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In the short time that plant-specific, full-scope 
probabilistic risk assessments (PRAs) have been per
formed, extensive progress has been made in under
standing and managing risk. After per/orming over 20 
PRAs, one 0/ the most impressive lessons is thot quan
titative risk management is tedious and hard work. 11 
requires great attention 10 plant details and all the re
sources involved. including procedures, training, main
tenance, quality control, staffing. engineering support, 
and, oj course, a detoiled knowledge oj the plant, itS 
systems, and the way they operate and interact. 

If is clear that one oj the greatest values oj a com
prehensive risk model is an increased understanding oj 
the plant. Furthermore, that increased understanding 
is focused on the behavior of the plant under abnor
mal conditions. Those things important to risk are 
made visible and are prioritized. The basis exists to 
identify options for controlling risk in a systematic and 
logical way. The options can be evaluated not only in 
terms oj the possible reduction in risk but also with" 
respect (0 IiJe-cycle costs and overall plant perfor
mance. 

One of the real challenges facing practitioners of 
quanti/alive risk assessment is to avoid undue empho
sis on the numerical results. The numerical aspect of 
risk analysis should be viewed as a disciplining process, 
nol as the end in itself. The temptation to get into a 
"numbers game" is strong, and it should be resisted. 
The reol emphasis should be on exposing whot is driv
ing the risk and taking specific actions to keep it und~ 
control,' that is, the perspective ought to be one of risk 
management. Experience indicates such an emphasis 
can result in enormous benefits. The results have 
impacted all aspects of nucleor plant sqjety, including 
training, regulatory compliance, preventive met1SUres, 
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maintenance prioritizing, spare parts, outage planning, 
and the basic decision-making process associated with 
power plant operations. 

The impact of plant-specific PRAs on traditional 
issues of Stifely has been major. Outstanding e:wmpleS 
are large loss-of-coolanf accidents (LOCAs), contain

: ment capacities, Single-failure criteria, separate and 
. independent safety trains, frontline safety system de

pendencies, system response requirements, system re
dundancy, the role of extemol events, and the role 
oj selected support systems. Large LOCAs are not a 

; major contributor to risk; most containment capaci
ties greatly exceed their design basis,' frontline safety 
systems are more dependent on support systems than 
previously believed,' mul/iple failures are imporlani 
contributors to risk; system response is sequence de
pendent,' system redundancy is often not as important 
as system location and support system requirements; 
external events are often important contn'butors, espe
cially (0 older plants; and such support systems as 
room ventilation are for more important to risk than 
perceived. 

Just as many lessons have been learned about 
nuclear plant risk through the application of quantita
tive risk assessment, there hove also been rrumy lessonS 
learned about how to do risk assessments. Examples 
have to do with data handling, plant and system mod
eling, capturing the operator's perspective, controlling 
the scope, technology transfer, and achieving scru/a
bility. There is still much room for improvement in all 
these and other areas. Yet, the progress toward real
time and continuous quantitative risk management has 
been extremely encouraging. The key is to have pa
tience and not expect the process to be automatic. 



INTRODUCTION 

In 1982, an attempt was made to highlight the les
sons learned from some ten probabilistic risk assess
ments (PRAs) performed by the Pickard, Lowe and 
Garrick, Inc. (PLO), PRA team. I That number has 
since grown to 21, and this paper reexamines this expe
rience base in terms of what we are learning about 
nuclear plant risk. 

The approach is to sample the 21 PRAs for key 
information rather than attempt to address each plant 
individually. The plants are not identified, except by 
a code letter and number, to avoid the problem of sen
sitive comparisons. In general, the letters "P" and "B" 
denote pressurized water reactors (PWRs) and boiling 
water reactors (BWRs), respectively. The numbers fol
lowing the letters (e.g., PI, Pl, etc.) distinguish among 
specific plants. 

The discussions center around the scenario-based 
definition of risk, l which basically asks the following 
three questions: 

1. What can go wrong? 

2. What is the likelihood? 

3. What is the consequence? 

A top-<:!own format is adopted for discussing re
sults and making comparisons. In particular, the top
down topics are 

1. public risk (the off-site health consequences) 

2. owner/operator risk (plant damage that does 
not result in significant public risk) 

3. risk initiators (the first of a chain of events) 

4. risk scenarios (the accident sequences important 
to risk) 

5. underlying contributors (equipment failures and 
causes, operator actions, maintenance, etc.). 

