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Abstract

Fire risk analysis has been conducted for a significant portion of the nuclear power plants in the
U.S. using either Probabilistic Risk Assessments (PRAs) or FIVE or a combination of the two
methodologies. Practically all fire risk studies have used step-wise, screening approach. To establish the
contents of a compartment, the cable routing information collected for Appendix R compliance have been
used in practically all risk studies. In several cases, the analysts have gone beyond the Appendix R and
have obtained the routing of additional cables. For fire impact analysis typically an existing PRA model is
used. For fire frequencies, typically, a generic data base is used. Fire scenarios are identified in varying
levels of detail. The most common approach, in the early stages of screening, is based on the assumption
that given a fire, the entire contents of the compartment are lost. Less conservative scenarios are
introduced at later stages of the analysis which may include fire propagation patterns, fires localized to an
item, and suppression of the fire before critical damage. For fire propagation and damage analysis, a large
number of studies have used FIVE and many have used COMPBRN. For detection and suppression
analysis, the generic suppression system unavailabilities given in FIVE have been used. The total core
damage frequencies typically range between lxlO"6 to lxlO"4 per year. Control rooms and cable spreading
rooms are the two most common areas found to be significant contributors to fire risk. Other areas are
mainly from the Auxiliary Building (in the case of PWRs) and Reactor Building (in the case of BWRs).
Only in one case, the main contributor to fire is the turbine building, which included several safety related
equipment and cables.

1. INTRODUCTION

Fire risk analysis has been conducted for a large number of the nuclear power plants in the U.S.
Since 1980, several utilities have conducted Probabilistic Risk Assessments (PRAs) that have addressed the
contribution of internal fires to plant risk. In addition, in the last few years, as part of their compliance
efforts for the Independent Plant Examination for External Events (IPEEE) requirements [1], most utilities
have elected to use a fire risk analysis method to address the fire vulnerabilities in their plants.

The focus of this article is the insights gained from a large number of fire risk studies. The phrase
"fire risk studies" used in this article stands for those studies that the authors have either reviewed or had
direct involvement in their preparation. The insights are presented in terms of key topics that the authors
deem as important to fire risk analysis.
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2. SELECTED METHODOLOGY

Early risk studies were based primarily on fire PRA [2, 3]. Recent studies are based on either
PRA, FIVE [4], or a hybrid of these two methodologies. FIVE was developed to provide the utilities with
a simplified methodology to be used in complying with the IPEEE requirements. As it is stated in Ref. [4],
FIVE was developed to support a PRA. From a review FIVE it can be concluded that fundamentally there
are many similarities between the FIVE and PRA methodologies, especially in the context of the screening
analyses, which is a critical step for a robust and complete fire risk assessment.

Many fire risk studies have used a hybrid of FIVE and PRA methodologies. Common areas in
which the FIVE methodology was altered, either towards a more or less detailed analysis, include the
analyses of fire detection and suppression timing, fire compartment interaction, manual fire fighting, plant
recovery, and data input for fire growth/propagation. At the same time, typical PRA analyses also omitted
some aspects of a state-of-the-art PRA. Typical areas of omission or simplification in the PRA-based
analyses included: treatment of fire growth, propagation and damage, detection and suppression, and
manual fire fighting; simplified plant impact modeling; limited modeling of remote shutdown scenarios;
generic plant recovery modeling; and limited treatment of control circuit failure modes, human factors and
recovery actions.

3. FIRE IGNITION FREQUENCY

Most fire risk studies have used generic fire occurrence frequencies without updating them with
plant specific experience. The data provided in Ref. [4] is used extensively in the recent studies. Almost
all fire risk studies have adjusted the overall fire occurrence frequencies to establish the fire frequency for
individual plant locations. In a few cases the frequency is further adjusted to account for the severity of the
fire.

