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ABSTRACT 
This paper provides a description of the methods/approaches used in 

three contemporary Probabilistic Safety Assessments for two PWRs 
(Seabrook and Surry) and for one BWR (Grand Gulf). The results for 
the core damage frequency for those studies and the most important 
contributors are discussed. A summary of the novel approaches (when 
compared to PSAs for power operation) introduced in these studies is 
provided. 

INTRODUCTION 
In the United States, the significance of potential risk due to low power 

and shutdown events is receiving increasing attention within the plant 
operators and the regulatory community. Recently, detailed low power 
and shutdown PSAs have been performed for a few reactors. The 
objective of this paper is to describe the approaches/methods and present 
the core damage frequency and its important contributors as they were 
calculated in those studies. The studies selected for this paper are those 
for Seabrook, Surry, Grand Gulf. 

SEABROOK STATION SHUTDOWN PSA 
Seabrook Station is comprised of two identical units. Each unit 

employs a 1150 MWe four-loop Westinghouse PWR. The shutdown 
(modes 4, 5 and 6) PSA (Kipper, et al., 1988) was performed by New 
Hampshire Yankee and PLG, and addresses only a single unit. The main 
objectives (related to the Level 1 PSA) of the study were: a) to quantify 
the risks (CDF) due to accidents at shutdown; b) to identify plant features 
and configurations important to risk; c) to recommend improvements; 
and d) to establish a framework for future shutdown studies. A brief 
description of the approaches/methods used in the analysis and the results 
of the study are presented. 

Initiating Events Analysis 
The method used in the SSPSA Shutdown study to determine the 

initiating events is, in some respects, a major departure from that used 
in PSAs for power operation. A brief description of the method follows. 

The initiating events were categorized into four groups: 

1 .Procedure-Initiated Transients: Plant upset conditions (loss or 
degradation of decay heat removal, or overpressurization) which occur 
during the course of plant shutdown evolutions. 

2. Procedure-Initiated LOCAs: Events that result in substantial losses 
of primary coolant which occur during the course of plant shutdown 
evolutions. 

The two groups above represent events which occur due to operator 
errors or equipment failures during execution of the shutdown procedures 
for: a) Non-drained maintenance; b) Drained maintenance; and c) 
Refueling shutdown. Procedural event trees were used to identify the 
different ways to initiate either a loss of cooling event (transient) or a 
LOCA. Six event trees were developed to model each of the six major 
plant evolutions during shutdown (i.e.: Cooldown to Cold Shutdown, 
Drain RCS, Fill Refueling Cavity, Drain Refueling Cavity, Fill RCS, 
and Startup). The end states of these event trees represent either an 
initiating event or a transfer to next plant evolution. 

3. Support System Failures: Failures of single or both trains of normally 
operating systems which support the Residual Heat Removal (RHR) 
system. 

4. Internal/External Hazard Events: Fires, floods and seismic events. 

A list of the initiating events used in the SSPSA shutdown study is 
shown in Table 1. Note that several other initiating events (such as: Pipe 
break LOCAs, Inadvertent Safety Injection, Boron Injection and 
Recriticality) were considered to be insignificant contributors and 
therefore were not included in the final set of initiating events used in 
the PSA. 

Event Tree Analysis 
The small fault tree/large event tree methodology was used to model 



the plant response. A support system event tree, and a 

TABLE 1 SEABROOK: SUMMARY OF INITIATING EVENTS 
Procedure-Initiated Transients: 

- Failure of RHR Operating Pump 
- Cavitation 
- Other Failures 

Procedure-Initiated LOCAs: 
- LOCAs through: 

- Stuck Open Relief Valve 
- Cavity Discharge Valve 
- Refueling Pool Seal 
- RHR Pump Seal 
- Sump Isolation Valves 

Support Systems Failures: 
- Loss of Offsite Power 
- Loss of Operating Service Water System Train 
- Loss of Operating Primary Component Cooling Water Train 
- Loss of All Service Water System 
- Loss of All Primary Component Cooling System 

External Event 
- Seismic Events 
-Fires 
-Floods 
- Other External Events 

Transient Initiator and LOCA Initiator Response event trees were 
developed in the same way as for the power operation PSA (Pickard, et 
al., 1983). Obviously the plant response and the success criteria are not 
the same as for power operation. 

