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Abstract

Risk has become an important public concern for both nuclear and chemical industries over the
years. In order to manage risk in a comprehensive and quantitative manner, the nuclear industry
has developed the probabilistic risk assessment (PRA) approach over the past two decades. The
chemical industry, on the other hand, has just started its efforts toward the quantification of risk.
This paper presents an overview of the experience learned from PRAs for nuclear power plants.
It gives a brief historical perspective of the development of PRA in the nuclear industry and
reviews the methodology used in most current PRAs. In addition to the discussion of lessons
learned, this paper also discusses issues related to PRA methodology that are still under develop-
ment. Finally, some comments are made on the possibility of use of PRA in the chemical industry.

1. Introduction

The application of risk assessment to engineering can be traced as far back
as the nineteenth century, when boiler codes were developed by mechanical
engineers based on results of a qualitative and semi-quantitative risk assess-
ment in an effort to reduce the frequency and consequence of boiler-related
accidents. The current large scale quantitative risk assessments conducted for
major industries, however, have evolved from Reactor Safety Study (RSS) [1]
(otherwise referred to as WASH-1400), in which the risks from nuclear power
plants were examined in terms of both severity and likelihood. Although there
is continual improvement of its models, today’s probabilistic risk assessment
(PRA) approach, used widely by nuclear industry, is fundamentally based on
the framework developed by the RSS. Note that when safety rather than risk
is emphasized, as preferred by some utilities and also by the International
Atomic Energy Agency (IAEA), the term ‘probabilistic safety assessment’
(PSA) is used in the place of PRA.
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This paper presents an overview of the experience gained from PRAs for
nuclear power plants. Section 2 gives a brief historical perspective of the de-
velopment of PRA in the nuclear industry. Section 3 reviews the methodology
used in most current PRAs, and Section 4 discusses lessons learned by the
United States Nuclear Regulatory Commission (USNRC ) and the nuclear in-
dustry from the experience of past PRAs. In Section 5, the on-going issues
related to PRA methodologies that are still under research are discussed. Fi-
nally, Section 6 offers some observations on industry-specific applications of
PRA. Although this article has a broad view of the developments and appli-
cations of PRA, the discussion is dominated by the US experience, since it is
closer to the author’s experience.

2. Historical perspective

The first major study to address reactor safety issues was WASH-740 more
than 30 years ago [2]. This study was done with limited information and re-
sorted to the estimation of rough upper bounds for the consequences from a
large release of radioactivity. While the authors of that report cautioned its
readers not to appraise their conservative results independently of their prob-
abilities, many readers nevertheless became very concerned about the hypo-
thetical consequences reported.

Farmer’s paper in 1967 [3] described a “new approach” that was based on
the premise that the risk from a system was better represented by the proba-
bility of system failures and their consequences. He proposed his now famous
Farmer’s line that defined ‘“acceptable” from ‘“unacceptable” releases. His
concept of risk as a two-dimensional measure—probability and consequence—
has had a significant impact on the latter on risk assessments.

In the United States, the history of the application of PRA shows a change
in the attitude of both the USNRC and the nuclear industry. Reactor Safety
Study (1975) took Farmer’s concept of risk and focused on events that had the
potential of leading to core damage and subsequent radiological impact on pub-
lic health and safety. Its results, presented in curves of consequences and their
corresponding likelihoods, conveyed the message that the risks from nuclear
reactors were very small compared with other risks (natural and man-made)
that already exist. Although widely discussed, the safety-related insights and
PRA techniques developed by the RSS were largely ignored by both the USNRC
and much of the nuclear industry for years. Opponents of nuclear power im-
mediately launched political and technical attacks on the credibility of the
report and eventually achieved considerable success in discrediting the report.

In response to this criticism, the Risk Assessment Review Group [4] under-
took the task of reviewing the RSS. This report, commonly referred to as the
Lewis Report, criticized selected areas of Reactor Safety Study, but strongly
supported the overall approach and suggested further use of the methodology
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in the regulatory process. The policy statement [5] issued by USNRC in Jan-
uary 1979 in response to the Risk Assessment Review Group report, however,
took a position directly opposite to the recommendation made in the report.
The USNRC’s negative attitude was a major setback to the development and
application of PRA.

The accident at the Three Mile Island (TMI) nuclear power plant in March
of 1979 changed the USNRC'’s attitude towards the development and appli-
cation of PRA. The fact that the TMI accident was beyond the conventional
design basis accident and that the RSS had analyzed similar event sequences
prompted both the USNRC and the nuclear industry to reevaluate the merits
of PRA. The subsequent reports by the President’s Commission on the acci-
dent at Three Mile Island {6] and by the USNRC’s Special Inquiry Group [7]
contained strong endorsement of PRA techniques. Since then PRA has been
widely accepted by the nuclear community in the United States as a valuable
tool for providing measures and insights to reactor safety.

Several milestones marked the development of PRA within the USNRC
through the 1980s. General procedures for performing PRAs were published in
1983 [8] in response to the need for technical guidance in performing PRA.
This was followed by a summary of PRA insights available in the early 1980s
[9], in which detailed discussions from the USNRC’s standpoint were given
on several aspects: the development of PRA, its strengths and uncertainties,
insights drawn from the PRA studies performed to that date, the possible ap-
plication of PRA to the regulation of nuclear power plants, and related diffi-
culties. Later on, the USNRC developed the Source Term code package [10]
containing a new computational model for severe accident physical processes
and providing a more sophisticated view of the consequence end the PRA
methodology. The USNRC also issued policy guidance on how severe accident
risks were to be assessed [11] and policy guidance on safety goals against which
these risks could be compared [12].

In 1988, the USNRC issued a generic letter in which each licensed nuclear
power plant was asked to perform an “individual plant examination” (IPE),
which would provide information on the assessment of severe accident vulner-
abilities. According to the IPE letter, each plant would have the option to per-
form such examination via PRA or other approved means. The purposes of the
IPE are to identify the vulnerabilities of each plant during severe accidents
and to enhance plant safety by designing safety strategies to account for these
accidents. The most recent major PRA -related effort sponsored by the USNRC
is the NUREG-1150 study [13], which utilizes technologies developed through
the 1980s to provide “‘a snapshot (in time) or estimated plant risks in 1988”
at five commercial nuclear power plants of different designs.

Starting in the early 1980s, utilities in the United States have gradually ap-
preciated the quantitative insights of PRA, especially in keeping operational
and engineering personnel better informed. A utility PRA team typically con-
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sists of PRA specialists and system engineers from the consulting firms, the
reactor vendor, the architect—engineer, and the utility itself. The first two such
studies that were released after the accident at Three Mile Island were the Zion
probabilistic safety assessments (PSA) of 1981 [14] and the Indian Point PSA
0of 1982 [15]. After these two studies, more than 30 large scale PRAs sponsored
by utilities were completed in the 1980s. With the issuance of the generic letter
on IPE by the USNRC in 1988, it is expected that more utilities will expand
their PRA capability and application in the coming years.