Several studies have screened out compartments based solely on fire ignition frequency. The sole
content of these compartments is typically cables qualified per IEEE fire ignition standards. For example,
for a cable chase area, it is argued that since all the cables are qualified per IEEE standards, the area is not
visited often and there are no other equipment, the fire frequency is small enough that the compartment can
be screened from further analysis. This conclusion is reached without a review of potential equipment and
instrumentation damage possibilities, impact on the plant as a whole and especially the operators' response
to the potential instrumentation and control circuit failures. Given the large uncertainties in fire occurrence
frequencies for such compartments, an early screening practice does not allow for plant personnel to gain a
clear appreciation of potential accident sequences.

4. CABLE ROUTING INFORMATION

Cable routing information is perhaps the most important element of a nuclear power plant fire risk
study and the routing of a select set (a large number) of cables is necessary for this purpose. Errors in this
aspect of the evaluation can jeopardize the validity of the entire analysis. This information, is often
available in the form of computerized databases, and for some plants, the retrieval of this information may
prove to be very time consuming. The cable routing information, almost invariably for all risk studies of
U.S. plants was taken from the data established as part of the fire hazard analysis conducted for compliance
with U.S.NRC fire protection requirements. (We will refer to these as Appendix R requirements.)
Appendix R requires a safe shutdown analysis that results in the identification of equipment, associated
circuits and cables that are needed to ensure safe shutdown given a fire in a specific compartment.

There are some differences between a PRA model and the safe shutdown model, which lie
primarily with modeling of the containment functions and initiating events. Also, in practice, we have
found differences in modeling assumptions which have led to differences in selected cables and circuits.
The amount of additional information (that is cable routing beyond that provided through the Appendix R
effort) incorporated into the analysis varies significantly among the fire risk studies. A significant portion
of the studies did not seek additional information, and therefore, had to make conservative assumptions or
pass judgment in the location of certain cables (a source uncertainty).
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5. EQUIPMENT FAILURE MODES AND INITIATING EVENTS CAUSED BY A FIRE

The possibility of a fire causing an initiating event other than reactor trip has been explicitly
addressed in most fire risk studies. However, in many cases the extent of the treatment has been limited.
For example, the possibilities of spurious opening of pressure operated relief valve (PORV), or loss of
offsite power, have not been treated in some PWR studies. Often the safe shutdown analysis conducted for
compliance with Appendix R requirements does not address all those initiating events that are considered
in an internal events PRA. Related to initiating events, the failure modes of control and instrumentation
circuits must be investigated and often in great detail. A cable failure under fire conditions may cause a
combination of shorts among various wires of a circuit One set of the shorts may lead to spurious
actuation of equipment or damage to equipment in such a way that further recovery of the failure may not
be possible. Probabilistic arguments have been used to screen these failure modes. The probabilities are
based purely on judgment and are not supported by any field observations.

6. THRESHOLD VALUES FOR SCREENING

AH fire risk studies have included at least one screening step to reduce the number of
compartments and fire scenarios requiring detailed analysis. Typically a large fraction of the
compartments are screened out and a small number are retained for detailed analysis. Qualitative or
quantitative methodologies have been used for mis purpose. In both cases it is assumed that given a fire,
the entire contents of the compartment is failed. The qualitative method is typically based on the presence
of safe shutdown cables and equipment in a compartment. The most common quantitative methodology is
based on core damage frequency. If the frequency is above a threshold value, the corresponding fire
scenario or compartment is subjected to detailed analysis. The threshold value typically employed by a
large number of studies and recommended by FIVE, is 10"*/ry. A minority of risk studies have used 10"
/ry and 10 /ry for this purpose. The benefits of using a low threshold value, because of rare application

of such values, could not be readily assessed because these studies were also accompanied by non-
conservative assumptions or methodology practices.

7. FIRE PROPAGATION AND DAMAGE MODELING

Fire risk studies completed prior to the publication of FIVE have either used COMPBRN [5] or
have made conservative assumptions to avoid the use of fire growth models. For example, it was assumed
that fire would damage all components within a given compartment where the fire originated, and did not
model any other possibility. In other studies, it was assumed that fire suppression would be effective
without consideration of the relative timing of damage and suppression effectiveness. The risk studies
completed in the past few years have utilized FIVE look-up tables extensively. Both the FIVE tables and
COMBPRN code have to be used with caution, otherwise physically unrealistic fire damage scenarios may
result. This is especially true with regard to fires that might spread beyond the ignition source.

