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Abstract 

With the completion of the documentation of the results from the Grand Gulf Nuclear Power 
Plant Low Power and Shutdown (LP&S) Project funded by the U. S .  Nuclear Regulatory 
Commission, detailed probabilistic risk assessment (PRA) information from a boiling water reactor 
for a specific time period in LP&S conditions became available for examination. This paper 
summarizes why LP&S conditions should be examined and how the particular operational state was 
selected. It also summarizes observations and insights extracted from an examination of: (1) results 
in the LP&S documentation, (2) the specific models and assumptions used in the LP&S analyses, (3) 
selected results from the full-power analysis, (4) the experience of the analysts who performed the 
original LP&S study, and ( 5 )  results from sensitivity calculations to help determine the impact that 
model assumptions and data values had on the results from the original LP&S analysis. Observations 
and insights on core damage frequency and aggregate risk (early fatalities and total latent cancer 
fatalities) associated with operations during plant operational state 5 (i.e., basically cold shutdown as 
defined by Technical Specifications) during a refieling outage for traditional internal events are 
provided. In addition, a discussion of similarities and differences between full power accidents and 
accidents during LP&S conditions is provided. As part of this discussion, core damage frequency and 
risks results are presented on a per hour and per calendar year basis, allowing alternative perspectives 
on both the core damage frequency and risk associated with these two operational states. 
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Y Traditionally, probabilistic risk assessments of severe accidents in nuclear power plants have 
considered initiating events that could occur only during full-power operation. This focus was based 
on the judgment that the level of risk associated with accidents that could occur during full-power 
operation was greater than that for accidents during the other modes of operation, such as low power 
and shutdown (LP&S). The primary justification for this view appeared to be that lower decay heat 
levels are generally associated with these other modes of operation, so more time is available to 
recover from adverse situations in these modes. 

Some previous screening analyses performed for other than full-power modes of operation have 
also suggested that risks during these modes of operation are small relative to those occurring during 
full-power operation. However, there are several factors that could influence the risk associated with 
accidents initiated during shutdown. These include: 

The greater need for operator action to prevent core damage (because automatic safety systems 
are disabled during some of the shutdown modes). 

- The increased unavailability of equipment as a result of planned maintenance. (There is a 
demand for high equipment availability during power operation, which limits the amount and 
length of maintenance activities that can be performed while the plant is at power.) 

* This work was supported by the U.S. Nuclear Regulatory Commission and was performed at Sandia National 
Laboratories, a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the 
U.S. Department of Energy under Contract DE-AC04-94AL85000. 
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DISCLAIMER 

This report 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, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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- The brdch of containment integrity caused by the opening of penetrations and hatches. (These 
openings, which are allowed by technical specifications, in many cases are necessary before the 
activities planned for shutdown can occur.) 

In addition to these factors and their possible effects, the Chernobyl accident that occurred 
during non full-power operations pointed to the need for a study of the risk associated with accidents 
initiated during these modes of operation. 

2. CHOOSING THE OPERATIONAL STATE FOR DETAILED ANALYSIS 

The first phase in choosing the operational state for analysis involved a coarse screening of 
accidents that could occur at Grand Gulf during states other than full power. This approach was used 
to obtain, in a relatively short time, an estimate of the potential for accidents during LP&S conditions 
and an idea of the amount of work involved in a more detailed analysis of these operating states if such 
an analysis were necessary. 

The results from a screening analysis of seven plant operational states (POSs) indicated that 
detailed modeling would be required in order to accurately evaluate accidents in low power or 
shutdown conditions, and that the risk during these conditions could not be shown to be insignificant 
by a conservative screening analysis. Thus, the U. S. Nuclear Regulatory Commission decided to 
sponsor follow-on detailed analyses. 

Since it would require a large effort to accurately address each of the conditions identified in the 
Phase I study in detail, the NRC decided to sponsor a detailed analysis of one of the off-power 
conditions before proceeding with the remaining conditions. 

The core damage frequency (CDF) results from the screening study are shown in Figure 1. As 
can be seen, approximately 60 percent of the total core damage fiequency occurs in POS 5 (consisting 
mainly of the cold shutdown operating condition). Therefore, from a frequency point of view, POS 5 
was the most logical choice for detailed analysis. 

FIG. 1. Percent CDF versus POS. 

However, core damage frequency is not always the most important discriminator for health risk. 
In an attempt to identify the more important sequences from a risk perspective, Figure 2 was 
constructed. This figure provided a Venn diagram of the sequences classified as having a potentially 
high frequency with regard to an open containment and early core damage-important characteristics 
according to the limited plant damage state analysis performed during the screening study. From 
Figure 2 it can be seen that out of a total of 303 potentially high core damage sequences, 186 had an 
open containment and core damage was predicted to occur early in the accident. Of the 186 sequences 
that can potentially have high risk, 178 are from POS 5 .  This information lent additional support to the 
choice of POS 5 for detailed analysis. 
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FIG. 2. Potentially high-fvequency, open containment, and early core damage sequences inPOS 
5. 