Outside the United States there has been a similar history. The German Risk
Study [16], published in English in 1981, essentially applies the RSS meth-
odology to the reference nuclear power plant Biblis B sited in the Federal Re-
public of Germany. In the United Kingdom, PRA methodology has been ap-
plied to Sizewell, B, a nuclear power plant in its design stage, where plant safety
is expected to be improved from PRA insights gained in the early stage of plant
design [17]. Other countries have also performed similar studies.

8. Overview of PRA methodology

Unlike the chemical process industry, in which various inventories of haz-
ardous chemicals present different degrees of threats located throughout its
plants, the nuclear industry has the unique feature of a single primary hazard
location at its plant, i.e. the nuclear reactor core where its radioactive material
inventory concentrates. The major concern for the safety of the nuclear power
plant is, therefore, how an accident that may lead to reactor core damage could
occur, and how likely it would be; furthermore, if reactor core damage occurred,
how much and how likely would the radioactive material inventory be released
into the atmosphere. Finally, how much threat such a release would impose to
the public health.

The PRA methodology has been developed so that the safety and operational
characteristics of complex technological systems can be investigated system-
atically. The methodology considers two important features of large and com-
plex systems:

1. The consequences of major accidents are potentially very severe, and thus,
their occurrence is a matter of public attention and concern.

2. These major accidents are rare events, and any related decision-making pro-
cess must include the large uncertainties that are associated with their
occurrence.

The PRA methodology thus developed has focused on these two core issues.
Specifically, it consists the following two steps:

(1) The identification of scenarios (accident sequences) that have the poten-
tial of leading to undesired consequences, such as system unavailability, the
release of radionuclides, and so forth.
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(2) The quantification of the uncertainty associated with the occurrence of
these scenarios.

The identification of the scenarios follows the logic depicted in Fig. 1 [18].
The process begins with the selection of a set of initiating events (IE), i.e.
events that have the potential to start an accident scenario. Initiating events,
in general, fall into one of the following two categories: internal and external
events. Internal events are those events that may occur due to abnormal op-
eration of the system. For example, the internal initiating event “loss of cool-
ant accidents” (LOCA) generally refers to events involving breaks of coolant
pipes of various sizes. This leads to the loss of water from the reactor vessel
and subsequently causes a reactor trip. External events, on the other hand, are
events occurring externally to the system. Earthquakes, fires and tornadoes
are examples of external events in PRAs. External events often have an impact
on more than one component or system. For example, two or more components
may fail simultaneously during an earthquake if the intensity of the earth-
quake is much higher than the designed capacity of the components. For a more
complete discussions of initiating events, refer to earlier work [8,19,20].

In the process of identifying accident scenarios, the possible responses of the
plant to the occurrence of an initiating event are modeled by employing event
trees. Each branch point of the event tree represents the possibility that the
corresponding safety system (or function) may or may not be available. For
branches that involve failures of safety functions, the failure modes of the safety
systems are defined and fault tree analysis [21,22] is employed to find possible
combinations of component failures and/or human errors that might lead to
these failures. The paths in the event trees define the accident sequences. Each
of these sequences leads to a ‘“‘plant state”, i.e. a particular state of the nuclear
reactor that defines a set of initiating and boundary conditions for later anal-
ysis. Any PRAs completed up to this point are called ‘“Level 1” PRAs [8].

Given damage to the reactor core, as specified by the plant states, the analyst
may wish to continue to develop the accident scenarios by following the pro-
gression of physical phenomena after the core has been damaged. This enters
the scope of Level 2 PRAs, of which the end points are the various release
categories of radioactivity to the environment. Level 2 PRAs include the anal-
ysis of physical processes and of fission product transport. In the physical pro-
cess analysis, the variation of temperature and pressure inside the contain-
ment building and its possible failure modes are investigated. The fission

INITIATING PLANT RELEASE DAMAGE
EVENT STATE CATEGORY STATE

Fig. 1. Overview of the process for nuclear plant risk analysis [18].
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product transport analysis determines the amount and timing of radionuclide
releases into the atmosphere.

If the accident sequences are analyzed further to include the site character-
istics related to public health and safety, then the PRA is said to be at “Level
3”. Level 3 PRAs, in general, include three types of analysis: dispersion anal-
ysis, in which radionuclides are dispersed and carried by the plume of gases
released from the containment or otherwise transported by some pathway
through the environment to man; dosimetry analysis, in which exposure of
human organs to radiation is calculated; and consequence analysis, in which
the conversion is made from exposure to human health effects.

While different methods are employed to various degrees of sophistication
in quantifying the risk, the rigorous and formal methods of Bayesian or sub-
jectivistic probability theory [23,24] are gaining increasing acceptance. Prob-
ability in the Bayesian framework is interpreted as a measure of the degree of
belief in accordance with De Finetti [25]. Admissible evidence consists not
only of the conventional statistical type, but also includes expert judgment
stemming from knowledge of the process and operational experience. The use
of expert opinion is necessary in PRA, both in modeling and in quantification,
because the events of interest are rare and statistical evidence is either very
weak or non-existent. This extensive use of judgment often creates conflicts
between parties of opposite stake-holders. While formal methods, such as the
Bayesian approach, help in understanding the differences, they are neverthe-
less unable to resolve all the issues that arise in the elicitation and use of judg-
ment. Although non-probabilistic interpretation of uncertainty has gained some
ground in recent years, it has not reached a state of development that can be
used in quantifying risk. Some discussion of the probabilistic and non-proba-
bilistic interpretation of uncertainty can be found in [26,27]. Further discus-
sion on the Bayesian approach used in PRAs can be found in [28,29].

4. Experiences of PRA

4.1 General perspective

Over 30 PRAs have now been completed in the United States and other
countries. While most results are plant-specific, the PRAs performed to date
have reached some general conclusions that are useful in helping the nuclear
regulatory authorities and the nuclear industry to understand the general fea-
tures of nuclear power plant safety.