A number of fire risk studies were found to include a variety of optimistic or otherwise
inappropriate assumptions. For example, inadequate consideration has been given to transient combustible
and fixed combustible fire sources, cable qualifications have been used as the basis for screening
compartments, and temperature damage thresholds and heat loss factors (e.g., a value of 0.85 has been used
in place of 0.7) have been inappropriately modeled. These factors may have likely led to inappropriate
screening of fire areas, underestimation of core damage frequency contributions from fire areas that
survived screening, and (in some cases) the overestimation of the risk significance of non-critical fire areas
(thus masking those areas most critical to fire risk).

Fires originating in electrical cabinets (of all sizes and service types) are found to be important to
risk, in part due to the co-location of these cabinets with electrical cables. Plant-specific details of
electrical cabinets are found to be important. At one plant, penetrations where cables exited the top of the
switchgear cabinets were not adequately sealed, which provided an exit pathway for the chimney effect.
This situation allowed for the fire to be postulated as propagating up and out of the switchgear cabinet. At
another plant, control cables in the control room were arrayed across the top of control room cabinets with
open tops. Again, this led the analysts to postulate cabinet fires that propagate to the overhead cables.

The heat release rate and the potential for propagating to an adjacent cubicle are two important
factors of cabinet fire modeling. Sandia test results [€] provide a basis for these factors. However, large
variations exist in the interpretation of the test results, which has led to optimistic assumption in some of
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the fire risk studies. Modeling of electrical cabinet fires in control rooms is also very important since such
fires can force abandonment of the control room due to smoke accumulation. This issue is further
discussed below.

8. ANALYSIS OF FIRE DETECTION AND SUPPRESSION

There is a large variation among the fire risk studies in the method for modeling fire detection and
suppression. Many fire risk studies did not model manual suppression of fires (except in the case of
control room fires). This is supported by the fact that fire data indicates that in most situations fire brigades
successfully extinguish or control fires within 30 minutes [7] and that fire models often predict damage to
critical components in much less than 30 minutes. Not modeling fire brigade actions is functionally
equivalent to assuming that there is a negligibly low conditional probability that the brigade will
unintentionally damage equipment which has not been damaged by a fire. Of course, for those studies
which have assumed that fires would damage all components within the compartment, secondary damage
due to the fire brigade suppression activities is implicitly included.

The failure probability of the suppression system is often gleaned from either FIVE or other
industry sources. Many fire risk studies have multiplied this failure probability with the fire occurrence
frequency. This makes the assumption that a fire damages the entire contents of the compartment and the
suppression system, if it functions properly can prevent all damage. This may represent an optimistic
assumption if the layout of cables and equipment within the compartment is not examined. If a critical set
of cables and equipment are within a small area inside the compartment, and especially on top of a likely
ignition source, this multiplication process is certainly optimistic. Several studies have used generic values
for suppression system reliability. This, too, may be optimistic if the fire detection and suppression
systems of a plant are not compliant with the fire codes.

Interaction between automatic fire suppression systems and safety related equipment is rarely
considered. For example, CO2 actuation circuit, in one case, was interlocked with diesel generator control
circuits and could potentially prevent emergency generator start-up.

9. INTER-COMPARTMENT FIRE PROPAGATION

The possibility of inter-compartmental fire propagation has the potential for causing damage to
cables and equipment of multiple safety trains. This aspect of fire analysis has been treated in the risk
studies with varying degrees of detail and sophistication. In a large number of studies the Fire
Compartment Interaction Analysis (FCIA) of FIVE has been employed. In these studies passive fire
barriers are assumed to be 100% reliable. Also, this assumption is often extended to active fire barriers.

