Risk (SPAR) 
models and industry risk models take a similar approach to analyzing the risk associated with loss of 
offsite power and station blackout (LOOP/SBO) events at nuclear power plants.  Core damage risk 
resulting from a loss of offsite power is analyzed using a combination of event trees and fault trees.  
The key elements in determining the core damage risk are the reliability of the emergency power 
system, the reliability of the equipment used to protect the reactor core in the absence of emergency 
power, and the likelihood that emergency power can be recovered or offsite power restored before the 
reactor core is damaged from inadequate cooling.  Both SPAR models and industry models produce 
cut sets that are quantified using simplifying assumptions.  The following discussion will address 
some of the conservatisms implicit in both the SPAR models and industry models and demonstrate the 
SPAR method for reducing the conservatism. 
 
The risk dominant LOOP/SBO cut sets from both SPAR and industry models, for a power plant with 
two divisions of emergency power and one emergency diesel generator (EDG) on each division, 
typically contain the following: 
 

{EDG 1 fails to start} AND {EDG 2 fails to start} AND {operator fails to repair an EDG} AND 
{operator fails to recover offsite power} 
 
{EDG 1 fails to run} AND {EDG 2 fails to run} AND {operator fails to repair an EDG} AND 
{operator fails to recover offsite power} 
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The first of the above two cut sets can be quantified accurately using the standard techniques of fault 
tree reliability analysis because there are no complex timing issues that need to be accounted for.  The 
required non-recovery probabilities can be read directly from the recovery curves for offsite power and 
for EDG repair.  The second cut set implies timing issues that, in the current SPAR models, are 
addressed through a series of conservative simplifying assumptions:  
 

- If two EDGs fail to run, they fail at the same time, and that time is when the LOOP first 
occurs, t0, 

- The time available to repair an EDG is counted from when the LOOP first occurs, t0, to 
the time associated with some timing constraint, tc ,   

- The time available to recover offsite power is counted from t0 to tc. 

Many industry models are quantified using the same methods and assumptions as the SPAR models.  
However, some industry models attempt to reduce the conservatisms implied by the above 
assumptions. 
  
Depending on the sequence of events that produced the cut set, there may be a different limiting time 
in which the recovery of ac power must occur.  In many cases the limiting time will be the time 
required to uncover the core given a total loss of core cooling.  The key conservatism here is the 
assumption that 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 EDGs, then core cooling is lost when the LOOP 
occurs and the EDGs fail to start.  In this case the time available to recover ac power (either an EDG 
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 EDGs are running and an EDG fails at t1 
hours, it is then possible for repair efforts to begin immediately.  At this point the second EDG is still 
running and powering core cooling systems.  If the second EDG fails at t2 hours, then core cooling is 
lost at t2 hours instead of at t0.  If the timing constraint on the cut set is based on the core uncovery 
time, tc, then the time available for offsite power recovery is not just tc hours; it is actually t2 + tc – t0 
hours.  If EDG repair starts at t1 hours and must be completed by t2 + tc hours, the time available for 
generator recovery is then t2 + tc – t1 hours.  It is possible, or even probable, that repair of the first 
EDG is completed before the second EDG fails.  Since t1 and t2 are random, a realistic model must 
account for the possible range of values of t1 and t2 as determined by their respective probability 
distributions.  In the following sections some methods are provided that can be used to more 
accurately address these timing issues.   
 
2.  CONVOLUTION METHOD 
 
2.1.  The Convoluted Distribution Model Method 
 
The method most frequently used by industry for addressing the timing issues implied by the second 
cut set above is the use of a convoluted distribution model [Ref. 1, pg. 49].  With this method the 
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 

 (1) 

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 
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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 

 (3) 

 
Where F(�) 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 �.  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 efforts [2] have provided the distributions and distribution parameters for each 
function in equation 3.  The distribution of EDG failure times is described by an exponential 
distribution 

 (4) 

 
Reference 2 identifies the distribution of LOOP event durations as a lognormal distribution.  The 
lognormal density and cumulative distribution functions are in the form of 
 

 (5) 

 

 (6) 

where 

t = offsite power recovery time, and 

u = mean of natural logarithms of data, and 

� = standard deviation of natural logarithms of data, and 

� = error function  

   
2.2.  The Proposed SPAR Method 
 
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 
large numbers of equipment configurations using an Excel spreadsheet in lieu of using detailed 
engineering calculation software. 
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The probability that some device will not fail between 0 and t is the reliability of the device [Ref 1, pg. 
24], R(t)  

 (7) 

 
The quantity �(t) is the hazard rate for the device.  The quantity �(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. 1, pg. 92] for devices in active parallel operation; either device 1 or device 2 
must operate for system success  

   (8) 

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, �(t) = �, Reference [1] provides 

 (9) 

 
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  

   (10) 

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 10 and multiply by the offsite power 
recovery failure probability: 

 (11) 

In this expression the quantity Rsys(t) represents the probability that one of the diesels operates to time 
t.  The quantity �sys(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 �sys(t) term above is the system hazard rate 
which can be determined from either the system reliability or unreliability as follows 

 (12) 

 
The FL(t + tc) term in equation 11 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 

 (13) 
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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: 

 (14) 

 
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 13 and 14 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.   
 