4.4.1 Frequencies of core melt

The PRAs performed to date on nuclear power plants show that core melt
frequencies range from 10~¢ to 10— per reactor year. Aside from plant-to-
plant variation, a good part of this wide range is due to the difference in mod-
eling and the variation of scope in various studies. These core damage frequen-
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cies are greater than the numbers that the industry had generally believed
possible prior to the development of PRA methodology. This over-confidence
prior to the PRA era can be attributed to two safety concepts that the earlier
reactor designers had strongly relied on:

1. It was believed that the reactor would be safe if it were designed for the worst
credible accident.

2. Redundancy in safety-related components would greatly reduce the chance
of accidents.

The first concept evolved into the concept of the design basis accident (DBA)
[30], in which accidents following large pipe ruptures were defined as the DBA
against which the emergency core coolant system (ECCS) should be designed.
The second concept led to the single failure and separation criteria that were
used in the design of safety systems. The design criteria based on these con-
cepts have been traditionally called “deterministic design criteria”. What the
deterministic design criteria failed to demonstrate in the past, and PRA has
successfully shown over the last two decades, is that accidents other than DBA
contribute significantly to the core melt frequencies, which runs against the
beliefs held by the earlier designers. This is shown in Fig. 2 [31]. The results
of Level 2 and Level 3 PRAs also indicate that certain rare accidents beyond
DBA could dominate “risks’’ (a loose index for plant risk determined by prob-
ability X consequences) even if these sequences are not necessarily dominant
in core melt frequencies. Furthermore, the common cause failure issues raised
in the PRA community have pointed out that redundancy does not improve
the system reliability to the degree that the reactor designers used to believe
[32].

A less surprising observation was made in the studies that surveyed “exter-
nal” events, namely, earthquakes, fire, flooding, aircraft crashes, etc. Figures
3 and 4 [33] show that the fraction of core melt frequencies resulting from
external events varies significantly from plant to plant. This variation is largely
due to the fact that these plants, although sharing the same general design and
operating characteristics, are quite different in geological siting and other as-
pects. The large uncertainty in both data and modeling in the analysis of ex-
ternal events also contributes to this variation in fraction of core melt
frequencies.

4.1.2 Containment performance and severe accident source terms

All major studies [1,10,13] have confirmed that the consequences of severe
reactor accident depend greatly on the safety features of the reactor contain-
ment and its ability to retain radioactive material. Figure 5 [31], for example,
displays the results of several studies for iodine releases. As shown in the fig-
ure, the largest fraction of core inventory released to the environment comes
from accident sequences that lead to early containment failure of containment
bypass. The release fractions are less for sequences that lead to late contain-
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ment failure or no containment failure. This trend can be explained by the fact
that the longer the containment remains intact—i.e. the time interval between
core melt and fission product release from the reactor coolant system—the
longer the radioactive material can be removed from the containment atmo-
sphere via engineered safety features or natural deposition processes; thus, a
smaller fraction of radionuclide inventory is released to the environment.

4.1.3 Public risk

One of the primary objectives of the PRA studies is to obtain insights re-
garding the risk to public health from severe accidents at nuclear power plants.
The frequency of events with severe off-site consequences are generally found
to be very low for nuclear power plants. Using expected early fatality rates and
latent cancer rates as risk indicators, the Reactor Safety Study concluded that
risks from nuclear plants are relatively lower than risks from other man-made
and natural hazards [1]. The more recent NUREG-1150 study [13} indicates
that the risk (in terms of probability X consequences) to the public from op-
eration of the five plants studied are, in general, even lower than those of the
Reactor Safety Study, and the estimated public risk is within the safety goals
that have been proposed by the USNRC [12].
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These low frequency high consequence events have long been a problematic
issue for a nuclear regulatory and decision-making body. In some countries,
special measures have been taken to mitigate or render still more improbable
these rare accidents, e.g. by introducing filtered-vent equipments, although
simplistic cost-benefit analyses based solely on expectation values could in-
dicate these measures to be clearly not cost effective.

4.2 The role of PRA in the nuclear regulatory process

Probabilistic risk assessment, which provides a logical way of examining
reactor safety, has evolved from normal design practices and the regulatory
process. Under this approach, the traditional safety philosophy used in the
nuclear regulatory system, which included single-failure and separation crite-
ria, DBAs and the sometimes thought-to-be conservative attitudes, has not
always effectively safeguarded the safety of nuclear power plants [34,35]. The
TMI-Unit 2 accident amplified such worries. Since then, the USNRC has in-
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creasingly used PRA techniques in various aspects of the regulatory process.

In the following discussion, we address two regulatory uses of PRA within the
USNRC.

4.2.1 Allocation of regulatory resources [9,36]

One of the regulatory applications of PRA is to set priorities for regulatory
resources in resolving generic safety issues [37]. These safety issues are iden-
tified by the USNRC, based on experience or analysis at specific plants, as
issues that may raise safety concerns over an entire group of plants. For ex-
ample, the USNRC may raise safety issues concerning reactors of the same
nuclear steam supply system (NSSS) vendor that are similar in design and
operation. Since the analyses that the regulatory decisions are based upon do
not require great precision, often analyses with broad categories of risk impact
(e.g. high, medium and low) would provide enough information for setting
priorities of this type. A potential safety issue would only be dismissed, if it
were clearly of low risk. Information and insight from PRAs can be used as
bases for assigning risk impacts and determining the general direction of reg-

ulatory priorities, even though they do not fully represent the characteristics
of all plants.
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Other than allocating resources on generic safety issues, information from
PRASs can also be used to guide the allocation of resources in inspection and
safety enforcement programs. Items identified by PRA studies to be significant
to the safety performance of the plant will be assigned higher priorities in the
implementation of quality and reliability assurance programs. The PRA re-
sults also provide a means in assigning priorities for auditing component and
system performance, as well as evaluating operators and maintenance
personnel.

4.2.2 Plant-specific safety decisions

The USNRC has made PRA-based analysis part of its basis for safety deci-
sions. Since the Reactor Safety Study, at least four PRAs for plants at high
population sites—the Zion plant in Illinois [14], the Indian Point station in
New York [15], the Limerick generating station in Pennsylvania [38], and
the Millstone Unit 3 in Connecticut—have been conducted at the request of
the USNRC due to safety concerns. The policy statement on severe accidents
issued in 1985 [11] further requires that the applicant of a new design for a
nuclear power plant (or a proposed custom plant in the future) submit a com-
plete PRA in which the severe accident vulnerabilities of the plant and their
impact on public risks are considered. More recently, in the generic letter on
IPE issued in 1988, the USNRC staff requested that an IPE be performed at
each licensed nuclear power plant in order to provide sufficient information
on the assessment of severe accident vulnerabilities [39]. The use of PRA is
one of the methods approved by the USNRC to perform this examination.

Some PRASs are also initiated by utilities in response to regulatory require-
ments, as the utilities see that the benefits of doing PRAs outweigh their costs.
Two such applications of PRAs, the Big Rock Point PRA by the Consumers
Power Company [40] and the Seabrook PRA by the Public Service Company
of New Hampshire and Yankee Atomic Electric Company [41], will be dis-
cussed in the next section.