Following the above discussions, there is a brief 
commentary on advances that have been made in PRA 
methodology . 

This analysis relies on PLO's experience with 14 
PWR plants and 7 BWR plants. Thus, the lessons 
learned are based only on PRAs performed by the 
PLG team and may not be representative of lessons 
learned by the application of PRA by other investiga
tors. It should be noted that even the scopes of the 
PLG PRAs vary considerably, thus complicating the 
discussions and, especially, any one-to-one compari
sons. Nevertheless, it is possible to make some impor
tant "lessons learned" observations and even some 
comparisons when similarly scoped PRAs are involved. 
Table I highlights the scopes of the various analyses 
performed. In the language of the U.S. Nuclear Reg
ulatory Commkaon (NRC) PRA Procedures Guide,3 

there are three levels of PAA, each of which addresses 
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TABLE 1 

PRA Scopes for 21 Nuclear Plants Analyzed by PLO 

External 
Plant Scope Events 

PWRs 
PI Phased, Level I Yes 
P2 Phased, Level 3 Yes 
P3 Phased, Level 3 Yes 
P4 Phased, Level 3 Yes 
PS Phased, Level 3 Yes 
P6 Phase 1, Level 1 No 
P7 Phased. Level 1 Yes 
P8 Phased, Level 1 No 
P9 Phase 1, Level I Umited 
PIO Phased, Level 3 Yes 
PH Phased, Level I Yes 
P12 Phased, Level 3 Yes 
PI3 Phased, Level 1 Yes 
P14 Phase I, Level 1 No 

BWRs 
Bl Phase I, Level I No 
B2 Phase I, Level 1 No 
B3 Phased, Level 2 No 
B4 Phase I, Level 1 No 
BS Phase 1, Level 1 No 
B6 Phased, Level 3 Yes 
B7 Phase It Level 1 No 

Notes: 1. Phased implies a full-scope PRA within a partic
ular "level" category. 

2. Phase I implies a limited-scope PRA. 

3. In the language of the NRC PRA Procedures 
Guide, there are three levels of PRAs: Level I 
terminates with core melt, level 2 with releases, 
and level 3 with off-site health effects. 

the scenario-based definition of risk. Level 1 termi
nates with core melt, level 2 with release catagoriza
tion, and level 3 with off-site health effects. 

PUBUC RISK 

Of the 21 PRAs in the data base, only 7 have been 
full-scope (i.e., phased) level 3 studies. Many of these 
were early studies, and some were included in Ref. I. 
With less interest in level 3 PRAs, there are fewer les
sons learned about public risk than there might have 
been. 

One reason the interest in level 3 PRAs has sub
sided is that these early studies were quite convincing 
that the public health risk is small. In particular, with
out exception, the public risk was well within the safety 
goals proposed by the NRC. Since the same result was 
not as obvious with respect to the issue of core dam
age, attention was shifted to core melt studies (level 1) 



and, following Chem'obyl, some limited interest in 
level 2 investigations. It is expected that interest in level 
3 PRAs will return as quantitative risk management 
practices mature. It is believed that level 3 PRAs are 
necessary for cost-effective and high-confidence man
agement of the owner/operator risk and public risk. 

The few level 3 PRAs that have been performed 
since the Ref. 1 review continue to verify the conclu
sion that the public health risk is indeed small. For 
plants that have large, dry containments. only a small 
fraction of the analyzed core melts would result in 
exceeding the capacity of the containments. That is, in 
the majority of core melt cases, the containment will 
remain intact. In other cases, the releases occur only 
after many hours or even days have passed since the 
beginning of the accident and the opponunity exists 
for extensive emergency response. The result is that, 
at least for this class of containments (i.e., large, dry), 
the risk to the public is extremely small, and more 
recent studies continue to verify this conclusion. 

For other containment types, the results are not 
quite as conclusive. These include the ice condenser 
containments for a few PWRs and the pressure sup
pression systems employed by the BWRs. It is expected 
that PRA-based capacity assessments of these contain
ments will soon match the comprehensiveness of the 
analyses performed on several large, dry containment 
systems. Meanwhile, these containments and their 
plant-specific responses during accidents are a source 
of uncertainty in the estimates of risk to the public. 