In addition to the numerical results, engineering insights were used to support the selection of 
POS 5 for detailed study. The reasons were as follows. In POSs 1, 2, and 3, the state of the plant is 
essentially the same as for full power except that the power is lower 'and pressure/temperature can be 
lower. Therefore, the initiating events and the configuration of mitigating systems are essentially the 
same as for full power. Since the plant is in these POSs less often than it is at full power, the risk is 
less than at full power, by a factor approximately equal to the fraction of time the plant is in these POSs 
divided by the fraction of time it is at full power. Based on this rationale, neither POSs 1, 2, nor 3 
would be selected for detailed analysis. 

In POSs 6 and 7, the vessel head is off, thus alleviating concerns about overpressurization of the 
low-pressure components of the decay heat removal systems. Also, in POSs 6 and 7, the water level is 
raised, thereby providing more time for mitigation of accident-initiating events than inPOSs 4 or 5.  

POS 4 and POS 5 both are shutdown states. The plant is in the hot shutdown mode during POS 
4, and it is in the cold shutdown mode during POS 5 (except for that part of POS 5 associated with 
removing the vessel head, for which the plant is technically in the refueling mode). POS 5 was 
believed to be more of an engineering concern thanPOS 4 for the following reasons: 

- 
- 

The time the plant is inPOS 5 is greater than the time it is inPOS 4, by about a factor of 12. 

The technical specifications allow for more equipment to be inoperable in POS 5 during cold 
shutdown than in POS 4 in hot shutdown. For example, in cold shutdown, the safety relief 
valves (SRVs) do not have to be operable, the suppression pool can be drained, and containment 
can be open; none of this is allowed in hot shutdown. 

Given both the sequence insights obtained from the screening study and the rationale described 
above, POS 5 was chosen for detailed study. 

3.  COMPARISON WITH FULL POWER 

In Section 3.1 results are presented on a calendar-year basis, taking into account the fraction' of 
time on average the plant spends in each state during any one year. In Section 3.2 the results are 
presented on a per hour basis, conditional on being either at full power, in POS 5 ,  or in a particular 
time window duringPOS 5 .  

'The fiaction of time the plant is in POS 5 is 0.03 1 and the fiaction of time the plant is at full 
power was taken as 1.0. In reality, the fraction associated with full-power operation would be 
something other than 1 .O-approximately 0.8. This small difference is not expected to significantly 
affect any comparisons made in this section and is therefore ignored. 
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3.1. Per Year'Basis ' 

Figure 3 presents a comparison of mean CDF percentages for the major classes of accidents from 
both the NUREG-1 150 full-power [ 11 and the LP&S analyses [2]. From this figure one can see that 
there are points of similarities and differences. The major similarity observed from the figure is that in 
both analyses the station blackout (SBO) class is important. SBOs showed up as dominant in fill 
power because nothing else could cut across multiple systems and be above the truncation limit. In 
POS 5, SBOs still show up because they still cut across multiple systems; however, now there are 
additional accidents (e.g., loss-of-coolant accidents) that can cut across multiple systems because of 
considerations unique to POS 5. Nonetheless, there are differences in the accident progression 
associated with the SBOs. These are 

- Almost all the LP&S SBO sequences lead to an interfacing system loss-of-coolant accident 
(LOCA) and the full-power sequences do not; 

- The containment is always open at the start of the LP&S accidents whereas it is isolated at the 
start of full-power accidents; and 

- The probability of arresting the core damage process in the vessel is higher for full-power 
accidents than for LP&S accidents. 

The makeup of the remaining accident classes provides a major difference between the two 
analyses. In the full-power analysis, the anticipated transient without scram (ATWS) class is the 
second most important class while in the LP&S analysis the most important class is the LOCA. Given 
the plant conditions analyzed in each of the two studies, the first point that can be made is that ATWS 
sequences were simply not possible in the LP&S analysis since the plant was already subcritical; 
therefore, one should not be surprised by this apparent difference. On the other hand, since LOCAs 
were possible in both analyses, why did this class show up in the LP&S results but not in the full- 
power results? While no detailed examination of this phenomenon was undertaken, the most likely 
reason for the appearance of LOCAs in the LP&S results is the intentional disabling of the automatic 
actuation of the suppression pool makeup system for safety reasons. As a result, the continued use of 
injection systems during a LOCA requires operator intervention. The difference in reliability between 
automatic actuation and operator action generally accounts for the fact that LOCAs survived in the 
LP&S analysis but not in the full-power analysis. 

