
By B. John Garrick

Many excellent papers have been
written on the evolution and his-
tory of probabilistic risk assess-

ment (PRA).1 The purpose of this article is
to put a somewhat different spin on the usu-
al history of PRA by making more visible
the contributions of nuclear plant owners
and operators, as well as their consultants
and suppliers. It is not my intent to provide
a detailed chronological history of the de-
velopment of PRA, but rather to highlight
selected milestones in the evolution of PRA,
with an emphasis on risk management
practices.  

The events that led to the development of
PRA were primarily related to the inade-
quacies of the early methods that were used
to assess the safety of nuclear power plants.
Early nuclear reactor safety analysis in-
volved the defense-in-depth concept and a
design basis accident approach to ensure
safety. Both concepts have their roots in the
Manhattan Project, and both have their
merits, although I have never been a pro-
ponent of the design basis accident ap-
proach. The primary shortcoming of these
methods had to do with the absence of
knowledge about the likelihood or fre-
quency of severe accidents. In particular,
quantitative methods were lacking for de-
termining the safety margins of engineered
barriers and safeguards to protect the
plants. In the mid- to late 1950s, reactor

safety analysts (myself included) recognized
the need to embrace the uncertainty sci-
ences to better represent the risks involved
in the operation of nuclear power plants.2

While there was growing concern about the
lack of quantitative methods, there wasn’t
much action until some time later.

An effort that made clear the need for
more quantitative methods of nuclear safe-
ty analysis was a 1957 U.S. Atomic Energy
Commission (AEC) report, Theoretical Pos-
sibilities and Consequences of Major Accidents
in Large Nuclear Power Plants (WASH-740),
known as the Brookhaven Report. Concern
about the risk of accidents and the need for
a better technical basis to support enacting
legislation (the Price-Anderson Act) to pro-
vide insurance against nuclear plant acci-
dents were the motivating factors for the
Brookhaven Report. The purpose of the
Price-Anderson Act, which became law on
September 2, 1957, is to provide adequate
funds for liability claims of members of the
public in the event of a nuclear power plant
accident. The Price-Anderson Act was also
a major factor of the eventual project known
as the Reactor Safety Study (RSS). The
Brookhaven Report added clarity to the pos-
sible consequences of a major accident at a
large nuclear power plant, but it did not pre-
 sent convincing evidence on its likelihood 
of occurrence. The Brookhaven Report ex-
posed the potential damage of a major acci-
dent but did not attempt to quantify the like-
lihood of such an accident. It did, however,
elevate consciousness regarding the need to
better quantify the consequences of severe
accidents.

For several years after the publication of
the Brookhaven Report, the emphasis was

on the type of accident that was the focus of
the study, the large loss-of-coolant accident
(LOCA). The large LOCA surfaced as the
de facto design basis accident. It emphasized
the dependence of the integrity of the con-
tainment systems on the successful opera-
tion of emergency core-cooling systems
(ECCS). Years of study, debate, congres-
sional hearings, and field tests followed in
an effort to better understand the reliabili-
ty of ECCSs and the consequences of such
accidents. The result was a growing interest
in improving the analytical models by in-
cluding probabilistic principles in accident
analyses. While many of us had known for
a long time that more quantitative risk
methods needed to be developed for ana-
lyzing nuclear reactor safety, the Brook -
haven Report, its impact, and the congres-
sional deliberations added urgency to the
quest for better methods. 

In the period from 1959 to 1970, things
began to happen on the analytical front as a
flurry of papers, reports, and presentations
began to appear, many of which are chroni-
cled in my 1968 Ph.D. thesis3 on nuclear plant
risk assessment. Institutions, companies, and
professionals published papers and reports
advocating greater use of quantitative meth-
ods of nuclear power plant safety analysis, in-
cluding E. Siddall,4 of Canada, Atomics In-
ternational,5 Planning Research Corpora-
tion,6 F. R. Farmer,7 of the United Kingdom,
Holmes & Narver,8 Chauncey Starr,9 and B. J.
Garrick,10 to name just a few. A detailed
search of the literature would probably find
many more.