To illustrate the effectiveness of several large, dry 
containments for five representative PWR plants, con
sider Fig. 1 ~ It can be observed that the containment 
remains intact for 30 to >90070 of the possible core 
melt scenarios associated with these plants. Figure 1 

IZ2J EARLY REL£ASE 
~ LATE RELEASE 
,. INTACT CONTAINMENT 

PLANT 

Fig. 1. Radioactivity release classification for large, dry 
containments. 
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also points up the reason for the extremely low occur
rence frequency of any early fatalities. In particular, 
the percentage of core melt scenarios that result in 
early releases (i.e., releases responsible for almost all 
the early fatalities) is small, varying from around 1070 
to -15070. Another important fmding from the stud
ies relates to the location of the early fatalities with 
respect to the plant. In general, almost all of the early 
fatalities occur within a shon distance from the plant. 
Depending on the plant, 90 to 95070 of the fatalities 
occur within 2 miles of the plant. 

OWNERIOPERATOR RISK 

Whereas the full-scope PRAs have greatly increased 
the confidence of the nuclear safety community in the 
very low risk to the public, there is less confidence 
about the matter of the risk to the owner/operator of 
the plants. In particular. a nuclear utility's financial 
condition can be greatly threatened and maybe even 
destroyed by an event involving severe core damage 
although the public may not be threatened at all. 

Before discussing specific core damage results, it 
is important to provide some background on the con
text of the results. As previously indicated, discussions 
and comparisons of PRA results are complicated by 
the variety of scopes that are practiced. Besides the 
levell, 2, and 3 breakdowns, other factors that affect 
scope include the data base (e.g., generic versus plant
specific data). the initiating event scope (e.g., internal 
events or extcmal events or both), and, finally, whether 
to comprehensively treat such issues as dependent 
failures and uncertainties. 

A further scoping practice by the PLO team that 
has proven to be very efficient and cost effective is the 
concept of the phased PRA. Table II highlights the 
approach. The phased approach is based on the old 
notion of "the method of successive approximation." 
In addition to serving the need to get results early, it 
has also been very effective in controlling closure of 

TABLE II 

Phased PRA 

Full-breadth, limited-depth scope for pbase I 
Emphasis on plant model 
Coarse set of initiating events 
Limited treatment of external events 
Inferences about off-site health effects 

Refmement of risk model in follow-on pbases 
Rermcmcnt of initiating event set 
Detailed treatment of imponant extcmal events 
Detailed treatment of off-site public risk (if desired) 
Structured for quantitative risk management 



the risk model. As soon as phase I is complete. the 
options for completing the PRA become clear and 
much more manageable. 

With respect to core melt. a typical evolution of a 
phased PRA is illustrated in Fig. 2. The phase I (com
puted) implies a result that comes out of the computer 
but does not reflect all known information at this 
point of the analysis. Thus, to truly reflect the state of 
knowledge for phase I, it is necessary to combine the 
results with well-documented judgment. Such factors 
as operator recovery and recent plant changes are 
often involved. Of course. phase II is building refine
ments and verifiable updated information into the 
computer model, along with refmement in expen judg
ment. 

To illustrate the results from actual phased PRAs, 
consider Fig. 3. Except for plant B3. these six PRAs 
are aU full scope .• including the use of plant-specific 
data and a full treatment of external events. Plant B3 
did not include external events. Furthermore, these 
PRAs reasonably represent the range of all the simi
larly scoped PRAs performed by the PLO team. For 
phase 1. there is a variation in the core melt frequency 
between the 5th and 95th percentiles of 28 to 4000. 
The corresponding range for phase II is 5 to 42. The 
difference in the two phases is a much improved state 
of knowledge. This point would have been more 
clearly made had the scopes within the two phases 
been identical, which they were not. Meanwhile, in 
going from phase 1 to phase II, the central tendency 
parameters, the median and the mean, generally shifted 
to lower values. There is no guarantee that this will 
always be the case, although this reflects the fact that, 

5th PERCENTILE 95th PERCENTILE 
[ I • 3 2-4 

E MEDIAN MEAN 

,·5 2-4 
[ I 

'·5 1-4 2-4 

[ I • 

I I I 

in a phase 1 study, conservative assumptions are often 
substituted for detailed analyses. 