System Analysis 
The systems analysis developed in the SSPSA for power operation 

were used in the shutdown analysis. Modifications and additions were 
implemented to reflect differences in systems configurations and success 
criteria. 

Data Analysis 
Since, at the time of the shutdown analysis Seabrook did not have 

significant operating data, the component failure and repair data used in 
the study were based on plant specific data for eight PWR plants (i.e. 
generic data were used). 

The shutdown specific data from the Zion Nuclear Plants was used 
because it was judged to be representative for PWRs, and the RHR event 
data was obtained from actual losses or degradations of RHR systems 
based on a review of PWR data from 1982 through 1986. 

Human Reliability Analysis 
A large number of operator actions was identified for the shutdown 

study. Basically, two types of operator actions were evaluated. The first 
type deals with actions during normal shutdown plant evolutions. The 
second type of operator actions addresses operator responses to initiating 
events, and are used in the plant response (transient and LOCA) event 
trees. 

Basically, the two types of operator actions were quantified by 
identifying the nominal Human Error Probability (HEP) from 
NUREG/CR-1278 (Swain, et al., 1983) that applies to the situation and 
adjusting them to account for stress level and for dynamic versus step-
by-step actions. 

Summary of Results 
The total Core Damage Frequency (CDF) for shutdown is equal to 

4.5E-05/ry (mean value). A summary of the major contributors to the 
CDF is presented in Table 2, and the following conclusions are 
appropriate: 

1. The shutdown core damage frequency is about 18% of the 
CDF during operation. 

2. The major contribution to the CDF comes from sequences 
occurring when the RCS is drained to vessel flange or hot leg 
mid-plane (mid-loop operation). These sequences are 
responsible for about 71% of the shutdown CDF. 

3. Operator errors, mainly failures to recognize the need and 
initiate alternate cooling, are major contributors to the CDF 
(see description of sequences provided below). 

4. As a class, procedure-initiated transients are the major 
contributors to the CDF (about 61%). Procedure-initiated 
LOCAs are also important contributors (18% of the CDF). 

5. Plant improvements in the form of instrumentation, 
controls, procedures and training (which were included in the 
study) have a major impact upon the shutdown CDF. 

TABLE 2 SEABROOK: SUMMARY OF RESULTS 

Total Shutdown Core Damage Frequency (1/yr): 
5th percentile 5.8E-06 
Median 1.9E-05 
Mean 4.5E-05 
95th Percentile 1.3E-04 

Contribution from Internal/External Events (%): 
Internal Events 88% 

- Hardware Failures of RHR 
- Loss of RHR Suction from RCS 
-LOCAs 
- Loss of Offsite Power 
- Loss of Other Support Systems 

35% 
26% 
18% 

3% 
B'A 

Seismic Events 8% 

Fires/Floods 3% 

Contribution by RCS Configuration: 

- RCS Drained to Vessel Flange or Hot Leg Mid-Plane 71% 
- RCS Filled with Secondary Cooling Available 29% 
- RCS Filled to Refueling Level « 1 % 

Finally, a short description of the four most important sequences 
(responsible for about 55% of the CDF) is provided below: 

Sequence 1: Frequency = l.OE-05/ry (23% of CDF). This sequence is 
initiated by a hardware failure of the operating RHR pump with the RCS 
drained to mid-loop. Following the initiating event the operators fail to 
recognize the need and provide alternate cooling leading to core damage 
(probability of operator failure equal to 1.7E-04). 

Sequence 2: Frequency = l.OE-05/ry (23% of CDF). This sequence is 



initiated by a loss of suction to the operating RHR pump with the RCS 
drained to mid-loop. Following the initiating event the operators fail to 
recognize the need and provide alternate cooling leading to core damage 
(probability of operator failure equal to I.7E-04). 

Sequence 3: Frequency = 2.2E-06/ry (5% of CDF). This sequence is 
initiated by a LOCA from the RHR suction line occurring when the RCS 
is full. This LOCA causes cavitation of the RHR operating pump. The 
operator correctly diagnoses the event but long term recirculation fails 
(hardware failure). 

Sequence 4: Frequency = 2. lE-06/ry (5%of CDF). This sequence is 
initiated by a seismic event which causes loss of offsite power. The DGs 
fail (maintenance/hardware/seismic induced-failure) leading to core 
damage. 