There was resistance to the use of proba-
bilistic methods, and there still is, although
much less. Much of the criticism was based
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on the view that the necessary data for such
analyses were not available and that the
plants were too complex. This was, in my
opinion, because of a statistical view of the
world rather than a probabilistic view. My
colleague the late Stan Kaplan said it best:
“Statistics is the science of handling data;
probability is the science of handling the
lack of data.” Also, there are two schools of
thought when it comes to data, one that says
there is never enough data, and the other
that claims we never use the data we have.
Both are probably correct, depending on the
circumstances. I just happen to be of the lat-
ter school.

As an example of resistance against the
use of probabilistic methods, consider the
Task Force on Nuclear Safety, Licensing, and
Risk, which was put together in 1973 by the
AEC regulatory staff. The task force was led
by Malcom Ernst, and its report, Study of
the Reactor Licensing Process, is known as
the Ernst Report. A conclusion of this re-
port was that the complexities associated
with the design and operation of the reac-
tors then operating exhibited so many tech-
nical challenges that a quantified risk as-
sessment would be impossible to produce.
This is not a criticism of Ernst, as he and the
task force members were all very competent
choices. It is more a reflection of the think-
ing at the time.

The Reactor Safety Study
In spite of the resistance against the use of

more quantitative methods, a series of events
and the growing number of large nuclear
power plants coming on line in the 1960s
and 1970s resulted in increasing pressure to
find a better measure of the health and safe-
ty risk of nuclear power. Again it was the
Price-Anderson Act that was in the middle
of things, as its extension by Congress was
under consideration, and the question of the
risk of nuclear power was still an open one
in the minds of many, including members of
Congress. The risk question was further
clouded by information coming out of the
AEC research program on the performance
of ECCSs, which I mentioned earlier as be-
ing critical to maintaining containment in-
tegrity during a major LOCA. These factors
had a lot to do with a letter sent in 1972 by
Sen. John O. Pastore, chairman of the Joint
Committee on Atomic Energy, to AEC
Chairman James Schlesinger to initiate a
project to better answer the risk question. I
even had an opportunity to express my
views to Schlesinger on such a project,
which was to become known as the RSS. The
AEC eventually chose Prof. Norman Ras-
mussen, of the Massachusetts Institute of
Technology, to lead the study, and Saul
Levine, of the AEC’s regulatory research
staff, to generally manage the project. A key
figure in the course of events surrounding
the startup of the study and its review was
the noted reactor physicist Herbert Kouts,

of Brookhaven National Laboratory, who
was not optimistic about the ability to esti-
mate the probabilities of nuclear reactor ac-
cidents. As noted earlier, he was not alone in
his skepticism. 

A factor that had a lot to do with the suc-
cess of the RSS, besides the outstanding
leadership of Rasmussen and Levine, was
the decision to reach outside the boundaries
of the AEC for experts more in tune with
using contemporary systems analysis meth-
ods to analyze system performance. It was
the aerospace community that developed
the application of the fault tree methodolo-
gy, which really derived from the funda-
mentals of switching algebra developed at
Bell Labs. The fault tree method, together
with the event tree concept, which was bor-
rowed from the decision analysis field, were
critical to the success of addressing the
complexities of nuclear power plants that
many believed were
beyond comprehen-
sive modeling. The
RSS study team,
made up of some 40
scientists and engi-
neers, had just the
right mix of exper-
tise on how nuclear
power plants work
and the fundamen-
tals of probabilistic
modeling. Had the
decision not been
made by the project
leaders to reach be-
yond the AEC for
specialists in plant and system analysis, the
project would not have been as successful
as it was. 
Reactor Safety Study: An Assessment of

Accident Risks in U.S. Commercial Nuclear
Power Plants (NUREG-75/014 [WASH-
1400]) was published in 1975 and was the
first credible assessment of the risk of nu-
clear power. It resulted in a step change in
the understanding of the risk of nuclear
power plants and how to quantify risk.
Above all, it put the large LOCA in per-
spective as neither a major contributor to
risk nor necessarily a logical basis for de-
sign. It showed that most accidents that in-
volved releases resulted in small conse-
quences and provided the important per-
spective that the major contributors to risk
were transients, small LOCAs, and human
error. 

The RSS also took the first important step
toward quantifying the impact of external
events, although much more would be done
in this area later. It cast doubt on using a de-
sign basis accident as the basis for managing
risk and moved the thought process to sce-
narios and their likelihood as the most im-
portant design considerations, but that too
was better developed later. In sum, the RSS
was the beacon for a completely new direc-

tion in the management of the risk of nu-
clear power plants.  