For similarly scoped studies, it is interesting to 
observe where the median and mean core melt fre
quencies lie. For full-scope studies, Fig. 4 is represen
tative of the range of values for the median and mean 
core melt frequencies. Although the uncertainties vary 
considerably, the means and medians are reasonably 
bunched together. In particular, the means vary from 
1.4 x 10-4 to 3.1 x 10-4 and the medians from 8.5 x 
10-5 to 2.2 x 10-4 • That they would be bunched 
together is clearly explainable. In all cases, the PRAs 
were used to make changes in the plants, i.e., to man
age the risk. The result is a natural convergence to rea
sonably achieve risk levels. 

Figure 5 presents a cross section of core melt re
sults from limited-scope PRAs, all but one of which 
are BWRs. Unlike the PWR results discussed above, 
all of these results derive from limited-scope PRAs. 

. The limitations in scope are primarily related to a 
coarse set of initiators. limited data analysis in some 
cases, limited treatment of operator actions, and no 
treatment of external events. Some of the effects of 
these would be offset should the scopes be expanded. 
For example, experience indicates that a more detailed 
treatment of data and initiators reduces the uncenainty 
and. usually, the risk, while consideration ·of external 
events will increase the risk. 

Reviewing Fig. 5 indicates that the median and 
mean core melt frequencies for this set of plants vary 
from 7.6 x 10-5 to 4.9 x 10-' and 5.5 x 10-' to 1 x 
10-3, respectively. A variation in mean core melt fre
quency by a factor of 1.8 for the set of six plants is 

7-49-4 3·3 

I • 3 PHASE I (COMPUTED) 

5-4 4·3 

• 3 
PHASE I (STATE OF KNOWLEDGE) 

9-4 

3 PHASE II 

, , 
w6 ,~ 1~ 1~ ,~ 

CORE MELT FREaUENCY levent/reactor·yr) 

Fig. 2. Core melt results from a phased PRA. In this and the following figures. exponential notation is indicated in 
abbreviated form, i.e., 2-4 = 2 x 10-4. 
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PH 
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E I • ~ PHASE II 

10-5 10-4 10.3 
FREQUENCY levent/yrl 

1.0.6 7.5·5 1.3·3 4.0·3 

E t • 3 PHASE I 

P12 
7.2·5 1.9-4 5.1-4 
E ,. 3 PHASE II 
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1.1·5 1.7-4 6.5-4 2.5·3 
E , • j PHASE I 

P13 
1.3-4 2.5-4 6.4-4 

E I ·3 PHASE II 
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~-------- -- ----- - --- - -- --- - - ---- - - ---
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5th PERCENTILE 95th PERCENTILE B3 
[ I • 3 

MEDIAN MEAN 4.0.5 1.3-4 2.1-4 4.8-4 
[ I • J PHASE II 

i I 

FREQUENCY levent/yrl 

Fig. 3. Comparisons of core melt distributions for phase I and phase II studies. 

small compared to the average variation between the 
5th and 95th percentiles of - SO. These results illustrate 
the importance of uncertainty analysis in putting risk 
information into its proper perspective. Factors of 2 
in core melt frequency are of little significance to a 
parameter that may vary by a factor of 10 to 100. 

Perhaps. the most important observation about 
the owner/operator risk is that the PRAs have dem
onstrated the ability to control the risk. Keeping visi
ble what the risk is and what is contnbuting to it makes 
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possible the implementation of actions to achieve pos
itive control. 

RISK INITIATORS 

Fundamental to the scenario-based approach to 
risk analysis is the identification and quantification of 
wh8t are called initiating events. An initiating event is 
generally taken to be any initial event that causes a 
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Fig. 4. Core melt frequencies for full·scope studies. 
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9.2·5 4.9-4 8.2-4 2.6·3 
E I. 3B2 
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10" 10') 
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Fig. S. Core melt frequencies for limited-scope studies (no 
external events). 

plant to depart from' its otherwise normal state of 
operation. It is usually the first of a chain of events 
leading to a variety of end states. including restabili
zation of the plant, or various levels of plant damage. 
such as severe core damage. The class of initiating 
events of greatest interest is that most important to 
core inelt, releases of radioactive material. and off-site 
health effects to the public. 

Initiating events are the starting points for struc
turing the scenarios that are the basis for the risk 
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model. The initiating events are grouped into catego· 
ries to ensure completeness, while keeping the number 
of such categories to a manageable level. Initiating 
eyents tend to fall into three major groups: transients, 
loss-of.coolant accidents (LOCAs) , and such com· 
mon.cause events as fires and earthquakes. Whereas 
a full·scope PRA may involve 20 to 80 initiating event 
categories, a phase I PRA further collapses them into 
4 to 9 categories. 