Figures 4, 5, and 6 present a comparison on a calendar-year basis of the CDF, early fatality risk, 
and total latent cancer fatality risk for the three time windows' in POS 5, POS 5 in total, and in full 
power. Distribution information for POS 5 in total and for full power is displayed in Table I. From 
Table I one can see that while the POS 5 total mean core damage frequency is about a factor of two 
lower than the fill-power value, there is overlap between the two distributions. Within POS 5 ,  the 
least important time window appears to be time window 1. The other two windows have 
approximately the same importance, with window 2 being slightly more important from a mean CDF 
viewpoint. The primary reason window 1 is the least important is the small fraction of time the plant 
spends in window 1 compared with windows 2 and 3-0.03 in window 1 and 0.212 and 0.758 in 
windows 2 and 3, respectively. From Table I one can see that the mean early fatality risk of POS 5 is 
only a factor of 1.7 greater than the full-power risk even though the containment is open during most of 
the accidents in POS 5. Within POS 5, the least important time window is window 3.  The main 
reason for this is that time window 3 starts about 40 days after shutdown; thus, the radioactive material 
released during an accident in window 3 will have undergone decay, reducing the inventory 

I '  

4 

'A subdivision of the time spent in any one POS. Each subdivision should allow more realistic estimates 
of the decay heat load, equipment unavailabilities, and radionuclide inventories to be used during subsequent 
analyses. For the POS 5 analysis, three distinct time windows were used: 

- 
- 
- 

Time Window 1: Starts 14 hours after shutdown and has a duration of 10 hours. 
Time Window 2: Starts 24 hours after shutdown and has a duration of 70 hours. 
Time Window 3:  Starts 40 days after shutdown and has a duration of 10.4 days. 
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FIG. 3. Percentage comparison of major accident sequence classes f iom fi l l  power and LP&S results. 
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FIG. 5. Early fatality risk per year for time windows 1, 2, and 3; totalPOS 5; and full power. 
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FIG. 6. Total latent cancer fatality risk per year for time windows I ,  2, and 3; totaPOS 5; and full 
power. 

TABLE I. DISTRIBUTIONS FOR CORE DAMAGE FREQUENCY AND AGGREGATE RISK 
FOR POS 5 AND FOR FULL POWER” 

Analysis Descriptive Statistic2 

Percentiles 
5th 50th 95th Mean 

Core Damage Frequency 

POS 5 4.1 E-07 1.4E-06 5.6E-06 2.1E-06 
Full Power 1.8E-07 1.1E-06 1.4E-05 4.1E-06 

Early Fatality Risk 

3.9E-08 1.4E-08 
Full Power 2.5E-12 6.1E-10 2.6E-08 8.2E-09 

POS 5 3.7E-11 2.8E-09 

Total Latent Cancer Fatality Risk 
POS 5 4.3E-04 1.9E-03 1.2E-02 3.8E-03 

Full Power 1.4E-05 2.4E-04 2.3E-03 9.5E-04 

a Full-power results were extracted fiom [ 11 
All values are per calendar year 
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of short-lived 'radionuclides that are important to early health effects. The decay associated with 
windows 1 and 2 is less; thus one would expect the risk associated with these windows to be higher. 
From Table I one can see that the mean total latent cancer fatality risk of POS 5 is about a factor of 4 
greater than the corresponding full-power risk. One reason for this is that in POS 5 the containment is 
always open and in full power the containment is always isolated at the start of an accident. Some of 
the difference results from the different models used in the MACCS calculations for the two studies. 
MACCS version 1.5.1 1.1 [3] was used to estimate offsite consequences in the POS 5 probabilistic risk 
assessment; an earlier version was used in the NUREG-1 150 plant studies. Cancer risk coefficients 
implemented in MACCS version 1 S.11.1 are two to three times greater than those utilized in earlier 
versions of the MACCS code. The total latent cancer fatality risk measure is directly affected by these 
risk coefficients. Within POS 5, the total latent cancer fatality risk associated with each time window 
tracks with the CDF associated with each time window since this risk measure is affected less by the 
decay of radionuclides than is the early fatality risk measure. 

3.2. Per hour basis 

Before providing the CDF and risk information on a per hour basis, the following caution is 
made. Per hour results from the POS 5 analysis are not directly scalable to results based on being in 
POS 5 for 1 year. In other words, one cannot simply multiply the per hour results by the number of 
hours in a year and have the correct estimation of either CDF or risk for a POS 5 year. Such a process 
would overestimate the CDF and risk forPOS 5 for the following three reasons: 

The decay heat load would continue to decrease during the year, resulting in additional time for 
the operators to respond to any undesired event. 