The acceptance of the RSS as a complete-
ly new paradigm was not without some set-
backs immediately following its publication.
Even today it has its skeptics, but their voic-
es are diminishing. While there was a peri-
od when the study was rejected by even the
U.S. Nuclear Regulatory Commission, sev-
eral events, such as changes between the
draft and the final report, critical reviews by
the American Physical Society, and, most
notably, the review by the so-called Lewis
Committee,11 eventually led to focusing on
its strengths rather than just its weakness-
es. The pivotal event in the RSS being re-
embraced by the NRC was the recognition
that the Three Mile Island-2 accident sce-
nario was actually identified in the study,
even though it involved a different reactor
and resulted in a different end state. 

As time would show, the strong points of
the study greatly overshadowed its perceived
weak points, which primarily had to do with
its treatment of uncertainty and the advoca-
cy nature of the executive summary. The
greatest outcome of the study, in my view,
was its focus and perspective on the real is-
sues of nuclear power plant accidents and
the road map it provided for the rest of us to
pursue the resolution of unresolved issues.

Zion and Indian Point PRAs 
While the TMI-2 accident was a stimu-

lant to increasing the credibility of the PRA
methodology, the NRC continued to strug-
gle with how best to implement PRA into
its regulatory framework. But at about the
time of the TMI-2 accident, another activi-
ty related to the RSS was under way that had
an impact on plant-specific applications of
PRA, and I was fortunate enough to be di-
rectly involved. At issue was a petition by
the Union of Concerned Scientists to shut
down Units 2 and 3 of the Indian Point
plant.12 The concern was the close proxim-
ity of the plant to New York City. Since the
Zion plant was similarly close to Chicago,
and the outcome of the petition could affect
it as well, the utilities involved at the time
decided to collaborate on the response to

The Reactor Safety Study
team, made up of some 40
scientists and engineers, had
just the right mix of expertise
on how nuclear power plants
work and the fundamentals of
probabilistic modeling.
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the petition. The two primary issues in the
ensuing Atomic Safety and Licensing Board
hearings were (1) whether the plants should
be permitted to continue operation and (2)
whether costly backfits should be installed
to reduce the risk of severe accidents. The
backfits under consideration were a filtered-
vented containment, a refractory core ladle,
and a hydrogen combiner.

Full-scope PRAs were specifically per-
formed for the Zion13 and Indian Point14 nu-
clear power plants to determine the safety
adequacy of the as-built design of these
plants in light of the claims made by the
plants’ opponents and to quantify the risk-
reduction benefits of the proposed backfits.
The lead consulting firm for performing the
PRAs was Pickard, Lowe and Garrick Inc.
(PLG). Other members of the team includ-
ed Westinghouse, the owner/operators of
the plants, and Fauske & Associates. Due to
the large stakes involved with respect to the
Zion and Indian Point studies, it was nec-
essary to extend the PRA methods that were
developed in the RSS in the treatment of ex-
ternal events and uncertainties and the con-
sideration of plant- and site-specific issues.
The Zion/Indian Point studies closely fol-
lowed the first commercial plant PRA that
the PLG team performed on the Oyster
Creek nuclear plant. PLG went on to per-
form some 40 PRAs covering U.S. plants. A
paper was published discussing the results
of 21 of the 40 studies.15

The results of the hearings that followed
the completion of these PRAs (1981 for Zion
and 1982 for Indian Point) were favorable to
the owners and operators of the plants.
There were three major outcomes of the
PRAs and the hearings. First, the PRA re-
sults were accepted as a basis to justify the
continued operation of the plants without
the need for backfits. Second, the PRA re-
sults indicated that the backfits would have
a negligible impact on the overall risk. Third,
the PRAs identified several low-cost changes
in the plants that would have a favorable im-
pact on risk. The precedent was set in these
hearings16 that PRA results provided a legal
basis to resolve regulatory issues.

So, where do the Zion and Indian Point
studies fit in the historical development of
PRA? While it is clear that the single most
important advancement in PRA was the
RSS, there is a strong case for the view that
the second most important advancement
was the plant-specific, full-scope studies
performed by industry on the Zion and In-
dian Point nuclear power plants. My view
of the importance of these studies is biased
by my having been the director for both of
them as part of the PLG team, as well as the
director of the first commercial plant
PRA—the Oyster Creek study—following
the RSS.