A review of the 21 PRAs was performed to iden· 
tify trends in initiating events important to risk. The 

. trends. if they exist at all. are certainly not obvious
again making the point that the risk of a nuclear 
power plant is very plant specific. However. there are 
some observations that can be made. 

j For the full-scope (equivalent to a two-phased 
i study) PRAs performed on PWRs (eight were re
viewed), the initiating events most frequently appear· 
ing in core melt scenarios were small LOCAs, loss of 
off-site power (LOSP). the external event initiators of 
fires and earthquakes, and the failure of critical area 
ventilation systems. Other initiators important in some 
PWR plants were loss of main feed water , loss of com
ponent cooling water, and, to a lesser extent, steam 
generator tube rupture (SGTR). The loss of area ven· 
tilation initiators was much more visible in newer 
plants in which critical equipment was housed in 
closed rooms and was thus more dependent on room 
cooling to prevent overheating. On the other hand. the 
older plants were generally more susceptible to such 
external events as fires and earthquakes. Perhaps the 
most imponant observation is that the rank order of 
the initiators was different for each plant and that no 



single initiator was a major contributor to risk in all 
the plants. 

Those full-scope PRAs that were level 3 studies, 
five of the above eight, also provided some interesting 
insights into initiators. In particular, these studies 
demonstrated that different initiators are important 
for different damage states. For example, the above 
initiators, while important for core melt, were gener
ally not important contributors to off-site health ef
fects. The principal reason for this difference is rooted 
in the effectiveness of the containment systems in these 
plants. An important initiator for off-site health ef
fects is the interfacing LOCA, yet its importance to 
core melt is very small since its frequency is extremely 
small. 

For the BWR group, the situation is a little differ
ent. The core melt scenario initiating events are domi
nated by transients. The most visible transients are 
related to loss of feedwater, excessive feed water , pres
surization transients [e.g., closure of main steam iso
lation valves (MSIVs)]. and LOSP. In those cases for 
which external events were considered, as before, fires 
and earthquakes were the most visible. Except for the 
fact that transients as a major group were important 
core melt contributors, there was wide variation among 
plants, as before, in the detailed nature and ranking of 
the initiators. . 

A somewhat global look at internal versus external 
contributors for six PWRs is given in Fig. 6 • .It is clear 
that external events are important considerations in the 
quantification of risk. In some cases, they are the 
largest contributors to risk. 

Figure 7 provides some indication of the way the 
external event risk is distributed. Again, there is con
siderable plant-to-plant variability. 

Excluding external events, it is possible to group 

100 

80 

if. 60 

40 

20 
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o~~~~~~~~~~~~~~~~~~ 
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FULL SCOPE STUDIES ON PWRs 

Fig. 6. Internal versus external contributors to core dam
age. 

the BWR initiating events into three very broad cate
gories: general transient, LOCAs, and LOSP. Fig
ure 8 illustrates the relative contribution of these broad 
categories to core melt for six BWRs. This somewhat 
dramatically illustrates the observation made above on 
the dominance of transients as a group. 

RISK SCENARIOS 

One of the key results from a PRA is a list of 
those sequences of events most important to risk. Such 
information puts the risk contributors in context with 
the way things go wrong and the sequence. Table III 

. is a ranking of abbreviated scenarios important to risk 
for PWR plant P7. Contextualizing the contributors 
to risk is essential to controlling the risk. Table III is an 
impressive example of why it is imponant to quantify 

r2 EARTHOUAKE 

~ FIRES 

I'2J INTERNAL FLOODS 

m1 OTHER EVENTS 

Fig. 7. Contribution of external events to total core dam
age. 
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Fig~ 8. Contribution of internal events to total core dam
age. 
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TABLE III 

PWR Plant 7 - Contributors to Core Melt 

Initiating Event Core Melt 
(Rank) Core Melt Scenario (010) 

Fire Reactor trip, loss of all feedwater, no bleed-and-feed 
(1) cooling, reactor coolant pump (RCP) seal LOCA 14 

Seismic Station blackout, reactor trip, loss of all feed water , no 
(2) feed-and-bleed cooling, RCP seal LOCA 7 

Seismic Reactor trip, loss of all feedwater, no feed-and-bleed 
(3) cooling, RCH on minimum speed, no pump seal LOCA 6 

LOSP Reactor trip, no steam generator cooling, feed-and-bleed 
(8) cooling, failure of recirculation cooling 4 

the risk from external events; the first internal event 
to appear on the list (LOSP) is ranked number 8 and 
contributes only 4070 to the core melt frequency. 