The unavailability associated with the systems would change as the year progressed, generally 
getting smaller, and thus reducing the likelihood of an accident progressing to core damage as a 
result of equipment unavailability. 

Decay would reduce the radiological inventory that is available to cause health effects. 

Figure 7 presents a comparison of the CDF on a per hour basis for each of the three POS 5 time 
windows, for POS 5 in total, and for full power. From the figure one can see that POS 5, generally 
speaking, is more important than ful l  power when the CDF is considered on a per hour basis. While 
initially this might seem counterintuitive given the lower decay heat associated with operation in POS 
5 and the subsequent increase in response time for the operators, the reasons for this become clear after 
examination. While the lower decay heat does provide the operators with more time to deal with 
events given an initiating event, some of these operator actions are more involved and/or complicated 
than those at full power. In addition, the operators must usually deal with the events that occur in POS 
5 with a reduced set of equipment that results from the required test and maintenance activities 
associated with the various systems during the POS. 

Within POS 5, the least important time window appears to be window 3.  This window, 
generally speaking, is less important than the other two windows, even though the plant spends more 
time in this substate than it does in the other two combined. Time windows 1 and 2 have relatively the 
same importance, with time window 2 being slightly more important from a mean CDF viewpoint. 
However, as can be seen, the distributions for these two time windows have considerable overlap, and 
thus, for any given Latin hypercube sampling (LHS) observation, either could be the most important. 
Possible explanations for these observations are as follows: 

The decay heat load associated with time window 3 is the smallest of all three time windows. 
This means that operators have the most time to deal with events if they happen in this time 
window. In addition, many accidents were eliminated from the analysis because the time to core 
damage was greater than the 24-hour mission time used in the analysis. These two factors in 
combination offset the larger fraction of time spent in this window. 
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FIG. 7. CDFper hour for time windows I ,  2, and 3; totalPOS 5; andfill power. 

- The relatively equal importance of time windows 1 and 2 can be explained as follows: 

The higher decay heat load in time window 1 implies that the operators will have less time to 
deal with events in window 1 than in window 2. 

Generally speaking, the availability of equipment to respond to an initiating event is greater in 
window 1 than in window 2. 

In combination, these two factors tend to balance each other, resulting in relative equality for 
both time windows. 

Figure 8 presents a comparison of the early fatality risk on a per hour basis for each of the three 
POS 5 time windows, for POS 5 in total, and for full power. From this figure one can see that, 
generally speaking, the risk due to early fatalities is more important for the total POS 5 than for full 
power. However, as can be seen, there is overlap between the distributions such that for some LHS 
observations either might be the most important. One explanation for the generally higher importance 
of POS 5 is that, even though the plant has been shut down and the inventory of short-lived 
radionuclides has decreased, the containment is generally always open and there are fewer means of 
removing radioactive materials from the atmosphere than is the case during an accident at full power. 
Also, on a per hour basis, the CDF is high forPOS 5 relative to full power. 

Within POS 5, the least important time window appears to be window 3, just as with the CDF. 
While window 2 is slightly more important than window 1 from a mean viewpoint, the overlap 
between the two distributions clearly indicates that for given LHS observations either window may be 
the more important. One reason window 3 is generally less important than the other two is that time 
window 3 starts 40 days after shutdown-which is enough time for many of the short-lived 
radionuclides important in early fatality risk to have decayed. This, in combination with the beneficial 
effect of the overlying pool of water (Le., quenching the core debris and scrubbing releases for 
situations where the core debris is not cooled) associated with the accidents in this time window, tends 
to reduce the importance of early fatalities. 
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FIG. 8. Early fatality risk per hour for time windows I ,  2, and 3; totalPOS 5; andfull power. 

Figure 9 presents a comparison of the total latent cancer fatality risk on a per hour basis for each 
of the three POS 5 time windows, for POS 5 in total, and for ful l  power. From this figure one can 
clearly see that the risk due to total latent cancer fatality is more important for the total POS 5 than for 
full power. The most likely reasons for this are the open containment associated with many of the 
accidents in POS 5 ;  there are fewer features of the plant to mitigate the release; and radioactive decay 
does not have a significant impact on the long-lived isotopes that are important in latent health effects. 
Also, on a per hour basis, the CDF is high forPOS 5 relative to full power. 

Within POS 5 ,  the least important time window appears to be window 3. Given the overlap in 
the distributions associated with windows 1 and 2, either could be the most important for any given 
LHS observation. However, from a mean risk viewpoint, window 2 is slightly more important. The 
most likely reason window 3 is the least important is the beneficial effect of the overlying pool of water 
associated with the accidents in this time window. 