To put in context the contribution of the
Zion and Indian Point studies, it should be
noted that the purpose of the RSS was pri-

marily to address the risk of nuclear power
in general, not necessarily the risk of a spe-
cific plant. Specifically, the charter of the
RSS was to address the question “What is
the risk associated with the operation of 100
nuclear power plants in the United States?”
Of course, the RSS team used specific plants
as surrogates to achieve the necessary level
of detail to answer the broader question of
the risk of nuclear power in the United
States in general, and we can be thankful
that they did. But it was clear when we be-
gan the Zion and Indian Point studies that
we needed to tweak the RSS methodology
to achieve our intended goals. The RSS ar-
eas requiring additional work were the col-
lection and processing of data and the treat-
ment of uncertainty, the containment re-
sponse analysis, the analysis of external
events, and the atmospheric dispersion
model. At the time of the Zion/Indian Point
studies, there were no regulatory policies,
rules, or regulations on the use of PRA. The
incentive was very real in a risk manage-
ment sense, as the case had to be made for
the safety of the two plants to avoid the pos-
sibility of their being shut down.

The PRA team for the Zion/Indian Point
studies was also under great pressure. The
good news is that everyone understood
what the stakes were and the team was pro-
vided the funds necessary to do the job—a
rare opportunity for a project team. We
were able not only to extend the capabilities
of the RSS PRA model as noted earlier, but
also to add some wrinkles of our own, such
as the triplet definition of risk,17 a scenario
approach to risk assessment, and a matrix
formalism for assembling the plant, con-
tainment, and site models. The matrix for-
malism enabled a transparent and system-
atic way of assembling the various models
and, more important, provided a rigorous
means of performing diagnostics that al-
lowed for ranking the importance of sce-

narios and input and output states of the
models, namely the plant, containment, and
site models. A signature achievement of the
whole team involved in the study was the
rigor of the containment response analysis
and the comprehensiveness of the off-site
consequence model. While PLG provided
the framework for the containment re-
sponse analysis, it was the combination of
Westinghouse and Fauske & Associates that
gave it the depth to set it apart from previ-
ous studies and make it the model for future
studies. Table I summarizes the contribu-
tions of the first few full-scope PRAs devel-
oped by the PLG PRA team. The Zion and
Indian Point studies were responsible for
most of the developments.

This industry story is not often included
in papers that are written on the history of
PRA. Most often such histories focus almost
exclusively on the accomplishments of the
NRC and its contractors, and certainly, they
have been the major players overall. The
above is just a reminder that industry was
the most active party during the critical
years when the RSS was being challenged
for its credibility and did not have the full
support of the nuclear and regulatory com-
munities.

The NRC and PRA
Having recognized the nuclear industry

for its contribution to PRA, it is appropriate
to recognize important contributions of the
NRC in advancing PRA. The most obvious
is the RSS itself, although there are extenu-
ating circumstances. The RSS started not as
an NRC project, but as an AEC project, and
when it was finished, for a time it was actu-
ally rejected by the NRC on the basis of a set
of critical reviews. It was embraced following
the TMI-2 accident, but the adoption of
PRA as a major element of the licensing and
regulatory process has been slow. Among
the events that boosted its position in the

TABLE I. INDUSTRY-SUPPORTED PLG PRA ADVANCEMENTS

n Performed first commercial plant-specific, full-scope risk assessments:
Oyster Creek, Zion, Indian Point-2 and -3, Seabrook, Midland, Browns
Ferry, and Bellefonte  

n Developed the scenario approach to probabilistic risk assessment

n Integrated and propagated uncertainties and external events through 
the model

n Developed matrix formalism for assembling model modules and
performing diagnostics

n Developed atmospheric dispersion methods accounting for directional
dependence and terrain-specific features