SURRY SHUTDOWN PSA 
The Surry plant has two identical PWRs, each rated at 788 MWE, and 

the low power and shutdown PSA was performed for a single unit. The 
analysis was performed for the U. S. NRC by Brookhaven National 
Laboratory (Chu, et al., 1994; Musicki, et al„ 1994; Kohut, 1994). The 
Surry analysis was performed in two phases. Phase 1 consisted of a 
screening analysis for all outage types (including internal events, fires 
and floods) to determine which sequences needed to be analyzed in 
more detail. Based on the Phase 1 results, a detailed analysis (Phase 2) 
was performed for the midloop operation; the Phase 2 analysis includes 
internal events, fires, floods and seismic events. The main objectives of 
the Phase 2 analysis were: a) to estimate the frequencies of severe 
accidents during midloop operation; and b) to demonstrate 
methodologies for accident sequence analysis for low power and 
shutdown operations. The discussion that follows only addresses the 
Phase 2 analysis for internal events, fires and floods-
Two outage types, refueling and drained maintenance, were selected for 

the detailed analysis, and to properly account for the changing plant 
configuration it was necessary to define different Plant Operational 
States (POSs) for each type of outage. Three midloop POSs were used in 
the Phase 2 analysis. Two of these POSs occur in a refueling outage ( R6 
which takes place early in the outage to permit eddy current testing of 
the steam generator tubes, and RIO, which takes place after the refueling 
outage to allow for additional maintenance). The third POS, D6, 
represents maintenance activities requiring the plant to go to midloop 
operation; this POS is characterized by the highest level of decay heat 
among the POS analyzed. 

Due to the fact that even within each POS the plant configuration 
continues to change with time, and the decay heat continues to decrease 
(causing changes in success criteria), it was necessary to develop a new 
approach, namely the "time-window" approach. Four time windows 
were defined after shutdown, each with its unique set of success criteria 
reflecting the decay-heat level during mid-loop operation. It is important 
to note, that during the 1992 Surry refueling outage, the utility changed 
previous practice and avoided going to mid-loop operation. However, 
the BNL analysis is based on outages that include mid-loop operations 
as was the case before the 1992 refueling outage. 

A brief description of the approaches used in each task of the BNL 
Phase 2 analysis and its main results follow: 

Initiating Events Analysis 
The identification of the internally initiated events was based on 

extensive review of existing studies, licensee event reports (LERs), 
published NRC documents (generic letters, information notices, bulletin, 
and circulars), and current Surry operating procedures. A significant 
effort was expended in the identification and quantification of the 
internally initiated events. The use of the time-window approach 
requires a novel method for the quantification of the initiating events for 
each time window of a specific POS for each outage. In the time 
window approach, the frequency that an initiating event IE(k) occurs in 
a given time window, m, of a particular POS j of a specific outage type, 
i, is given by: 

Frequency (outage i) per year * Probability (IE(k) | POS j of outage i) 
* Probability (window m | IE(k) in POS j of Outage i). 

A list of the internally initiating events used in the analysis is presented 
in Table 3. Note that other initiating events were considered but were 
found to be either negligible or not applicable to the midloop operation. 

TABLE 3 SURRY: SUMMARY OF INITIATING EVENTS 
APPLICABLE TO THE MIDLOOP PLANT OPERATIONAL 

STATES 

1. Loss of RHR 
- Over draining 
- Failure to Maintain Level 
- Non-Recoverable Loss of RHR 
- Non-Recoverable Loss of Operating RHR Train 
- Recoverable Loss of RHR 

2. Loss of Offsite Power 

3. Loss of 4 kV Bus 

4. Loss of Vital Bus 

5. Loss of Outside Instrument Air 

6. Loss of Component Cooling Water 

7. Loss of Emergency Switchgear Room Cooling 

8. Inadvertent Safety Feature Actuation 

For the fire analysis, five areas were analyzed in detail: a) Emergency 
Switchgear Room (ESGR); b)the Cable Vault and Tunnel (CVT); the 
Containment (CT); d) the Main Control Room (MCR); and e) the Normal 
Switchgear Room (NSGR). For the flood analysis the following areas 
were selected based on the results of the phase 1 screening analysis: 
a)Turbine Building; b) Auxiliary Building; c) Safeguard Area; and d) 
Mechanical Equipment Room. 