4.3 The utility use of PRA

The utility use of PRA has a diverse track record [42]. Factors determining
the success of a PRA program include the size and the purpose of the program,
the technical methods and tools used in the analysis, and the relationship be-
tween the PRA team and the rest of the utility organization. While some util-
ities have experienced apparent success and have gained benefits from the per-
formance and application of PRA, other utilities did not find that the benefits
of PRA justified its cost. The situation is made even more obscure in that the
application of PRA results is seldom documented, and that its benefits are
rarely compared with its costs. In Von Herrmann et al. [42] made several
attempts to track down some of the characteristics which enhanced or hind-
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ered the success of PRA applications. In the following, we discuss some prac-
tical benefits that utilities received from their PRA programs.

4.3.1 Demonstration of plant safety

As mentioned previously, under the requirement of the USNRC, four full
scale PRAs of plants at high population sites—Zion, Indian Point, Limerick
and Millstone Unit 3—were carried out to demonstrate that the risks imposed
by these plants to the public are negligible small. In addition to these PRAs,
some utilities chose to do PRAs on a volunteer basis prior to the application
for their operating licenses of nuclear power plants or even after their plants
had started operation. These utilities, in general, believe that their PRA pro-
grams would either have an important impact on whether they would receive
their operating licenses, or allow them to establish a good reputation with the
USNRC and the public by demonstrating the safe operation of their nuclear
power plants in the analyses.

An example of a voluntary PRA is the Seabrook Station Probabilistic Safety
Assessment (SSPSA) [41] performed for the Public Service Company of New
Hampshire and the Yankee Atomic Electric Company of Massachusetts. In
this report, the station was demonstrated to impose a much smaller risk to
public health and safety than other man-made and natural sources of risk to
which public was already exposed, and its emergency planning zone was shown
to be appropriate. This supported the decision made by the USNRC to allow
the issuance of a full power license to the plant. On March 1, 1990, a belated
full-power operating license for the Seabrook nuclear unit in New Hampshire
was granted to the Public Service Company of New Hampshire and the Yankee
Atomic Electric Company of Massachusetts by the USNRC.

4.3.2 Support of safety evaluations

Probabilistic risk assessments have been demonstrated to be an effective
tool in providing safety insights that are not attainable through other means
of safety analysis. The Oconee PRA study [43], for an example, concluded
that the dominant contributor to its core melt frequency was flooding in the
turbine building. This specific event had been previously identified by Duke
Power Company as an important safety concern, and actions were taken for
steam generator cooling and reactor coolant makeup. The PRA study, how-
ever, not only confirmed this concern, but also provided a detailed understand-
ing of the phenomenon and the timing of the accident sequences following this
particular initiating event. It allowed the utility to make relatively inexpensive
modifications that significantly reduced the core melt frequency.

The application of the Big Rock Point PRA [40] is an example opposite to
that of Oconee PRA. The PRA technique was also used in this case to identify
plant-specific safety concerns and define cost-beneficial modifications to ac-
commodate these concerns. The Big Rock Point study, however, concluded
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that it would be either ineffective or not cost effective for the plant to follow
the post-TMI action plan suggested by the USNRC to improve plant safety.
Instead, the study recommended several design changes other than those rec-
ommended in the post-TMI action plan, and one procedural change that would
be much more cost effective from the safety point of view.

4.3.3 Evaluation of plant modifications

Some utilities have routinely used PRA techniques to evaluate the safety
impact of modifications made on plant hardware systems or to operating pro-
cedures. Northeast Utilities, for example, has developed and implemented a
comprehensive PSA program in support of nuclear power plant engineering
and operation. All design changes at nuclear power plants under the control of
Northeast Utilities are required to include PSA reviews at both the conceptual
stage and the final stage. Among the dozens of design reviews since the imple-
mentation of this requirement in early 1988, PSA analysts have recommended
several proposed changes to be dropped or revised because of their negligible
or reverse impact on improving public safety these were based on the findings
of their PSA analyses [44].

Kazarians et al. [45] have given an example of using PRA results for fire
risk analysis in risk management at a nuclear power plant. The contribution
of fires to risk was found to be unacceptable in the plant under investigation,
and several plant modifications were evaluated in terms of their impact on the
reactor core damage frequency and public health risk. For example, Table 1
shows that the installation of fire barriers in some critical fire zones would
only reduce the release frequency of radioactive material to the atmosphere by
a factor of 3, while adding an alternate source of electrical power to critical
components could reduce this frequency by a factor of as much as 14. These
results were presented to the utility management and were part of the decision-
making process. It is important to point out that the PRA results were not the
only considerations in the decision; plant management had to also consider
cost, operator convenience, as well as other intangible factors.

Another way of using of PRA to evaluate plant modification is to perform
cost-effective analysis on alternative solutions to an identified safety issue.
When a particular safety issue is identified, there is usually more than one way
to address it, each associated with a given range of effects in improving plant
safety and a given range of cost in implementing it. It is important from the
plant management point of view that these safety issues are addressed in a
most effective manner. Yankee Atomic Electric Company, for example, have
used PRA techniques to identify cost-effective changes that improved the safety
and reliability of the plant. The utility estimated that it had saved the stock-
holders several million dollars while improving overall plant safety and relia-
bility over other approaches. Table 2 shows a sample of the benefits gained by
using PRA techniques at Maine Yankee and Vermont Yankee [46].



TABLE 1

Reduction of fire risk to nuclear power plants from potential plant modifications [45]
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Option Description Percentile Aop* Reduction AgP Reduction
Events per factor Events per factor
year year

0 Base case 5th 2.2x10~° 1.5x10~¢

50th 3.0x10° 26x10~%
95th 1.1x10-2 9.7x10°*
Mean 1.ox 10~ 1.0 96x10-5 1.0

1 Fire barriers 5th 59x10~7 2.1x10~7

50th 9.1x10¢ 74x10~¢
95th 2.3%x10~* 2.1x10~*
Mean 3.9x10°% 2.6 3.3x10°% 2.9

2 Self-contained 5th 1.6x10°° 36x10~7

chargingpump  50th 8.8x10¢ 3.4X10°8
95th 9.9x 108 9.2x10~?
Mean 1.9x10-° 5.3 1.2x107° 8.0

3 Alternate power  5th 1.7X10~° 57x10~"

source 50th 7.1x10—® 3.0x10-%
95th 4.8x10-° 26X10-°
Mean 1.4X10°° 7.1 6.9x10~% 14.0

*Acp: Core damage frequency, events per reactor year.
1 r: Radionuclide release frequency, events per reactor year.