n Developed and defined numerous concepts, terms, and algorithms now a
common part of probabilistic risk assessment: triplet definition of risk, the
probability of frequency concept, plant damage states, containment event
tree, family of curves representation of risk, seismic risk curve, and
Bayesian data processing techniques
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regulatory arena were the industry studies
just described, the TMI-2 accident, the Ke-
meny Report18 and its recommendations on
cost-benefit and less dependence on design-
basis accidents, the updated version of the
RSS, namely NUREG-1150,19 and encour-
agement from the NRC Office of Research
to increase the use of PRA in its licensing ac-
tivities. An important NRC event took place
in 1986 that was influenced by earlier work
of the Advisory Committee on Reactor Safe-
guards (ACRS) under the chairmanship of
the late David Okrent. That event was the
NRC’s issuing a policy statement establishing
qualitative safety goals and associated quan-
titative health objectives for measuring the
achievement of the goals. This policy state-
ment was originally published in the August
4, 1986, issue of the Code of Federal Regu-
lations. The ACRS made clear its position
that the RSS methodology was the best ap-
proach for measuring the quantitative com-
ponent of the safety goals.

For more than two decades, the NRC has
been promoting the concept of a “risk-
informed” regulatory practice. Probably no
one would disagree with a cautious ap-
proach to transitioning to a licensing
process where quantitative methods of risk
assessment play a major role. Many do be-
lieve, however, that the transition has been
unnecessarily slow and clumsy—clumsy be-
cause in many instances, the burden on the
licensee has been to satisfy both traditional
licensing requirements and those having to
do with risk-informed practices. While all
U.S. plants currently have some level of a
plant-specific PRA, almost four decades af-
ter the issuance of the RSS, there is still no
regulation or requirement for nuclear pow-
er plants to have or maintain a PRA. The in-
dividual plant evaluations required only a
systematic search for plant vulnerabilities.
That requirement did not specify perform-
ing a PRA, although many plants chose to
do so. Under 10 CFR Part 52, new nuclear
power plants are required to have a Level 1
and Level 2 PRA (plant and containment re-
lease model) and to maintain and upgrade
the PRAs according to requirements speci-
fied by the regulations. 

This is not to say that the NRC hasn’t
been anticipating a larger role for PRA, be-
cause it has, especially as a result of the urg-
ing of the ACRS. It is simply a matter of how
long it is taking. An examination of the pol-
icy statements, memoranda, regulatory
guides, and even regulations that have been
generated to better risk-inform the licens-
ing practice is evidence that risk assessment
practices are wedging their way into the li-
censing process. Why must it take so long?
Several reasons have been put forth. One is
the inertia that comes from the frame of
mind that if the existing system works, why
fix it, especially if it involves major new skill
levels. There is the simple matter that some
people just don’t believe in quantitative

methods based on probabilistic considera-
tions. There is also the matter of how the
regulations are interpreted. One interpreta-
tion is that the Backfit Rule (10 CFR 50.109)
does not allow the NRC to require plant-
specific PRAs because they are not cost ben-
eficial. In fact, as the Zion/Indian Point
studies indicated, there is clear evidence
that they are cost beneficial. Finally, there
are outside influences against probabilistic
methods in the form of environmental and
antinuclear groups.  

Unlike the spirited use of PRA by the in-
dustry to deal with shutdown petitions in
the late 1970s and early 1980s following the
completion of the RSS, the level of enthu-
siasm of the industry as a whole toward
PRA seems to have lessened, although
there are the usual exceptions. For exam-
ple, one utility that is recognized as a
leader has adopted
PRA not only to ad-
dress generation risk
but also to provide
input to their busi-
ness model. Never-
theless, there has
been a substantial
switch in support
for PRA since the
1980s. In the 1980s,
the industry—or at
least a small but im-
portant sample of
the industry—was
enthusiastic because
of the direct bene-
fits it received from
PRA, while the NRC
was having its
doubts. Now it ap-
pears that the NRC is exhibiting more in-
terest in upgrading the use of PRA than is
the industry, as reflected by the NRC’s in-
terest in increasing the scope of the stud-
ies20 and the current effort to upgrade the
probabilistic treatment of external events.
Part of this renewed interest is being driv -
en by the Fukushima Daiichi accident and
the recognition that had a more compre-
hensive PRA been available on the Fu ku -
shima Daiichi reactors, it is possible that
the consequences would not have been as
economically disastrous as they were (and
continue to be). But the main reason for
signs of more rapid engagement of risk-
informed licensing practices is that the
NRC now has strong advocates of the PRA
thought process at all levels, including the
staff, the ACRS, and the commissioners.