4. OBSERVATIONS AND INSIGHTS 

4.1. Observations 

4.1.1. Level I observations 

Observations drawn from the Level 1 study can be grouped into three categories. They are 

methodological, 
plant specific, and 
generic. 

10 



. . .  

. .. ..... ..... .... _-:.---. .... ..... . .  

FIG. 9. Total latent cancer fatality risk per hour for time windows I ,  2, and 3; totaPOS 5; andfull 
power. 

4.1.1.1. Methodological 

The mean CDF includes the fraction of time the plant is in POS 5 during a reheling outage. If 
one wanted to present the results as a conditional CDF (Le., conditional on the plant being in POS 5), 
then the results should be divided by the value assigned to the POS 5 event (i.e., the fraction of time 
spent in POS 5). Thus, for example, the conditional CDF is (2E-6)/0.03 1 = 6.5E-5 per year in POS 5. 
However the conditional CDF on a per year basis is E t  recommended since plant conditions (e.g., 
system unavailabilities and decay heat loads) would change dramatically during a year. A more 
appropriate measure of conditional CDF would be one based on a per hour basis as described in 
Section 3.2. As was shown in Section 3.2, the conditional CDF is higher inPOS 5 than at full power. 

4.1.1.2. Plant Specific 

There are three major aspects of the specific Grand Gulf plant model that significantly affected 
the results. These are 

- Grand Gulfs requirement for automatic isolation of low pressure components in the shutdown 
cooling system, given an increase in pressure and/or a decrease in water level irPOS 5. 

- Grand Gulfs requirement that at least two safety relief valves be available in POS 5 allows the 
operators to use portions of their inadequate decay heat removal procedure, which would 
otherwise be inaccessible. 

- Grand Gulfs additional system for removing decay heat (Le., the alternate decay heat removal 
system) affects the estimated core damage frequency during two of the three POS 5 time 
windows. 

11 
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The results appear to indicate that the core damage frequency associated with operating in POS 5 
during a refueling outage is less than that from operating at full power. While this should be true for 
Grand Gulf, generalizations to otherBWRs should be performed with care. 

Two factors that should be considered during any generalization are 

Does the other BWR have a motor-driven high- pressure pump? The availability of such a pump 
provides a mechanism for injecting water at high pressure, if necessary, and also provides an 
alternative means of injecting water at low pressure should the low-pressure pumps fail. 

Does the other BWR have procedures in place to deal with the loss of the normal decay heat 
removal system? If the procedures do exist, does the utility require that the systems and 
components necessary for the procedure be available? 

4.1.2. Level 2/3 observations 

The following observations are made: 

With many plant features unavailable to mitigate a release, the potential exists for a large release 
of For the most likely accidents, the 
containment is open, the suppression pool is bypassed, and the containment sprays are not 
available. 

radioactive material should core damage occur. 

In the event that the containment is closed prior to the onset of core damage, it is always 
predicted to fail since containment heat removal was not available in the accidents analyzed. 

The risks from POS 5 are not insignificant compared with the risks from ful l  power operation. 
Hence the full-power risk distributions by themselves do not completely characterize the risks 
associated with the operation of this plant. To accurately characterize the plant's results from 
this study suggests that it may be necessary to include other modes of operation in addition to the 
full-power mode. This can have important implications for assessments that rely on the total risk 
from a plant, such as when comparisons are made with the safety goals. 

Although only a simplified scoping study of the onsite consequences was performed, the 
possible onsite consequences of an accident during shutdown could be significant, particularly 
since in many of the accidents the containment remains open allowing for an early release of 
radioactive material. 

4.2. Insights from POS 5 

The reader should be aware that these insights are specifically for POS 5 at Grand Gulf. As 
such, this information should not be generalized to other nuclear power plants without first considering 
all relevant factors. Complete details on how these insights were developed and/or identified can be 
found in [4]. 

4.2.1. Insights from LOCAs 

4.2.1.1. CDF insights 

12 

The LOCAs that were analyzed in the LP&S project can be grouped into two categories. These 
are LOCAs during nonhydro conditions (i.e., at atmospheric pressure) and during hydro conditions 
(Le., at approximately 1000 psi). The accident sequences in the LOCA class are driven by events that 
result in the loss of multiple systems: ' 



- Failure of the operators to dump the suppression pool makeup (SPMU), resulting in loss of all 
emergency core cooling systems (ECCS), and 

- Flooding in the auxiliary building as a result of the operators failing to close the lower personnel 
lock. 