3.  EMERGENCY GENERATOR REPAIR CONSIDERATIONS 

3.1. Repair Curves 

Reference 2 provides the EDG repair curves considered for use in the SPAR models.  Two repair 
curves are described, one that was derived from USNRC Reactor Oversight Process safety system 
unavailability data for unplanned demands, and one that was derived from simulations allowing the 
operators to choose to repair the EDG with the shortest repair given that more than one EDG has 
failed.  The two repair curves are shown in Figure 1.  The first curve, titled ‘ROP Unplanned’, has a 
mean repair time of about 19 hours.  The second, titled ‘Choice’, has a mean repair time of about 7 
hours.  Allowing the operator to choose which EDG to repair is only appropriate if multiple EDGs are 
failed at the same time, as in the first cut set in the introduction.  For the remaining cases, the ROP 
Unplanned curve is more appropriate, unless it is assumed that no repairs will be attempted until 
multiple EDG failures have occurred. This latter case may be the actual operator response, particularly 
in cases where the plant has more than two emergency power supplies.  However, for plants with only 
two emergency power supplies, it does not seem plausible that no attempt would be made to repair a 
failed EDG before the plant is in a full station blackout condition.  
 
Table 1. provides some data that might be helpful in choosing the appropriate repair curve for use in 
the SPAR models.  The data are taken from a SPAR model of a boiling water reactor with two 
emergency power divisions.  These results include no convolution credit, and EDG repair is credited 
using the Choice curve for all EDG fail-to-start and fail-to-run event combinations. Core damage 
frequency slices are provided for a number of illustrative cases.  For this plant, forty percent of the 
CDF results from LOOP/SBO events.  Less than one percent of the CDF comes from cut sets 
representing failure of multiple EDGs to start.  These are the cut sets for which the Choice curve is the 
better choice (and is currently applied).  Cut sets for which the ROP unplanned curve is the better 
choice comprise those with single EDG fail-to-start or fail-to-run events, and those with multiple fail-
to-run events if it is assumed the operators would start repairs immediately on EDG failure.  These cut 
sets represent about 32 percent of total CDF.  This suggests that the ROP Unplanned curve is the 
better choice if only one repair curve is to be used.  Of course, it is possible to use both curves by 
using recovery rules that apply the appropriate curve to each cut set.  
 
Also, the SPAR modeling team has not established with any certainty that operators would actually 
attempt EDG repair under LOOP/SBO conditions, or if they attempt repairs, when they would get 
started.  This is the critical issue in selecting the appropriate EDG repair curve and quantification 
technique.  So until this point is settled, providing any EDG repair credit at all may be optimistic. 
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3.2. Application to the SPAR Models 
 
In the present generation of SPAR model the EDG repair failure probability for all cases is established 
using the Choice recovery curve.  This application is correct for the case of multiple start failures, but 
is optimistic for the remaining cases.  It is proposed that, in the future, the SPAR models should use 
the ROP Unplanned curve for all cases, or use both curves as appropriate to a given cut set.   
 
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.  
Table 2 provides offsite power recovery failure probabilities, EDG repair failure probabilities, and 
offsite power recovery convolution credit corrections (a multiplier applied to a cut set that assumes 
fail-to-run events occur at time zero) for the timing constraints in the example SPAR model.  Credit 
for the additional time implied by t2 + tc – t1 would make a modest adjustment to the values in the ROP 
Unplanned and Choice columns.  Given the size of the cut set correction for cut sets with one or two 
fail-to-run events (the 1-FTR and 2-FTR columns in Table 2), the full EDG repair credit will make 
only a minor additional change in CDF, largely because the cut sets involved will be non-dominant 
after applying the convolution correction.  However, including the full EDG repair time credit in all 
the SPAR models would greatly increase the number of calculations that must be managed.  That 
number is currently over 700 to make the convolution-correction adjustments from Section 2.2 for the 
various fail-to-run cases and timing constraints in the existing library of SPAR models.  Therefore 
making the additional calculations to credit the full time available for EDG repair is not judged to be 
cost effective. 
 
4.  CONCLUSION 
 
INL has developed a spreadsheet-based convolution method to address some of the larger 
conservatisms in the quantification of time-dependent cut sets in the USNRC SPAR models.  The 
method is similar to that used in many industry PSAs.  Application of the method should yield more 
accurate results and bring SPAR model and industry PSA LOOP frequencies into closer alignment.  
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Figure 1.  Emergency diesel repair curves from NUREG/CR-6890 
 
 
 

Table 1: Emergency Diesel Generator Cut Set Contribution to Core Damage Frequency 

1.  Cut set slices are not all mutually exclusive.  Cut sets containing one fail-to-run event may also include a fail-
to-start event, etc. 

 
 

Table 2: Recovery Failure Probabilities 

Type of cut set1
CDF 

 (/rcry) 
Percent of 
total CDF 

Total core damage frequency  9.88E-6 100. 
    Total LOOP contribution  3.93E-6 40. 
        LOOP cut sets containing one EDG fail-to-start event   6.32E-7 6. 
        LOOP cut sets containing two EDG fail-to-start events   2.68E-8 < 1. 
        LOOP cut sets containing EDG common cause fail-to-start event 6.05E-8 < 1. 
        LOOP cut sets containing one EDG fail-to-run event 1.71E-6 17. 
        LOOP cut sets containing two EDG fail-to-run events 4.74E-7 5. 
        LOOP cut sets containing EDG common cause fail-to-run event  3.46E-7 4. 

Timing 
constraint 

(hours) Offsite power 

EDG repair 
(ROP

Unplanned) 
EDG repair 

(Choice) 

1-FTR 
convolution 
correction  

2-FTR 
convolution 
correction 

0.5 .73 .92 .86 .19 .07 
2.0 .32 .80 .65 .25 .12 
4.0 .16 .69 .48 .33 .20 
8.0 .067 .54 .30 .47 .34 

10.0 .051 .49 .24 .53 .42 
12.0 .040 .44 .19 .59 .49 