4.3.4 Modification of technical specifications

The technical specifications of a nuclear power plant stipulate, for individ-
ual components and systems, the allowable outage time and surveillance re-
quirements by which plant operation is governed and plant safety is main-
tained. Traditionally, the allowable outage time and the surveillance frequency
of each individual component and system are determined based on engineering
judgment, which is usually thought to be conservative. The current technical
specifications have evolved into a complicated set of requirements, and com-
pliance with them has been the cause of many unnecessary shutdowns. Several
utilities, working through their owners groups, have attempted to use their
PRAs to improve technical specifications. This includes optimization of the
allowable outage time and the surveillance frequency. The Westinghouse Own-
ers Group, for example, is currently actively involved in PRA programs that
advise the utilities on ways to improve their technical specifications [47]. The
utilities which employ these programs believe that these modifications, often
with relaxation of technical specifications, can result in increases of plant safety,
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TABLE 2

Sample of benefits gained using PRA techniques {46]

Use

Benefits

Safety

Economic

Electrical bus automatic
loading requirements
resolution (manual
versus automatic
control)

Reactor vessel water
level system
requirement resolution
(Is it needed?)

Reactor trip breaker
functional test
requirements resolution
{On-line testing
capability versus
supervisory lights)
Safety injection system
relief valve changes
(Self-initiated)

Safety injection
building ventilation
requirements
(Identified
improvement potential }
Turbine/generator trip
control changes (Added
redundant trip
mechanism)

Establish risk basis for
external event
requirements resolution
(Current requirements
versus 1960
requirements)

Moderate: Current design
reduces probably most of
automatically initiated
problems

Moderate: Proposed system
reduces chances of operator
error

Moderate: Current design is
proven and has supervisory
light indication

Moderate: Eliminated two
potential ECCS degradation
mechanisms

Moderate: reduced
probability that local operator
actions would be required

Low: Not risk significant

High: Because it allows
limited resources to be
allocated more effectively

High: Several $100K to
$1,000K saved

High: Several $1M saved

High: Several $1C00K to
$1,000K saved

Low: Cost $65K

Low: Cost $57K

High: Reduced frequency
of d.c.-induced turbine
generator failure
significantly

High: Reduced potential
for rapid reactor cooling
system cooldown
significantly

Low: Cost $150K

High: Design changes to
conform to current
requirements not practical

or that the increases of plant risk lie well within the tolerable safety margin.
The economic savings to the utilities is, in general, expected to be substantial.
One such example is the Engineered Safety Features Actuation System Sur-
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veillance Interval and Allowable Outage Times Relaxation Program, referred
to as part of the Technical Specification Optimization Program conducted in
conjunction with the Westinghouse Owners Group [47]. This program was
designed specifically to justify the relaxation to the surveillance intervals (SIs)
and allowable outage times (AOT's) on the reactor protection system defined
in the technical specification. The major motivation for such relaxation is that
frequent tests often cause spurious safety injections, and stringent AOTSs
sometimes reduce the quality of maintenance practice. The SIs and AOTSs of
the base case (current requirement) and two relaxed cases (Case 1 and Case
2) for the logic cabinets, the master and slave relays, the trip breakers, and the
analog channels are shown in Table 3. The changes in core damage frequency
and economic saving in terms of the engineered safety features actuation sys-
tem are given in Table 4. T'wo similar programs, the Reactor Trip Actuation
System SIs and AOTs Relaxation Program and the Engineered Safety Fluid

TABLE 3

Surveillance requirements for the solid-state protection system [47]

Component Base case Case 1 Case 2
Logic cabinets
Test interval (month) 2 6 2
Test time (hour) 1.5 4 4
Maintenance interval (month) 12 12 12
Maintenance time (hour) 2 12 12
Master relays ,
Test interval (month) 2 6 2
Test time (hour) 1.5 4 4
Maintenance interval (month) 12 12 12
Maintenance time (hour) 2 12 12
Slave relays
Test interval (month) 3 : 18 3
Test time (hour) 4 4 4
Maintenance interval (month) 12 12 12
Maintenance time (hour) 2 12 12
Trip breakers
Test interval (month) 2 6 2
Test time (hour) 2 4 4
Maintenance interval (month) 12 12 12
Maintenance time (hour) 6 12 12
Analog channels
Test interval (month) 1 3 3
Test time (hour) 2 4 4
Maintenance interval (month) 12 12 12

Maintenance time (hour) 1 12 12
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TABLE 4

Engineered safety features actuation system results [47]

Feature Base case Case 1 Case 2

Core damage 4.23%10~% 4.64% 105 4.33x10°°%
frequency (1/y)

Increase in core — 9.7 2.4

damage frequency (%)

Cost savings ($/y) — 98 600 49 900

Systems Limiting Conditions of Operation Relaxation Program (LCORP),
gave similar results [47].

Within the nuclear industry, it has gradually become a common practice for
many utilities to use PRA techniques in the evaluation of the proposed changes
in technical specification. For example, San Onofre Nuclear Generating Sta-
tion, Units 2 and 3 of Southern California Edison, has recently applied PRA
techniques to evaluate a proposed change in surveillance test intervals for the
auxiliary feedwater pumps from monthly to quarterly on a staggered basis [48].
The PRA evaluations have also been conducted on other plant design and pro-
cedure changes to find out their impact on plant safety. These applications
have shown that PRA can provide safety-related decisions made at the nuclear
power plant, based on a more rational basis.

4.3.5 Enhancement of staff capability in safe operation

Plant operation can receive benefit from PRA experience in at least two
ways [42]: By increasing the safety knowledge of both engineering and oper-
ational personnel, and by using PRA results as a support for operator training.
The plant engineering and operational staff, having been exposed to the inte-
grated perspective of PRA, will have a better understanding of the design and
operation of the plant as well as its safety weaknesses. The engineering and
maintenance staff, on the other hand, can use PRA results to identify systems
and components that are critical to plant safety, and then prioritize their qual-
ity assurance. In addition, the insights from PRA studies can be used to design
control room simulator training programs that emphasize dominant accident
sequences.

B. Current issues

After almost two decades of effort, PRA practitioners in the nuclear industry
have achieved some success in developing a logical approach that can be sys-
tematically used for understanding and quantifying the risk associated with
nuclear power plants. They have also made significant progress in convincing
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the nuclear regulatory agencies and many utilities that PRA techniques have
great merit in providing safety insights unattainable by other means. The PRA
community, however, is aware of the limitations of PRA techniques and thus
focuses attention on these areas, e.g. problems related to dependent failure,
human reliability, model uncertainty, expert judgment, and organizational and
managerial factors. In the following, we briefly discuss the basic themes of
some of these subjects and their current status of development.