For PRA to reach its full potential in
terms of benefits, it is essential that the in-
dustry recapture the leadership role it had
in the 1980s. The plant owners are the real
plant experts and are who we depend on in
the event of a severe accident. It is my view
that one of the reasons the industry has be-
come less enthusiastic about PRA is that

some aspects of it, particularly the treat-
ment of external events, have gotten off
track and appear to plant owners and oper-
ators to be out of control. I believe they are
correct in that regard. The events involved
are the impact on risk of phenomena and
external events such as fires (both external
and internal), earthquakes, and floods. The
“off track” observation comes from the view
that the efforts are being guided by attempts
to answer the wrong question, which is
“What is the risk of such threats?” The right
question is “How do these threats affect the
risk of the nuclear power plant?” In other
words, the first question needs to be an-
swered only to the extent of determining its
impact on nuclear plant risk, not necessar-
ily to the extent normally required for a
stand-alone risk assessment. There is a big
difference in interpretation between the

two, which is clearly manifested when un-
certainty is taken into account. The ongo-
ing work to answer the fire question, for ex-
ample, is in a runaway mode, as could be the
case for earthquakes and floods if actions
are not taken to correct the situation.

PRA-based risk management
The case for PRA-based risk manage-

ment is very simple. Almost all of the PRAs
have exposed ways to reduce risk that very
likely would not have been possible without
the rigor and comprehensiveness required
of a PRA. The NRC and industry are prac-
ticing risk management in a number of
ways. 

The NRC has developed independent
models for each commercial nuclear power
plant under the Standardized Plant Analy-
sis Risk (SPAR) program.21 The SPAR mod-
els serve as a tool for communicating with
licensees by allowing comparisons with
each respective licensee’s PRAs. The differ-
ences in the comparisons result in either re-
visions of the SPAR models or the identifi-
cation of candidate technical issues for res-
olution. The SPAR models are also used to

The main reason for signs of
more rapid engagement of
risk-informed licensing
practices is that the NRC
now has strong advocates of
the PRA thought process at
all levels, including the staff,
the ACRS, and the
commissioners.
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perform risk-informed reviews of license
amendments. PRAs are also used to support
the licensees’ inspection and surveillance
activities and to risk-inform NRC oversight,
inspection, and enforcement activities.

Both the NRC and the licensees use their
PRAs to evaluate the impact on risk of plant
modifications and online or outage mainte-
nance, as well as to support determinations
regarding the risk significance of plant tran-
sients and the safety implications of re-
portable events.  

What about industry? PRAs are often
used as a basis for selecting equipment to be
monitored under the “Maintenance Rule”
(10 CFR 50.65) and for selecting equipment
that meets reliability and availability goals.
PRAs are used to support license amend-
ments, to update plant technical specifica-
tions, and to keep the safety parameter dis-
plays in the control room current. One of
the most important applications of a PRA is
with respect to training reactor operators.
The use of PRAs for training varies by plant,
but at many plants, operators are trained on
the plant-specific simulator using the actu-
al plant-specific accident sequences derived
from the PRA.  

Excellent summaries of specific PRA-
based risk management examples are avail-
able in the literature.22 Below are four ex-
amples in which I participated. The plant
names have been omitted, as these are dat-
ed examples and do not represent current
conditions. 

Earthquake-induced building collapse
The example involves a plant situation

where the PRA revealed that earthquakes
were a major contributor to plant risk. The
critical event was a seismic-initiated inter-
action of adjoining buildings that could lead

to the collapse of the main control building.
Coupled with the possible failure of the ce-
ramic insulators on the off-site power trans-
formers due to the same earthquake, the re-
sult would be loss of control and loss of AC
power, and, therefore, a small LOCA and
turbine trip with complete loss of cooling
and loss of containment safeguards and
eventual core damage. This major contrib-
utor to risk was virtually eliminated by a
simple structural modification to damp the
interaction between the two buildings re-
sulting from a strong-motion earthquake.
The implications of this failure mode were
never manifested until the PRA seismic
analysis was performed.