Table IV presents the top-ranked risk scenario for 
11 plants. External events are not included in the BWR 
risk models. Observe the wide variability in the impor
tance of the top-ranked accident sequence (from 6 to 
59070 ). 

Earlier, the point was made that the ranking of 
contributors is damage index dependent. Table V illus
trates this point for a particular PWR plant. For 
example, the scenario involving the interfacing system 
LOCA is No.1 for the damage index of early deaths 
and No. 15 for core melt frequency. 

UNDERLYING CONTRIBUTORS 

Looking beyond scenarios, there are system fail
ures important to risk, such causes of system failures 
as human error or hardware failures, and there is a 
whole spectrum of contributors in the category of de
pendent failures. 

Considering the older PWRs first, it is clear that 
hardware associated with electric power, recirculation 
cooling, and containment heat removal are very im
portant. The reliability of these systems is very de
pendent on operator actions. Operator actions playa 
major part in controlling the risk of the older plants 
because of the heavy dependency of those plants on 
manual actions. Generally, the dependence on opera
tor actions for short-term response to abnormal con
ditions is coupled with a relatively short time available 
to diagnose and take corrective action. 

For the newer PWRs, the picture is somewhat dif
ferent. Although there is a little less dependence on 
manual actions by operators, there is greater depen-
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dence on other systems, such as area ventilation sys
tems, due to the trend toward more compartmentalizing 
of equipment into rooms where systems operation is 
dependent on room cooling to avoid thermal degrada
tion of equipment. Other equipment visibly imponant 
to risk includes electric power systems, auxiliary feed
water (AFW), component cooling water, safety and 
relief valves, recirculation systems, coolant safety in
jection systems, and the main feedwater system. 

For BWRs, the reactor scram system has always 
been an important contributor to risk, although in 
varying degrees among the seven plants reviewed. 
Other systems of significance to risk include diesel gen
erators (including electric power in general), relief 
valve performance, MSIVs, service water systems 
(especially pumps), automatic depressurization sys
tems, and hardware failures in residual heat removal 
systems. Table VI illUstrates the contribution of broad 
system categories to core damag~ for plant B5. 

METHODOLOGY 

The major advances in PRA methodology have 
come in two areas: the structuring of the risk model to 
facilitate timely risk management and the improve
ments in the modeling of specific risk contributors, 
which experience indicates are important. 

To use a risk model to support timely decisions 
about plant operations, it is necessary to evaluate plant 
changes quickly in tenns of their effects on risk. This 
capability has been achieved by structuring the risk 
model to allow easy assembly and decomposition of 
results with respect to the elements (such as specific 
initiating events) contributing to risk. The scenario
based approach to risk analysis has been a powerful 
aid to this process. 

> 



TABLE IV 

Leading Contributor to Core Melt for Various PWR Plants 

Frequency Core Melt 
Plant Scenario (per year) (070) 

P2 Seismic, loss of ac power 5.6 x 10-6 11 

P3 Wind, loss of ac power 3.6 x 1O-s 27 

P4 Small LOCA 8.2 x 1O-s S9 

P9 Loss of chilled water and failure to recover NA' NA' 

PIO Loss of component cooling water 3.8 x 10-s 12 

Pit Small LOCA with failure of sump recirculation valves 1.4 x 1O-s 6 

PI3 Loss of control building ventilation 1.6 x 10-4 30 

Bl General transient, failure of pumps in both plant service 2.3 x 10-4 23 
water divisions 

B3 Loss of feed water with failure of operators to ensure 7.5 x 1O-s 8 
long-term decay heat or pool cooling 

B5 Loss of all feedwater and failure of reactor to scram 3.2 x 10-4 58 

B6 Full pressurization, electric power available from off-site. 3.43 x 1O-s 38 
failure to scram 

'NA = not available. 

Of the many areas for which the modeling has 
been improved, there are three that should be noted: 
the treatment of dependent events, human actions, and 
selected external events (especially earthquakes). 