5.1 Dependent failures

Both reactor operating experience and PRA results consistently indicate
that dependent failures are major contributors to reactor accidents. Dependent
failures, often referred to as common cause failures (CCFs), range from phys-
ical dependencies, common design and manufacturing errors to human errors.
Physical dependence refers to the situation when more than one component
shares the same physical location or the same supporting system, e.g. power
sources or cooling systems. Events occurring at a specific physical location or
a common supporting system might affect more than one component and cause
multiple failures. Common design and manufacturing errors are referred to,
for example, redundant components subject to loads greater than that antici-
pated by specification. Common human errors may occur when the same crew
member performs multiple tasks, or there are flaws in operator training pro-
grams. An analysis of CCFs requires the development of models aimed to
achieve one or more of three goals:
(1) qualitative evaluation of the CCF causes, from which a hierarchy of CCF
causes are derived [49,50];
(2) quantitative evaluation of CCF frequencies, from which plant risk can be
estimated quantitatively [51-54]; and
(3) the “cause—defense” approach [55], in which methodologies are developed
to account for the impact of “plant-specific defenses’, e.g. design features, and
operational and maintenance policies, in order to reduce the frequency of CCFs.

The qualitative models of CCF's are useful in helping the analyst to identify
the causes of existing CCFs; however, these models often face the problem of
being obscure and incomplete. The real causes of many failures at the plant
are hard to identify, and many others seem to have more than one potential
cause. There are also failures of the same cause which occurred repeatedly with
sometimes long time intervals in between. In addition, the lack of details in
failure records under the current event-reporting system at most plants has
made the identification of CCF causes difficult. Finally, these qualitative models
are not developed to systematically identify patterns of plant maintenance, or
operational policies, that have the potential to lead to CCFs prior to their ac-
tual occurrence. These shortcomings of the qualitative evaluation of CCFs have
greatly limited the usefulness of such models in real application.

Most of the quantitative CCF models, on the other hand, take little interest
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in the causal structure of events. Instead, they are statistical models that allow
free parameters to be fitted to the available data on the set of observed multiple
failure events [53]. In other words, the developers of these models are more
concerned with estimating correctly the frequency of CCFs and, therefore, the
system unavailabilities and accident sequence frequencies, rather than the
physical characteristics of CCFs. While this step is crucial to quantitative risk
assessment, it provides little insight into the mechanisms of component fail-
ures of human errors, the vulnerabilities of system functions, or the ways that
various factors influence the likelihood of multiple failures. Furthermore, these
quantitative models, in general, fail to identify component failures or human
errors that are caused by common causes rooted deeply in their cause hier-
archy; and consequently, fail to correctly account the correlation between, and
among, failures.

The cause—defense approach to CCFs is a new methodology, developed by
the USNRC, aimed at developing methodologies to account for the impact of
plant-specific defenses, e.g. design features, and operational and maintenance
policies, so that the frequency of CCFs occurring at a specific plant can be
reduced. It is yet to be found whether this new approach is acceptable to the
nuclear industry, or is anywhere close to success in reducing the likelihood of
multiple failures occurring at nuclear power plants.

5.2 Human reliability modeling

Human reliability analysis (HRA) is an integral part of PRA. It provides
models for quantifying factors such as training and job environment factors,
which affect human performance and thus the safety of the plant. Model de-
velopment efforts in the past have centered around two parts of human behav-
ior: human intention formation [56], which relates to how people choose their
actions; and human execution of intentions, i.e. how people carry out their
chosen actions.

Most of the earlier work on HRA was developed to assess the mechanisms
and probabilities of execution errors, although the cognitive process was some-
times inherently included in these models. Models of this type include the
USNRC handbook model [57,58], also known as ‘“technique for human error
rate prediction” (THERP ); the human cognitive reliability (HCR) model [59,60];
the extended simulator data acquisition program, ultimately known as the “op-
erator reliability experiments” (ORE) [61]; and the success likelihood index
methodology-multiattribute wutility decomposition (SLIM-MAUD) model
[62,63]. Both the USNRC handbook model and HCR model treat human error
rates as functions of the time available to the operators to act correspondingly
following an event. In the absence of empirical data from operating plants, the
databank of the USNRC handbook contains figures and tables that have largely
been derived from subjective expert opinions. This extensive use of subjective
judgment is one of the major criticisms of the USNRC handbook model [64].
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The data from ORE, presumably prepared for the extensive use of the HCR
model, on the other hand, relies solely on simulator data. The question raised
on ORE, therefore, is whether simulator data are authentic enough to represent
situations of real accidents [64]. Another critique of the HCR model, which is
also applicable to ORE, is that, while addressing the stochastic uncertainties on
relative response time, the model completely ignores the deviation of operator
response from simulator to real events arising from the state of knowledge
uncertainty, and the variation of ability from operator to operator [65]. The
SLIM-MAUD model provides a highly structured approach for the derivation of
human error rates using expert judgment. However, Apostolakis et al. [65]
pointed out that the treatment of the weights and ratings in the SLIM-MAUD
model is internally inconsistent. Beside the above-mentioned limitation, all
these models on execution errors do not directly address the cognitive part of
human errors, where psychologists in the HRA field have recently started their
investigations aggressively.

One recently developed cognitive model in the HRA field is the cognitive
reliability assessment technique (CREATE) [66], which models the human er-
ror rate in PRAs based on techniques developed in the field of artificial intel-
ligence (AI). The model basically applies Al knowledge acquisition techniques
to specify the operator’s cognitive responses, and then stores them in its knowl-
edge-base in the form of codified diagnostic rules. In this idealized Al simula-
tor, any accident sequence can be, in principle, modeled by a set of suitable
initial and boundary conditions which trigger a specific set of diagnostic rules
and result in a wide spectrum of subscenarios with each subscenario having a
likelihood of occurrence, P;, which depends on the response time, ¢;. CREATE
provides a tool for simulating the cognitive processes that are predetermined
by operator training, safety knowledge and procedural instructions, etc. How-
ever, the success of the model depends on the assumption that all brain activ-
ities and knowledge can be expressed explicitly in terms of diagnostic rules as
those in the Al paradigm, and that the completeness of such a knowledge-base
is attainable [64]. These drastic assumptions are remote from reality, and thus
greatly limit the usefulness of the cognitive type of human reliability models.

5.3 Uncertainty in PRA

Uncertainties arise at almost every level of PRA. This is partly due to the
stochastic nature of events at the plant, but, for the most part, it is due to the
engineering complexity of the nuclear power system and the difficulty in mod-
eling the physical progression of accidents. An earlier discussion of the uncer-
tainty in PRA can be found in [67]. More recent research on uncertainty anal-
ysis not only aims at a better understanding and representation of the
uncertainties at different stages of PRA, but also emphasize the development
of models to reduce these uncertainties [27,68,69].