Separate and independent safety trains 
The transition from the first-generation

to the second-generation nuclear plants in-
volved a major design change for safety sys-
tems. That change had to do with providing
separate and independent safety trains to
satisfy requirements such as the single fail-
ure criteria. The result was that each train of
safety equipment is dependent on the oper-
ation of a single emergency power supply
and a single cooling-water source, without
access to alternative support equipment dur-
ing some failure scenarios. While the sepa-
rate and independent safety trains did pro-
vide improved protection from rare events
such as pipe ruptures, large fires, severe
flooding, and electrical bus faults, it became
clear that—depending on the details of the
design criteria adopted—the separate and
independent safety trains could actually in-
crease the vulnerability of these plants to the
more frequent types of transients by elimi-
nating the possibility of cross-connecting
equipment trains of the same or adjacent
units to bypass failed components. Such de-

sign practices affect a large family of very
important mitigating safety systems, in-
cluding service water, component cooling
water, chilled water, ventilation, electric
power, and automatic actuation signals.

For older plants, extensive crosstie capa-
bility was provided among support systems.
These support system crossties give the plant
the freedom to use all of the available equip-
ment to provide mitigation functions in the
event of an accident. The specific support
systems important to risk include compo-
nent cooling water, ventilation, electric pow-
er, and actuation signals. The safety equip-
ment in the older plants was located in space
requiring less dependence on support sys-
tems such as safeguards chilled water for
cooling the more separated and isolated
equipment rooms. One of the primary ad-
vantages of PRAs is their ability to expose
the details of the role of nuclear plant sup-
port systems and how they are linked to the
mainline systems to facilitate the optimiza-
tion of crossties between the safety trains. 

Asymmetric power dependencies
Another example of a PRA’s ability to ex-

pose undesirable system dependencies has
to do with asymmetric power dependencies
involving the operating logic among three
diesel generators and three fuel oil transfer
pumps at a nuclear plant. The net effect of
the asymmetric power loading was to make
one diesel generator dependent on the sta-
tus of the other two and to make the entire
system very sensitive to the status of one
particular diesel generator. The root cause
of the problem was an anomaly in the start-
up and operating logic between the diesels
and their fuel supply. This was identified as
the major contributor to the failure of elec-
tric power and an important contributor to
core damage frequency. A modification was
proposed to eliminate the dependency. The
impact of this proposed design change was
a major reduction in the calculated core
damage frequency. 

PRA as a design tool
At one two-unit plant, the decision was

made to use PRA as a fundamental design
tool. Table II illustrates the results of the
process. On the left are the most important
systems and operator actions that con-
tribute to the risk of this particular plant.
The numbers in the columns are the percent
reduction in core damage frequency if the
frequency of the contributing event or ac-
tion is reduced to zero. The result of each it-
eration of the risk assessment was a basis for
taking corrective actions to reduce the con-
tribution of individual systems or operator
actions. The end result of the process is a
much better balanced system of safeguards
and a lower core damage frequency than
most likely would have been the case had
PRA not been a part of the design process.
The reason for the increase in the contribu-

TABLE II. CONTRIBUTORS TO CORE DAMAGE
FOR FOUR PHASES OF RISK MANAGEMENT
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tion of some systems with each iteration is
that as dominant contributors are removed
through design actions, the importance of
the other contributors increases as the core
damage frequency decreases, unless they,
too, were affected by design changes. It is
analogous to removing big rocks from a
pool of water. As the big ones are removed
or partially removed, the pool level drops
(the core damage frequency level drops)
and other rocks (contributors) become
more important unless they too were re-
moved or partially removed.

These examples and many more that could
be discussed illustrate that PRA is like a mi-
croscope for determining what can go wrong
in a complex system. PRAs provide new per-
spectives on safety and expand the under-
standing of risk beyond licensing and design
basis considerations. The ability to quantify
the rank order of contributors to risk while
making clear the dependency of risk on
plant-specific features is a major achievement
for meaningful risk management.  

PRA is not perfect, because it depends on
many imperfect factors such as theories, hy-
potheses, assumptions, scope, the handling
of information, and people. But it is the best
method available to us at the present time,
and until such time that a better one comes
along, we are well advised to use it to make
the best possible decisions in managing the
risk of complex and hazardous systems and
operations. On the other hand, if we do use
PRA as input to our risk management deci-
sions we need to pay very close attention to
such factors as theories, hypotheses, as-
sumptions, scope, and the capability of the
modelers.
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