Although all of the PLO PRAs have given consid
erable emphasis to the treatment of dependent events, 
each succeeding study has involved specific improve
ments. For example. the modeling of functional and 
shared equipment intersystem dependencies in the 
event sequence and systems models has been improved 
by the use of segmented, or modularized. event trees. 
Plant walk downs have become more thorough as ex
perience reveals where the attention should be focused. 
Location dependence is built into the risk model to 
address spatially dependent physical interactions. Con
siderable refinements have also been made in the beta 
factor method to handle different levels of common
cause failure impact in systems with three or more 
components. Finally, a common-cause event data base 
has been developed for estimating design-specific com
mon-cause failure parameters. 

Recent PRAs have concentrated much more on im
proving the treatment of operator actions in terms of 
their effects on risk. Since most plants involve exten
sive manual operations, especially older ones, and since 
it is the objective of PRA models to be as realistic as 
possible, it is necessary to incorporate the operator 
into the models. For many scenarios, incorporating 
operator actions results in substantial improvements in 
safety. Risk models now incorporate the likelihood of 
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operators successfully restoring failed systems or ini
tiating a system when automatic initiation has failed. 
Operator failures are also modeled; for example, many 
core damage scenarios include operator failure to take 
a procedural action; e.g., to switch over from injection 
to recirculation following a LOCA, to provide high
pressure injection (HPJ) pump minimum flow recir
culation when throttling HPl, and to initiate HPI 
cooling. 

Another technique that has improved the treat
ment of operator actions involves the use of the sim
ulator. Training simulators have been used to provide 
operations personnel with a realistic simulation of sce
narios important to risk for their specific plants. The 
results have been fed back into the risk models to bet
ter represent operator response to accident situations. 

With respect to the modeling of selected external 
events, earthquakes have been found to be more 
important to risk than initially believed. While it has 
always been assumed that earthquakes were important 
for California plants, the PRAs have revealed that 
they may be an important contributor to risk for 
plants at other U.S. locations, including the East 
Coast and the Southeast. 

There have been several improvements in the mod
eling of earthquakes in the PRAs. The fundamental 
plant risk model is now constructed to allow consider
ation of earthquakes and other external events. A5 a 
result, the earthquake becomes somewhat of an initiat
ing event that can be propagated through the basic risk 
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TABLE V 

Comparison of Core Melt and Release Frequency Contributions of Major Scenarios for Plant P4 

Relative Relative 
Rank Rank with Mean Rank with Mean 
with Mean Respect Annual Respect Annual 

Respect Annual to Latent Frequency to Early Frequency 
to Core Frequency Effects of Latent Deaths of Early 

Melt (Contribution Release Effects Release Deaths 
Scenario Frequency to Core Melt) Frequency Release Frequency Release 

Small LOCA; failure of high- I 
pressure recirculation cooling 

Large LOCA; failure of low- 2 
pressure recirculation cooling 

Medium LOCA; failure of low- 3 
pressure recirculation cooling 

Fire; other fire areas such as the 4 
cable spreading room. AFW 
pump room. etc. 

Large LOCA; failure of safety 5 
injection 

Fire; specific fires in switchgear 6 
room and cable spreading room 
causing RCP seal LOCA and 
failure of power cables to the 
safety injection pumps, the con-
tainment spray pumps, and fan 
coolers 

Seismic; loss of control or ac 7 
power 

Interfacing system LOCA 1 15 I 

TABLE VI 

BWR Plant BS - Plant Systems Contributing 
to Core Damage 

Frequency 
Ranking System Function (event/yr) 

1 Reactor scram 4.1 x 10~ 
2 Diesel generators 3.2 x 10~ 
3 Safety valves close 8.2 x 10-' 
4 Relief valves close 6.8 x 10-5 

5 Manual pressure relief 4.2 X 10-5 

6 Liquid poison injection 3.6 x 10-5 

7 Relief valves open 2.5 x 10-' 
8 Core spray injection 1.7 x 10-5 

9 Containment spray 1.0 x 10-5 

10 Emergency condenser 5.6 x 10-6 

operation 

8.2 x 10-5 7 8.2 X 10-9 2 8.2 X 10-9 

1.1 x 10-5 8 1.1 X 10-9 4 1.1 X 10-9 

1.1 x 10-5 9 1.1 X 10-9 5 1.1 X 10-9 

6.7 x 10-6 10 6.7 X 10-10 7 6.7 X 10-10 

6.4 x 10-6 11 6.4 X 10-10 8 6.4 X 10-10 

5.7 x 10-6 1 5.7 X 10-6 3 1.1 X 10-9 

4.7 x 10-6 2 4.1 X 10-6 6 9.4 X 10-10 

.;> 
5.7 x 10-' I 5 15.1 X 10-7 I 1 15.7 x 10-' 

"10 

52 
40 
10 
8 
5 

4 
3 
2 
1 

<1 
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model without the need for constructing a separate 
model. In particular, the basic risk model now con
tains those components that may be affected by an 
earthquake, such as structures and cable trays. 