In general, the uncertainties encountered in PRAs can be grouped into two
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types, according to the ways that they have been introduced into the analysis:
stochastic uncertainty and state-of-knowledge uncertainty [27]. The stochas-
tic uncertainty is used to describe the random nature of the events, such as the
uncertainties associated with the occurrence of initiating events and the fail-
ures of components. Since randomness is the major part of the nature of these
events, increasing knowledge about the events will not be able to reduce the
stochastic uncertainty. The state-of-knowledge uncertainty, on the other hand,
refers to those uncertainties which arise from a lack of supporting data or a
lack of clear understanding of the physical processes. The state-of-knowledge
uncertainty is expected to be reduced if more data are gathered or more inves-
tigation on the specific event is carried out. For example, whether steam ex-
plosion will follow a core melt accident is currently a subject of uncertainty
due to lack of sufficient knowledge of the specific event. With more experiment
and analysis on the subject, steam explosion following core melt may eventu-
ally become a physical phenomenon with only stochastic uncertainty.

Most analysts agree that stochastic uncertainty can be satisfactorily mod-
eled by the theory of probability. The model for state-of-knowledge uncer-
tainty, however, is a more debatable subject. Traditional PRA takes the Baye-
sian viewpoint and represents state-of-knowledge uncertainty in terms of
subjective probabilities [23,27]. Recently, some analysts have proposed that
the theory of probability cannot correctly model state-of-knowledge uncer-
tainty; instead, they turn to non-probabilistic models, such as the theory of
evidence [70] and the theory of possibility [71,72]. Although it is claimed that
these non-probabilistic theories have advantages over the theory of probabil-
ity—for example, the ability to treat inconsistency during the process of elici-
tation—they cannot, nevertheless, satisfactorily answer some questions re-
garding modeling [73] and applications [74].

“Model uncertainty” is another area that has not attracted attention until
very lately. While most of the literature deals with uncertainties that lie within
the parameters of certain mathematical forms (e.g. the parameter of an ex-
ponential distribution), it is becoming increasingly evident in PRA that a ma-
jor source of uncertainty could be the physical or mathematical model itself.
In some cases, only several years ago, the current straightforward model was
not at all obvious. For example, it is common practice now to include in the
model of system unavailability the dependencies between various failures. This
was not the case before the publication of Reactor Safety Study in 1975. System
unavailabilities calculated without proper consideration of CCFs would be much
smaller than the values that are typically calculated today. Even today’s
knowledge does not bring a consensus a a model dealing with CCF's, and dif-
ferent models are expected to produce different numerical values for system
unavailabilities of the same system. More attention has been paid to the impact
of model uncertainty on the PRA results than before, e.g. different models of
CCF's and HRA are compared and discussed. Model uncertainty is still at the
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very early stage of its development, and there is a need for more research work
on this subject in the future.

5.4 Expert opinion in PRA studtes

A major problem faced by PRA analysts is the lack of statistically significant
data for events of interest. Thus, PRA analysts are compelled to use expert
opinions in estimating plant risks. The term “expert opinion” is used collec-
tively in referring to any specialized knowledge, including knowledge of phys-
ical phenomena, knowledge of the design and operation of facilities, and ex-
trapolation from the results of controlled experiments. Expert opinion has long
been a subject of interest and debate [75-77]. The extensive use of expert
judgment in NUREG-1150 [78,79] has, once more, attracted attention to the
problems associated with the subject.

The use of expert opinion is a process typically consisting of two closely
related parts: eliciting expert opinion and combining expert opinion. Since
experts are often asked for opinions on subjects with uncertainty, how to best
represent uncertainty almost always accompanies the issue of expert judg-
ment. Much of the research work on eliciting expert opinion has been done by
psychologists. Several notable analysts have summarized the findings from
studies on the “heuristics’ and ‘‘biases’’ behaviors, which characterize human
judgment under uncertainty [80]. Because of the inevitable biases resulting
from human heuristics under uncertainty when making judgments, scoring
and calibration processes are important prior to the use of expert opinions. A
comprehensive review from different points of view can be found in [81].

Three types of approach have been used for combining expert opinion: clas-
sical (or weighted) models [82,83], Bayesian models [84-87], and psycholog-
ical scaling models [81]. All classical and psychological scaling models take ad
hoc steps at one point or another. Bayesian models, on the other hand, are
often too complicated and demand too much information. There is no simple
and clear solution, as yet, to the problem of combining expert opinion, and the
debate and interest on related issues is likely to continue.

5.5 Organizational and managertal factors

One of the major lessons learned from the Chernobyl accident is that the
failure to establish a safe operational environment, through organizational and
managerial policies, was one of the main contributors to the disaster [88,89].
The nature of organization and management factors affecting the safe opera-
tion of nuclear power plants can be viewed from three perspectives:
(1) they have an influence on several levels of plant operation;
(2) they include a broad range of disciplines, and through each discipline plant
safety can be affected; and
(3) they affect both hardware and human reliabilities.
Up to this time, PRA methodology has not directly addressed the fact that
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qualities related to plant organization and management have an overall impact
on plant safety. Additionally, few studies have been done on examining the
correlations between plant risk and the significant characteristics of plant safety
environment, such as safety knowledge of plant personnel, attitude toward
plant operation, choice of plant performance goals, and lines of responsibility
and communication—all of which are closely related to plant organization and
management.

There are several studies aimed at developing a framework for linking man-
agement and organization elements to nuclear power plant safety [90,91], but
none of these derived the quantitative relationship in between the elements. A
preliminary study [92] has pointed out that the current PRA methodology can
be improved in at least three ways to include organizational and managerial
factors in the estimation of plant risk:

(1) By reevaluating the frequency of the “other” category of failure scenarios,
of which numerical values are currently assumed to be negligible.

(2) By reassessing the probability distributions of the parameters (failure rates,
human error rates, and so forth) to include organizational and managerial
factors.

(3) By assessing correlations among these parameters.

Research work in this area is just beginning and is very limited.

6. Risk analysis in the chemical process industry

Unlike the extensive quantitative risk assessment (such a PRA) carried out
in the nuclear power industry, the traditional approach to safety analysis in
the chemical process industry has been more qualitative than quantitative.
Most safety analyses for the chemical process industry in the past have focused
on on-site consequences, typically in estimating plant damage and production
losses. The likelihood and consequences of chemical releases were seldom ana-
lyzed or quantified. In fact, not until the major accidents at Flixborough (Eng-
land), Seveso (Italy) and Bhopal (India) were the chemical process plants
considered as potential major risk to the public, and not till then did the chem-
ical process industry started thinking seriously about risk assessments at
chemical plants.