From a CDF viewpoint, concerns about the value used for the initiating event frequency of the 
nonhydro LOCAs in POS 5 would be immaterial if the automatic actuation of the suppression pool 
makeup system were functional. Automatic actuation of the SPMU would most likely eliminate all 
LOCAs. However, given that this system is deactivated in POS 5 for safety reasons, elimination of the 
low-pressure LOCAs reduces the fractional contribution of the LOCAs to the total CDF by about a 
factor of 2. More important, elimination of the low-pressure LOCAs reduces the early fatality risk 
attributed to LOCAs by about a factor of 80. This is expected because low-pressure LOCAs occur in 
time windows 1 and 2, and, generally speaking, these affect early fatality risk more than time window 3 
sequences. 

... 
Changes in procedures that would allow more credit to be given to the operators during the 

human reliability analysis for controlling injection systems, specifically the high-pressure core spray 
(HPCS) system, would provide some reduction in the importance of the LOCA class from a CDF and 
total latent cancer risk point of view; however, since this change affected only accidents in time 
window 3 (sequences in time windows 1 and 2 were unaffected because the HPCS system is 
unavailable in the cut sets that survived the phase 2 analysis), no significant change would be expected 
in the early fatality risk measure. 

4.2.1.2. Risk insights 

When considered as a group, LOCA accidents are not on average the most important contributor 
to early fatality risk. They are, however, an important contributor to the total latent cancer risk. 

- The LOCA group is not on average the most important contributor to early fatality risk because 
the most probable LOCA accidents occur while the plant is in time window 3 (approximately 40 
days after shutdown), by which time radioactive decay has significantly reduced the inventory of 
short-lived radionuclides that are important in early health effects. 

- The LOCA group is an important contributor to total latent cancer fatality risk because it is an 
important contributor to the core damage frequency and because accidents from this group 
release a considerable amount of radioactive material into the environment (primarily long-lived 
radionuclides that are important in latent health effects). 

The releases associated with the LOCA have the potential to be relatively large because all of the 
accidents progress to full core damage and vessel failure, and many of the plant features that can be 
used to mitigate the release are unavailable or bypassed. 

- The containment is ineffective as a barrier to the release of radioactive material during accidents 
initiated by a LOCA because the equipment hatch and personnel airlock remain open. The 
containment was not closed because the operators failed to recognize the need to close the lower 
personnel airlock before core damage started. 

- The radioactive material released from the damaged fuel in the vessel bypasses the suppression 
pool and, hence, is not attenuated by the scrubbing properties of the pool. The containment 
spray system fails and cannot be recovered during the accident. 

Two features of the accident that can mitigate the release to the environment are the flooded 
containment and the passage of the release through the auxiliary building. 
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- While the vessel is always predicted to fail and release core debris into the pedestal cavity, there 
is a significant probability that the core debris will be quenched in the cavity. For those 
accidents in which the core debris is not quenched, the releases that accompany the interactions 
between the core debris and the concrete structures will be scrubbed by an overlying pool of 
water. Hence, the flooded containment can attenuate the late release of radioactive material by 
either preventing core-concrete interactions or by scrubbing the releases that accompany core- 
concrete interaction in the event that the core debris is not quenched. 

- The passage of the release through the auxiliary building will also attenuate the release; owing to 
its size, the auxiliary building can act as a large holdup volume, allowing time for natural 
processes to remove airborne material from the building atmosphere. 

4.2.2. Insightsfiom station blackouts 

4.2.2.1. CDF insights 

- .  .... . . . .  , .  . .  ._.. . .. .. 

. .  . . . .  ... .... ..._ . .. .-__ .._. 

The SBO sequences are driven by events that result in the loss of multiple systems. For 
example, the loss of onsite ac power prevents the use of all systems except the diesel-driven firewater 
pumps. The use of firewater was unsuccessful in these accidents which were grouped into the 
following three classes: 

- Class 1 : Insufficient time for the operators to align and use the pumps before battery depletion. 

- Class 2: Sufficient time for operators to use the pumps, but they fail. 

- Class 3: Operators successfully align and begin use of the pumps, but the batteries deplete, the 
safety relief valves @RVs) close, and injection is lost as the reactor vessel pressure increases. 

In the third class, a distinction was made between those sequences where the pumps ran long 
enough to allow either the 8 or 9 isolation valves to be closed and those that did not. If either of the 
valves was closed, then no interfacing system LOCA occurred. If the isolation valves were not closed, 
the decay heat removal system failed on overpressure, resulting in an interfacing systems LOCA in the 
auxiliary building. 