Event Tree Analysis 
Event trees were developed for each time-window of the POSs analyzed 

for each outage. The approach used in the development of those event 
trees (160 event trees) was the same as that used for power operation 
PSAs. The large fault tree/small event tree methodology was used in the 
study. It is important to note that a large number of thermal hydraulics 
calculations were performed for evaluation of the success criteria used 
in the different event trees. 



System Analysis 
The fault tree models developed for the Surry PSA for power operation 

(Bertucio, et al., 1991) were reviewed and modified when necessary. 
Modifications were required mainly to reflect different plant 
configurations during shutdown, changes in success criteria, deletion of 
automatic actuation of backup systems, and changes in maintenance 
events to correctly address component/system maintenances based on the 
reduced inventory list for the specific POSs. 

Inadvertent Safety 
Feature Actuation 19% 

Loss of 4 kv Bus 8% 
Loss of CCW 5% 
Loss of ESGR cooling 2% 
Loss of Vital Bus 2% 

Contribution By Outage Type: 
Drained Maintenance 65% 
Refueling 35% 

Data Analysis 
The level of detail needed to address the changing plant configurations 

(different time windows for each POS of each outage type) required an 
extensive effort for the data collection and manipulation. Generic and 
plant specific data were gathered and either a single- or two-stage 
Bayesian analysis was performed to obtain the shutdown data used in the 
analysis. As an example of this data collection, the shift supervisor's log 
books, outage schedules, minimum equipment list, and monthly 
operating reports for a period of 5 years for each unit were reviewed to 
collect the data required to estimate the frequency of shutdown, duration 
of plant operational states, and maintenance unavailabilities. Time to 
midloop and duration of midloop operations, which determine the decay 
heat level (and as a consequence the success criteria) were also obtained 
in the manner described before. 

Human Reliability Analysis 
Similarly to PSAs for power operation, pre- and post-accident human 

errors were modeled. Basically, the pre-accident errors identified in the 
Surry PSA for power operation (Bertucio, et al., 1991) were adopted 
with other events required for the shutdown analysis. For the post-
accident human errors an adaptation of the success likelihood index 
methodology (SLIM) (Embrey, et al., 1984) was used for their 
quantification. 

Summary of Results 
A summary of the results for the shutdown (midloop operation) core 

damage frequency from Internal Events, Fires and Floods is presented in 
Tables 4,5, and 6, respectively. From these results the following 
conclusions are appropriate: 

1. Internal Events: 
a. The mean value of the shutdown CDF is equal to 4.8E-06/ry, and this 
represents about 12% of the internal events CDF during power operation. 

b. Loss of Offsite Power is the dominant initiating event, contributing 
about 40% of the interna! events CDF. Loss of RHR and Inadvertent 
Safety Feature Actuation are also important contributors (23% and 19% 
respectively). 

TABLE 4 SURRY: SUMMARY OF CDF FOR INTERNAL 
INITIATING EVENTS 

Total Shutdown Core Damage Frequency (1/ry): 
5th Percentile 4.8E-07 
Median 2.1E-06 
Mean 4.8E-06 
95th Percentile 1.5E-05 

Contribution By Class of Initiating Event 
Loss of Offsite Power 40% 
Loss of RHR 23% 

TABLE 5 SURRY: SUMMARY OF CDF FROM FIRE EVENTS 

Total Core Damage Frequency (1/yr): 
5th percentile I.4E-06 
Median 9.1E-06 
Mean 2.2E-05 
95th percentile 7.6E-05 

Contribution by Fire Area: 
Emergency Switchgear Room 71% 
Cable Vault and Tunnel 22% 
Containment 3% 
Main Control Room 3% 
Normal Switchgear Room « 1 

Contribution by Outage Type: 
Drained Maintenance 67% 
Refueling 33% 

TABLE 6 SURRY: SUMMARY OF CDF FOR INTERNAL 
FLOODS 

Total Flood Core Damage Frequency (1/ry): 
5th percentile 2.2E-07 
Median 1.7E-06 
Mean 4.8E-06 
95th percentile 1.8E-05 

Contribution by Flood Areas: 
Turbine Building 85% 
Auxiliary Building 7% 
Safeguard Area 7% 