Another improvement in earthquake analysis re
lates to the treatment of relay chatter analysis. For 
earlier studies, it was assumed that relay chatter from 
seismic events was always recoverable; i.e., if chatter 
resulted in circuit breaker trips leading to valve opening 
or closures or to motor disconnects, it was assumed 
that the breakers would routinely be repositioned. The 
fragility analyst in the past assumed all relays have 
similar chatter fragilities. Recent studies have shown 
a range of fragilities is applicable to relays, depending 
not only on their location in buildings and cabinets but 
on the type of design (pendulum, solid state, rotary, 
etc.) and manufacturer. 

. More importantly, it has been found that a signifi
cant number of circuits can be "locked out" after 



breaker trip and that the operator cannot reset all the 
breakers from the control room. Therefore, to ac· 
complish a sound seismic risk analysis, all the relays 
serving important equipment in the PRA should be 
identified along with their type, manufacturer, loca· 
tion in buildings, and location within the cabinet. 
After determining which relay can chatter and cause 
breaker trips not automatically recoverable, the vari· 
ous relay chatter fragilities need to be individually 
determined, then introduced into the basic risk model. 
Following an early round of quantification, it can then 
be determined whether individual recovery actions and 
simultaneous recovery actions need to be modeled and 
introduced into the basic risk model. 

CONCLUSION 

There is little doubt that the application of the 
PRA thought process to nuclear power plants has con· 
tributed enormously to the understanding of nuclear 

plant safety. Its greatest value has been in providing 
: perspective and context to what is important to safety. 

The ability to have insight on the way to allocate 
. resources to ensure continued safety is a major step 

forward in the risk management of nuclear power 
plants. Table VII illustrates the power of the process. 
Each iteration of the risk model reveals the most 
important contributors to risk. Fixes or corrective 
actions can be implemented and the risk model can 
guide the effort toward a balanced design. 

In the case of the PLG PRAs, the greatest con· 
tribution has come from the full-scope risk models. 
Quantitative risk management requires the fme struc· 
ture of the risk contributors so that the options for 
controlling risk can be clearly seen and for assurance 
that the risk from all causes is being considered. In this 
regard, there is some concern about the current trend 
toward "quickie" PRAs. It is important that the indus· 
try not slip into a totally risk-compliance mode and 
simply does what the authorities require for regulatory 
purposes. The PRA provides the owners of nuclear 

TABLE VII 

Contributors to Core Damage for Four Phases of Risk Management 

Percent Reduction in Core Damage Frequency 
If the Individual System or Operator Action 
Failure Frequency Could Be Reduced to Zero 

First Second Third Fourth 
Iteration Iteration Iteration Iteration 

System or Operator Action (0'/0) (0'/0) (0'/0) (0'/0) 

1. Electric power 11 65 43 52 
2.AFW 9 11 11 31 
3. Two trains of electric power recovered 21 
4. Low.pressure injection/decay heat removal 4 3 8 19 
5. Failure to reclose power·operated relief valves/PSVs 5 20 17 
6. ESF AS/ECCAS 14 15 

7. HPJ systems 3 9 15 14 
8. Operator recovery of electric power during station blackout 50 14 14 
9. Sump recirculation water source II 

10. Component cooling water 3 8 
11. Throttle HPJ flow (operator action) 1 4 

12. Failure of main steam safety valve to reclose 1 4 
13. Service water 32 <1 10 4 
14. Safeguards chilled water 20 8 13 1 
IS. Borated water storage tank suction valve 1 
16. Containment isolation 1 

17. SGTR 7 <1 
18. High·pressure recirculation (operator action) 5 2 11 
19. Main feedwater 4 1 
20. Fast transfer of electric bus 7 
21. Other 4 6 6 «1 

Relative core melt frequency 1.00 0.30 0.10 0.06 
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plants a powerful tool to expose the real contributors 
to risk of specific, not generic, plants and to greatly 
increase public confidence in the safety of nuclear 
power. The small investment in high-confidence risk 
models is weD wonh the enormous benefits for us all. 
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