Results from a sensitivity calculation where it was assumed that the SRVs could be either opened 
or kept open given a loss of dc power show that the ability to open or keep open the SRVs is relatively 
important-the mean fractional contribution of the SBO sequences changes from 0.33 to 0.10, 
indicating that approximately 23% of the total CDF comes from SBO sequences involving dependence 
on the SRVs and thus dc power. In addition, the sensitivity calculation gives an indication of the 
importance of the operator action associated with use of the diesel-driven firewater pumps. Failure to 
successfully align and use the firewater system contributes about 10% to the total mean CDF. 

4.2.2.2. Risk insights 

Station blackout accidents, when considered as a group, are an important contributor to both 
early fatality risk and to total latent cancer fatality risk. The SBO group is an important contributor to 
these risks because: 

- The group is a major contributor to the core damage frequency. 

- The probability that core cooling is restored and the core damage process arrested is fairly small. 
The factor that is primarily responsible for this low probability is the relatively low probability 
of recovering offsite ac power before significant core damage has occurred. Hence, the most 
likely situation is that the accident progresses to full core damage and vessel failure. 
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- Since the' containment is not flooded, the core debris released from the vessel will almost always 
interact with the concrete structure below the vessel and continue to release radioactive material. 
In these SBO accidents, these interactions rarely occur under a pool of water and, therefore, the 
releases that accompany these interactions will typically not be scrubbed by an overlying pool. 

- There are very few plant features available to attenuate the release of radioactive material from 
the damaged fuel and core debris. 

The containment remains open during the entire accident. Closing the containment requires 
offsite ac power, and ac power was not available before core damage started. 

0 Owing to the configuration of the plant and the nature of the accident, radioactive material 
bypasses the suppression pool. The unisolated break in the decay heat removal system and 
the open reactor vessel head vent both allow material released from the damaged fuel in the 
vessel to bypass the suppression pool. The open drywell equipment hatch and personnel 
airlock allow airborne radioactive material in thedrywell to bypass the suppression pool. 

Owing to system failures and the fact that containment pressure control is not an issue when 
the containment is open, the containment sprays were not used during the accident and, 
hence, airborne radioactive material was not scrubbed by the sprays. 

All of the SBO accidents occur while the plant is in time windows 1 and 2 when there is still 
a significant inventory ofradionuclides that are important in early health effects. 

One of the few plant features available to attenuate the release of radioactive material in these 
accidents is the auxiliary building. Since the containment is open and the break in the decay heat 
removal system is in the auxiliary building, all of the release passes through the building before 
escaping to the environment. 

4.2.3. Insightsporn Other 

4.2.3.1. CDF insights 

Accident sequences in the Other class were grouped into three classes: 

- Class 1 : Flooded containment, 
- Class 2: Open MSIV, and 
- Class 3: Loss of all SSW. 

Within each of these classes, some event (or assumption) causes failure of several of the systems 
that might be used to respond to the accident. 

For the first two, the water coming out of the flooded containment or the open MSIV is assumed 
to fail the remaining core cooling systems. 

For the third, the loss of all SSW fails all emergency core cooling systems. 

All of the sequences in the first class involved an empty suppression pool-based on an 
assumption made in the LP&S analysis. If the sequences in this class are eliminated from the Other 
class, then the mean CDF for the Other class decreases by about a factor of 10. However, the total 
POS 5 mean CDF decreases by only a factor of 1.2 since the mean contribution of this class to the total 
CDF is only 17%. This implies that while water in the suppression pool is important to the Other 
class, it is not important to a change in the total mean CDF forPOS 5. 
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4.2.3.2. Risk insights 

When considered as a group, the Other accidents are not on average the most important 
contributor to either early fatality risk or to the total latent cancer fatality risk. This stems primarily 
from the fact that the Other group is not on average the most important contributor to the core damage 
frequency and the consequences from these accidents are not large enough to compensate for the 
relatively low core damage frequency. This is not to say that the releases are negligible. While many 
different types of progressions can be found in this group, some common characteristics of these 
accidents include: 

- Core cooling is never restored and, hence, all of the accidents progress to full core damage and 
vessel failure. 

- The containment is either open during the entire accident or if it is closed before the core is 
damaged, it is either vented or fails during the accident. The principal reason the containment 
becomes pressurized is that containment heat is not removed; hydrogen combustion and loads 
that accompany failure of the reactor vessel at high pressure also contribute to containment 
failure. 

- All the accidents occur while the plant is in time windows 1 and 2 and, thus there are enough 
short-lived radionuclides to cause early fatalities. 

4.2.4. General insights 

4.2.4.1. CDF insights 

The sequences that survive generally contain some event or events that result in the failure of 
multiple systems. Examples of this are 

- ForLOCAs 

The failure of the operators to dump the suppression pool makeup system results in the loss of 
all ECCS injection systems. 

Flooding of the auxiliary building, as a result of failure to close the personnel lock, is 
assumed to result in loss of all remaining core cooling systems. 