Contribution by Outage Type: 
Refueling 94% 
Drained Maintenance 6% 

c. Accident sequences which occur during a drained maintenance outage 
are responsible for 65% of the internal events CDF; the other 35% comes 
from refueling outage. 

d. Based on the importance analysis presented in the BNL report (not 
included in this paper), operator errors (failure to diagnose the events) is 
a major contributor to the CDF. These operator errors occur in many of 
the different sequences and contribute to about 56% of the CDF. To 
better illustrate the importance of operator actions, a brief description of 
some of the most dominant minimum cutsets (MCS) follows: 

MCS # 1: CDF = 3.0E-07/ry. This cutset is initiated by a loss of offsite 
power initiator in time window 2 of a drained maintenance outage and 
diesel generators 1 and 3 start and feed the two emergency buses. 
However, because offsite power is lost, the normally running RHR pump 
and the component cooling water system are not automatically connected 
to their RHR. The operators fail to diagnose the event correctly causing 



core damage to occur even if offsite power is recovered. TABLE 7 GRAND GULF: INITIATING EVENTS FOR POS 5 

MCS # 2: CDF = 2.6E-07/ry. This cutset is the same as MCS »1, except 
that it occurs in time window 3. 

MCS # 3: CDF = 1.8E-07/ry. This cutset is the same as MCS #1, except 
that it occurs in time window I. 

2. Fire Events: 
a. The mean value of the shutdown core damage frequency from fire 
events is equal to 2.2E-05/ry, and this is about a factor of two greater 
than the CDF from fires during operation. 

b. Fires in the Emergency Switchgear Room are responsible for 71% of 
the fire CDF. 

c. Accident sequences occurring during drained maintenance outage are 
responsible for 67% of the fire CDF. 

3. Flood Events: 

a. The mean value of the shutdown CDF from flood events is equal to 
4.8E-06/ry. The flood CDF for power operation (NUREG/CR-4550) was 
negligible (less than l.OE-08/ry); however, it is important to note that 
Surry IPE did find that floods were an important contributor to the CDF 
during power operation. 

b. Drained maintenance outage was the major contributor to the flood 
CDF (94%). 

GRAND GULF SHUTDOWN PSA 
Unit 1 of the Grand Gulf (GG) Nuclear Station is a 3833 MWt BWR-6 

with a Mark III containment. The Low Power and Shutdown PSA was 
performed for the NRC by Sandia National Laboratories (Whitehead, et 
al., 1994; Lambright, et al., 1994; Dandini, et al., 1994). A two-phase 
approach was used. In Phase 1, POSs were defined and a coarse 
screening analysis was performed. The results led to the selection of POS 
5 during a refueling outage for a detailed (Phase 2) analysis; POS 5 is 
approximately Cold Shutdown as defined by the GG Technical 
Specification. The main objectives of the Phase 2 analysis are the same 
as described before for the Surry PSA. 

The GG Phase 2 analysis includes internal events, fires, floods and 
seismic events. However: a)the results of the seismic analysis are not 
available; b) the results of the fire analysis show that no sequence 
survived the frequency cutoff(1.0E-08/ry); and c) the results of the flood 
analysis show that only one sequence (with frequency equal 2.3E-08/ry) 
survived the frequency cutoff. Therefore, the presentation that follows 
only addresses the Phase 2 analysis for the internal events. 

Initiating Events Analysis 
The initiating events were divided into three groups: transients, LOCAs, 

and Decay Heat Removal (DHR) challenges. The identification of those 
events was based on previous published studies for power operation and 
from review of RHR experience. A list of the initiating events used in 
the POS 5 analysis is presented in Table 7. 