A comprehensive review is given in [93,94] of recent risk evaluation proce-
dures used in the chemical process industry. Two frequently mentioned risk
evaluation methods, hazard and operability (HAZOP) analysis and quanti-
tative risk assessment (QRA), are briefly discussed in this section. The HA-
ZOP analysis is a systematic approach for identifying the upsets of process
equipment and their efi’ects on the functions of the process systems [93,95,96].
A HAZOP analysis team consists of experienced analysts and engineers with
diverse technical backgrounds in methodology as well as plant design, con-
struction, instrumentation, operation and maintenance. The team reviews each
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deviation from the normal operation at the plant and its possible causes and
potential consequences. From these results the team further advises changes
in design, or operation and maintenance procedures at the plant, that will im-
prove plant safety. The HAZOP analysis is efficient in screening plant hazard.
One shortcoming of this approach is that, because of its qualitative nature, its
conclusions rely heavily on the subjective evaluation of the review team. Fur-
thermore, as discussed in Section 5.1, the risk assessment of any complex sys-
tem needs specifically dedicated treatment of dependent failures. Since the
HAZOP analysis focuses on local equipment and operation, it is difficult to
identify causes leading to multiple failures [97]. The inability to address sat-
isfactorily the issue of dependent failure may impose a severe limitation on the
usefulness of the HAZOP analysis.

Quantitative risk assessment (QRA) in the chemical process industry fol-
lows closely the approach of PRA in the nuclear industry. Figure 6 [97] shows
the general approach for conducting a QRA for a chemical plant. The analysis
starts with the hazard identification in which significant hazards associated
with the plant, are determined. This is followed by an assessment of the fre-
quencies and consequences of potential accident scenarios resulting from these
identified hazards. Risks from various accident scenarios are then combined
to determine the total plant risk, which is then used as an input for risk man-
agement decisions. More discussion on the features and models used in the
three subtasks of QRA, i.e. hazard identification, frequency assessment and
consequence assessment, can be found in [94,97-102].

Much of the experience learned from PRAs of nuclear power plants can be
shared with risk assessments of chemical process plants. However, caution
should be exercised in understanding the fundamental differences between the
nature of the risks associated with nuclear plants and those associated with
chemical plants. Several significant differences between the uses of PRA tech-
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niques in measuring the risk in nuclear power plants and that in chemical
process plants are discussed in the following paragraphs.

1. While the nuclear industry is characterized by the extensive use of redun-
dancy and diversity for safety-related systems, the chemical industry, in gen-
eral, lacks such redundancy and diversity [103]. As a result, more single fail-
ures with significant economic or environmental consequences are expected
from the chemical industry than from the nuclear industry. The other conse-
quence of lack of redundancy is the much-simplified process instrumentation
in the chemical process plant [101]. This feature simplifies the development
of the logic model in the system analysis of a chemical plant; on the other hand,
it shifts additional responsibility for accident management onto the operating
crew, which may make human error a larger contributor to the total risk in
chemical plants than in nuclear plants.

2. The operation of a nuclear power plant is supervised and controlled from
one central control room with an operational crew, under one superintendent,
working in front of one central control panel. Chemical plants, in general, have
no central supervision of the entire plant. It is common practice to have more
than one control room, each controlling a specific part of the process. Further-
more, there are parts of the plant that cannot be controlled from any of the
control rooms, and people have to be sent to these locations when necessary
during plant operations [104]. This leads to the expectation that human reli-
ability models for chemical process plants will be more complex than in unclear
power plants. '

3. The identification of hazards in chemical plants is more difficult than in
nuclear plants because of the large number of hazardous locations and the
variety of hazardous materials [101,103}. The nuclear power plant is charac-
terized by a primary hazard location, i.e. the nuclear reactor core, which is also
the radioactive material inventory. For plants of different design, this major
concern remains the same. Experience gained in one nuclear risk assessment
study provides useful information about the nature of accident sequences that
are to be expected from another nuclear reactor. The chemical process indus-
try, on the other hand, is characterized by varied inventories of hazardous
chemicals located throughout its plants. Components which transport, store
or process hazardous substances can be sources of different kinds of hazard,
and have properties which are often unknown. The release of chemical inven-
tories can result in a variety of hazardous reactions, many of which have con-
sequences that are still nuclear. Consequently, while much experience can be
shared among PRAs performed on nuclear power plants and attention can be
focused on several hazardous locations, PRAs performed on chemical process
plants have to analyze a much broader spectrum of hazardous materials. Fur-
thermore, the fact that physical phenomena associated with each hazardous
material have to be modeled individually has also made experience sharing
difficult for PRAs on chemical process plants.
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4. With respect to plant data, both the nuclear industry and the chemical
industry have similar problems of data shortage when performing PRAs. The
short history of the nuclear industry is the major reason that a sophisticated
database has not yet been established. While the chemical industry has an
extensive operating experience, it does not, in general, keep good records of
reliable data.

5. Institutionally and culturally, the chemical industry faces more difficul-
ties in making progress toward comprehensive and quantitative risk analysis.
This industry is highly competitive and bottom-line oriented, and products
and processes are often proprietary. There is also a tendency to over-simplify
the analysis so that the cost of such analyses will be reduced. The results are
often kept proprietary. This creates another major obstacle for PRA to become
a mature and well accepted practice for risk quantification in the chemical
industry [103].

7. Concluding remarks

Risk management is important for both the nuclear and the chemical indus-
tries. Before reaching any intelligent guidelines for risk management, the risks
involved in each industrial sector need to be understood in terms of the three
basic questions [24,102]:

(1) What can go wrong?

(2) How likely is it? and

(3) What are the consequences?

Over the last two decades, the nuclear power industry has developed an effec-
tive means for answering these questions in a comprehensive and quantitative
manner through the PRA process. The successful use of PRAs has been dem-
onstrated by increased engineering insights, improved plant safety and cost-
effective recommendations. Recently, the nuclear industry has further ex-
tended the application of PRA techniques from events initiated during power
operation or hot standby to events at cold shutdown or during refueling outages
[105-106]. These studies provide a more complete, explicit assessment of risk
at nuclear power plants to aid the making of safety-related decisions.

The chemical industry, on the other hand, has just started to look at the
quantification of risk seriously within the last few years. The institutional dif-
ferences between the two industries (high levels of government regulation in
the nuclear industry versus competitiveness and proprietary attitudes in the
chemical industry) will surely lead to a different evolution of risk assessment
and management in the chemical industry.

Peer review, for example, has been found to be essential in nuclear plant
PRAs. This is due to the fact that subjective judgment abounds in these stud-
ies, as discussed in this paper. The latest example of the importance of peer
review is a report [107] issued by an international panel of experts which con-
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tains severe criticisms of the latest PRA from the USNRC [13]. As a result of
this criticism, this PRA has been revised significantly. It would be very difficult
to have such an open peer review process in the current environment under
which the chemical industry operates. Given the highly subjective nature of
many PRA models and, thus, the need for peer reviews, it remains to be seen
how the chemical industry will handle this matter.
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