- ForSBOs 

The failure of onsite ac power eliminates all injection sources except for the diesel-driven 
firewater system. 

Requiring the availability of SRVs during POS 5 allows for additional cooling options and thus 
requires that something cut across multiple system boundaries to result in core damage. This is in part 
what contributes to the relatively small CDF estimate obtained by the LP&S project. 

The presence of a motor-driven high-pressure system also contributes to the relatively small CDF 
estimate. This is true even after taking into account this system's sometimes significant unavailability, 
primarily because the motor-driven pump, when available, can be used in many situations where a 
turbine-driven pump could not be used. 

Automatic isolation of the low-pressure piping on high pressure during POS 5 effectively 
eliminates the problem of an interfacing system LOCA except when power is lost to the isolation 
valves, as is the case during the SBO sequences. 
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.. . . .. ... ... __.. . .- 

Operator actions play a significant role both in the progression of the accident sequences and in 
the estimate of the CDF associated with the sequences. Generally speaking, operator actions in POS 5 
tend to be more involved and/or complex from a diagnosis viewpoint. 

Only sequences that resulted in a loss of vessel inventory survived in time window 3. The major 
reason is that the decay heat load in time window 3 is small enough that only with a loss of water from 
a break or diversion will core damage occur within the 24-hour mission time used in the LP&S project. 

4.2.4.2. Risk insights 

In these accidents, the containment is not effective as a barrier against the release of radioactive 
material. While it is a common characteristic of all of these accidents that the containment is an 
ineffective barrier, the reasons that lead to this characteristic vary across the accidents. 

- For accidents where the containment is flooded (LOCAs and some of the Other accidents), it is the, 
failure of the operators to close the lower personnel lock that leads to the containment being open 
during the entire accident. 

- For SBO accidents, it is the fact that offsite ac power is not available prior to core damage that 
causes the containment to remain open for the duration of the accident. 

- For the few accidents where the containment is isolated before the onset of core damage, it is the 
lack of containment heat removal that is the principal cause for containment venting or failure; 
hydrogen combustion events and loads that accompany failure of the reactor vessel at high pressure 
also contribute to containment failure. 

Isolation of the containment is not sufficient to prevent a release to the environment. Owing to 
the relatively low design strength of the containment and the venting procedures used at the plant, 
containment heat removal and hydrogen control must also be provided to minimize the likelihood of a 
release to the environment. Even with these systems available, energetic loads accompanying the 
failure of the vessel at high pressure and energetic fuel-coolant interactions can threaten the 
containment. Nevertheless, without heat removal and hydrogen control, containment failure is only 
delayed, it is not prevented. 

As illustrated by SBO accidents, in addition to the difficulty of closing the containment 
equipment hatch, it may be difficult to isolate all penetrations when ac power is not available because 
valves that were open before the initiating event may "failyy in the open position. This concern is not as 
acute during full-power operation since all of the low-pressure components are already isolated from 
the primary system. Furthermore, the remaining valves that must be isolated during power operation 
will typically "fail closed" on complete loss of power. 

By the time the core is damaged, enough failures have occurred (both hardware and operator) 
that the probability of recovering core cooling and arresting the damage process in the vessel is 
relatively low. The most likely situation is that core cooling is not restored and the accident progresses 
to full core damage and vessel failure. 

Many of the plant features that can mitigate the release of radioactive material that accompanies 
a severe accident are either bypassed or unavailable. In all these accidents, the containment is 
ineffective as a barrier to the release of radioactive material; the containment sprays are either 
unavailable or are not used; and in most of the accidents the radioactive material released from both the 
damaged fuel in the vessel and the core debris released from the vessel bypass the suppression pool. 
Both the containment sprays and the water pools have in the past been demonstrated to be effective 
devices for scrubbingradionuclides from the containment atmosphere. 
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. , 
The auxiliary building can play an important role in attenuating the release and reducing the risk 

to the offsite population. Since in most of these accidents the containment is either open or bypassed, 
and many of the plant features used to mitigate a release are bypassed, the auxiliary building is one of 
the few plant features available to reduce the release. 

Compared with accidents that occur while the plant is in time windows 1 and 2, accidents in time 
window 3 result in relatively few early fatalities since by this time radioactive decay has significantly 
reduced the inventory of short-livedradionuclides that are important in early health effects. 

Owing to the sparse population around the plant, relatively rapid evacuation, and the slow 
progression of the accident, nearly all of the early fatalities will occur in the fraction of the population 
that does not leave the evacuation zone. This parameter-the fraction of the population that 
evacuates4an have a significant impact on the number of early fatalities; it has a relatively minor 
effect on the number of latent cancer fatalities. 
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