TRANSIENTS 
1. Loss of Offsite Power 
2. Loss of Standby Service Water System 
3. Loss of Turbine Building Cooling Water 
4. Loss of All Plant Service Water 
5. Loss of All Component Cooling Water 
6. Loss of IE 4160 VAC Bus 
7. Loss of IE 125 V DC Bus 
8. Loss of Instrument Air 
9. Inadvertent Open Relief Valve at Shutdown 
10. Inadvertent Overpressurization (makeup greater than letdown) 
11. Inadvertent Overpressurization via Spurious HPCS Actuation 
12. Inadvertent Overfill via LPCS or LPCI 
13. Loss of Recirculation Pump 
14. Loss of Makeup (loss of CRD system) 

LOCAs 
1. Large LOC A at Low Pressure 
2. Large LOCA during Hydro Test (High Pressure) 
3. Intermediate LOCA at Low Pressure 
4. Intermediate LOCA during Hydro Test (High Pressure) 
5. Small LOCA at Low Pressure 
6. Small LOCA during Hydro Test (High Pressure) 
7. Small-Small LOCA at Low Pressure 
8. Small-Small LOCA during Hydro Test (High Pressure) 
9. Diversion to Suppression Pool via RHR 
10. LOCA in Connected System (RHR) 

DECAY HEAT CHALLENGES 
1. Isolation of SDC Loop B only 
2. Isolation of RWCU as DHR 
3. Isolation of ADHRS only 
4. Isolation ofSDC common suction line 
5. Isolation of ADHRS common suction line 
6. Isolation of Operating RHR shutdown system 
7. Loss of RWCU as DHR 
8. Loss of ADHRS only 
9. Loss of SDC common suction line 
10. Loss of common suction line for ADHRS 

Event Tree Analysis 
The development of the event trees was a major departure from the 

methods previously used for full power and other shutdown studies. For 
the detailed analysis two major sub-states of POS 5 were considered: a) 
the non-Hydro portion (200 F, 0 psig, decay heat 0.9% of full power); 
and b) the Hydro portion (200 F, 1000 psig, decay heat 0.16% of full 
power). For each of these states, different initial conditions based upon 
the shutdown cooling system being used, the suppression pool inventory, 
the position of the MSIVs, the recirculation mode , and the number of 
SRVs operable needed to be considered. Because of the many possible 
initial conditions combinations (81) the following approach was used in 
the development of the even trees. 

Three types of event trees were developed: 

(1) Generic, Functional Event Trees : a set of functional event trees that 
apply to any transient. 

(2) Generic, System-Level Event Trees: a set of trees at the mitigating 
system level that form the basis for the next type of event trees 
developed for transients. 

(3) Specific, System-Level Event Trees: this set models the mitigating 
system response to each of the 34 specific initiating events analyzed. A 
similar set, derived without the benefit of the two other event tree types 



defined above, was developed for each of the LOCAs analyzed. initiators. 

This approach led to the generation of more than 200 unique event trees 
(for which some of the end states are not valid and had to be eliminated 
by the analysts), and it did significantly increase the complexity and the 
quantity of accident sequences that needed to be quantified. For 
example, starting with the first event tree for a given initiating event and 
following the logic until the sequence terminates in either an OK state or 
a core damage (CD) state, sometimes it may require as many as nine 
transfers to other event trees. 

It is important to note that the GG shutdown study also uses the "time-
window" approach discussed in the Surry analysis above, but is used 
only in the final stage of the quantification of the accident sequences. 
The accident sequence quantification was performed as follows. For 
each initiating event the Specific System Level Even Tree was quantified 
and the sequence frequency cutoff criteria (1.0E-08/ry) was used before 
the transfer to the quantification of the next transfer event-tree. This 
process was repeated until the core damage end state is reached. After all 
core damage sequences were obtained for the IE being analyzed, the 
sequence cutsets were examined for validity and potential operator 
recovery actions. Only at this point the "time-window" analysis is 
performed to obtain the final accident sequences frequencies. 

System Analysis 
The system fault tree models developed for the full power GG PSA 

(Drouin, et al., 1989) were modified as necessary to reflect the 
plant/system configurations in POS 5. For systems not used in the full 
power PSA, fault tree models were developed. 

Data Analysis 
The major source of information used in the shutdown study is the GG 

full power PSA; most of the component failure data from that study 
were used. Generic data were used for most of the initiating event data; 
plant specific data were used for the loss of offsite power initiator. A 
mix of plant specific and generic data was used for the estimation of time 
and frequencies at the different POSs. 

Human Reliability Analysis 
In general, the HRA data collection and analysis process outlined in the 

Accident Sequence Evaluation Program Human Reliability Analysis 
Procedure (Swain, 1987) was used in the shutdown analysis. Most of the 
pre-accident actions used in the shutdown study were the same as those 
used in the full power study. For the post-accident actions, it was 
necessary to do a sequence by sequence analysis of the actions contained 
in the generic event trees to attempt to account for the dependencies 
among the different actions. This was necessary because many of the 
potential actions are not strictly proceduralized and not always explicitly 
included in the Emergency Procedures. A major effort was devoted to 
this task in the shutdown analysis. 

Summary of Results 
Table 8 presents the shutdown core damage frequency distribution and 

the major contributors to the CDF. The following can be stated: 

1. The shutdown mean value CDF is equal to 2.0E-06/ry, and this 
represents about 50% of the CDF during full power operation. 

2. The major contribution to the CDF (about 62%) comes from LOCA 

3. The most important initiating event is the Loss of Offsite Power, 
which contributes about 33% to the shutdown CDF. 

Finally, a description of the most dominant accident sequences follows: 

Sequence # 1: CDF = 2.8E-07/ry (14%). This sequence is initiated by 
a Loss of Offsite Power (during window 2) at non-Hydro conditions with 
decay heat being removed by the Shutdown Cooling (SDC) system. 
Onsite AC power for divisions 1 and 2 fails and the High Pressure 
Core Spray (HPCS) fail. The cross-tie from the HPCS division to 
divisions 1 and 2 also fails and the batteries fail before the 
operators can align for fire water injection. 

Sequence # 2: CDF = 2.6E-07/ry (13%). This sequence is initiated by 
a Large LOCA inside containment during window 3. Decay heat is 
being removed by the SDC, and there is water in the suppression pool 
(SP) but the operators fail to dump the SP makeup. HPCS fail and the 
Low Pressure Core Spray (LPCS) 

system works for a period of time. The operators decide to flood the 
containment given the LOCA. The MSIVs are closed and the Standby 
Service Water (SSW) system is successfully cross-tied to inject water in 
the vessel. The containment is open low, i.e. the lower personnel air lock 
is open, and the operators fail to close the lower air lock. This results in 
a flood out of the containment which is assumed to result in core damage. 

Sequence # 3: CDF = 2.0E-07/ry (10%). This sequence is initiated by 
an Intermediate LOCA inside containment during window 3. This 
sequence is similar to Sequence # 2 above, and the major differences are 
that the decay heat is being removed by the Alternate Decay Heat 
Removal System (ADHRS), and 

TABLE 8 GRAND GULF: SUMMARY OF CDF FOR 
INTERNAL EVENTS 

Total Shutdown Core Damage Frequency (1/ry): 
5th percentile 4.1E-07 
Median 1.3E-06 
Mean 2.0E-06 
95 percentile 5.4E-06 

Contribution By Class of Initiating Event: 
LOCA/Divereion 62% 

- Large LOCA at Low Pressure 23% 
- Intermediate LOCA at Low Pressure 12% 
- Large LOCA during Hydro Test 10% 
- Intermediate LOCA during Hydro Test 10% 
- Diversion to Suppression Pool via the RHR 6% 
- LOCA in the RHR system 1 % 

Transients 34% 
- Loss of Offsite Power 33% 
- Loss of Standby Service Water system 1 % 

Decay Heat Challenges 4% 
- Loss of SDC common suction line 2% 
- Isolation of SDC common suction line 2% 

because this is an Intermediate LOCA the operators also open one 
SRV for additional flow from the SSW system. 
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Sequence # 4: CDF = 2.0E-07/ry (10%). This sequence is initiated 
by a Large LOCA inside containment at hydro conditions during 
window 3. This sequence is similar to Sequence # 2 above, except 
that decay heat is being removed by the ADHRS. 

SUMMARY 
The methods /approaches and core damage frequency results for 

three shutdown PSAs (Seabrook, Surry, and Grand Gulf) were 
presented. With respect to the methods used in those studies, the 
following is a summary of differences between methods used in 
shutdown PSAs and in PSAs for power operation: 

(1) The Seabrook study used an innovative method for identification 
and quantification of the internal events initiators, namely the 
procedure-initiated events. This method uses event trees representing 
the procedures used during the different phases of a shutdown. 

(2) Both the Surry and the Grand Gulf studies use the concept of 
"time-window". Both studies use this concept to better define changes 
in plant configurations and to more precisely define success criteria. 
The Surry study also uses the time-window concept in the 
development of the event trees, i.e. for any initiator an event tree is 
developed for each time-window. In the Grand Gulf study the concept 
of time-window is only used in the event trees for the final stage of the 
accident sequence quantification. 

(3) The Slurry study provides a very detailed analysis for data 
estimation for shutdown parameters. 

(4)The Grand Gulf study introduces a novel approach for the 
development of event trees for shutdown studies. It is important to 
note that this method adds considerably to the complexity of the 
problem and for the quantification of accident sequences. 

With respect to the results of the three studies, no comparisons are 
presented because these comparisons are not relevant due to 
differences in data and plant configurations. The only observation that 
can be made is that for Seabrook, Surry, and Grand Gulf, operator 
actions are major contributors to the CDF. 

References 

Bertucio, R. C.et al., November 1991 "Analysis of Core Damage 
Frequency: Surry, Unit I Internal Events," NUREG/CR-4550, Rev. 1, 
Vol. 3, Part 1, Sandia National Laboratories. 

Chu, T. L., et. al. July 1994 "Evaluation of Potential Severe Accidents 
During Low Power and Shutdown Operations at Surry, Unit I, 
Analysis of Core Damage Frequency from Internal Events During 
Mid-Loop Operations," NUREG/CR-6144, Vol. 2, Brookhaven 
National Laboratory. 

Dandini, V. et. al., June 1994 "Evaluation of Potential Severe 
Accidents During Low power and Shutdown Operations at Grand 
Gulf, Unit 1, Analysis of Core Damage Frequency from Internally 
Induced Flooding Events for plant Operational State 5 During a 
Refueling Outage;' NUREG/CR-6143, Vol. 4, Sandia National 
Laboratories. 

Drouin, M. T. et al., September 1989 "Analysis of Core Damage 
Frequency: Grand Gulf Unit I Internal Events" NUREG/CR-4550, 
Vol. 6, Rev. 1, Part I, Sandia National Laboratories. 

Embrey, D. E. et al., March 1984 "SLIM-MAUD: An Approach to 
Assessing Human Error Probabilities Using Structured Expert 
Judgment" NUREG/CR-3518, Vols. 1 and 2, Brookhaven National 
Laboratory. 

Kipper, K. L. et al., May 1988 "Seabrook Station Probabilistic Safety 
Study, Shutdown (Modes 4, 5, and 6)," New Hampshire Power. 

Kohut, P., July 1994 "Evaluation of Potential Severe Accidents 
During Low Power and Shutdown Operations at Surry, Unit I, 
Analysis of Core Damage Frequency from Internal Floods During 
Mid-Loop Operations," NUREG/CR-6144, Vol. 4, Brookhaven 
National Laboratory. 

Lambright J., et. al., June 1994 "Evaluation of Potential Severe 
Accidents During Low Power and shutdown Operations at Grand 
Gulf, Unit I, Analysis of Core Damage Frequency from Internal Fire 
Events for Plant Operational State 5 During a Refueling Outage," 
NUREG/CR-6143, Vol. 3, Sandia National Laboratories,. 

Musicki, Z., et. ai., July 1994, "Evaluation of Potential Severe 
Accidents During Low Power and Shutdown Operations at Surry, Unit 
1, Analysis of Core Damage Frequency from Internal Fires During 
Mid-Loop Operations," NUREG/CR-6144, Vol. 3, Brookhaven 
National Laboratory. 

Pickard, Lowe, and Garrick, Inc., December 1983, "Seabrook Station 
Probabilistic Safety Assessment," prepared for Public Service 
Company of New Hampshire and Yankee Atomic Electric Company, 
PLG-0300. 

Swain, A. et al., August 1983, "Handbook of Human Reliability 
Analysis With emphasis on Nuclear Power Plant Applications" 
NUREG/CR-1278. 

Swain, A., February 1987, "Accident Sequence Evaluation Program, 
Human Reliability Analysis," NUREG/CR-4772. 

Whitehead, D. et.al., June 1994 "Evaluation of Potential Severe 
Accidents during Low Powe and Shutdown Operations at Grand Gulf, 
Unit 1, Analysis of Core Damage Frequency from Internal Events for 
Plant Operational State 5 during a Refueling Outage" NUREG/CR-
6143, Vol. 2, Sandia National Laboratories. 