An important element of this issue is the method by which compartments are defined. Aside from
the upper floors of a typical Reactor Building in a BWR, a large majority of the compartments in nuclear
power plants are defined by fire barriers that are rated to contain the effects of a fire for one to three hours.
However, practically all the compartments have passages to adjacent compartments via doors ventilation
ducts, etc. An important mechanism for the propagation of the effects of a fire is the escape of hot gas layer
through these openings. A large number of risk studies have ignored the following three potential fire
propagation scenarios:
• Failure of an active fire barrier (e.g., self closing doors and fire dampers) to close, and propagation of

hot gases to adjacent compartments.
• Failure of fire barrier integrity due to fire-fighting activities (e.g., opening of doors to gain access or

route hoses).
• Failure of a fire barrier from being overwhelmed by an excessive source (e.g., diesel fuel tank fire, or

the walls separating the turbine building from the rest of the plant).
In some cases, the possibility exists for the fire-fighting activity to lead to a breach in the integrity

of the fire barriers. For example, if trains A and B of a safety system are located in two adjacent rooms that
are connected by a door, the possibility exists for the fire brigade personnel to enter the affected room
through the unaffected one, and if the door is left open and the fire continues to bum, it is possible for the
effects of the fire to propagate through the open door.
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10. CONTROL ROOM FIRE MODELING

A significant number of fire risk studies have found the control room as one of the most important
fire risk contributors. Other studies have identified very low control room fire core damage frequencies and
have screened out the control room as a fire-induced core damage contributor. The differences lie
primarily in modeling assumptions than in the physical layout of the control room or training of the
operators. Some studies have used a detailed analysis of the fire incidents in the control room and many
have used a simplistic approach where a conditional probability is assigned to the failure of controlling the
plant from outside the control room. In the simplistic approach no further evaluation of the possible
operator action scenarios are attempted. In the detailed approach, every cabinet section is examined for
potential fire ignition, failure in the control circuits, and operator response to the specific set of failures in
addition to the fire detection and fire fighting activities. In these studies, the remote shutdown panel (in
some plants this may include several separately located panels) is analyzed for potential failures from
control room circuit damages and for operator errors in its proper usage.

Ease of fire detection and suppression is the main reason cited by those studies that have
concluded low control room fire risk. Control room fire non-suppression conditional probabilities in the
range of 1-3% have been used as compared to more typical values of 2-5% used for suppression systems in
other parts of the plants. Some studies specifically cited a 15-minute time period before control room
abandonment would be required. This value assumes in-cabinet smoke detectors are present. With only
general area detectors, the proper interpretation of the Sandia-sponsored tests yields an estimate of seven
minutes. A few studies assumed that smoke-forced abandonment of the control room would occur only if
multiple cabinets were involved in the fire, which is also inconsistent with Sandia test results [6].

In addition to the above, it may be noted that in at least two cases, the control room is shared
between two units. Fire damage in the cabinets in one unit can force the abandonment of the control room
for the other unaffected unit as well. The human error coupling between the two units is not addressed in
any of the studies. Also, most fire risk studies have not used a systematic method to verify control systems
interactions. Typically, circuit isolation capability, remote location, and procedures are used to insure that
there would be no adverse interactions between the control room and remote shutdown panel.

11. HUMAN ACTIONS AND FIRE RISK

Human errors, typically those involving recovery actions, is found to be important in most fire
risk studies. It is not clear, however, that human performance has been adequately assessed. Many studies
have used internal events human reliability models and data without accounting for the unique aspects of
fires. For recovery actions which take place in the area where the fire occurs, or which require operators to
pass through the area where the fire occurs, it is inappropriate to use the internal events recovery
probabilities directly without providing justification. Use of internal events human reliability models for
external event-initiated scenarios, such as fires, must be approached cautiously due to the differences in
performance shaping factors (PSFs) between a fire incident and otherwise. Practically none of the fire
studies have addressed the possibility of wrong information on the control board and errors of commission
as a results of that.

Human error may occur during fire fighting. However, nearly all risk studies have not included
the potential for adverse effects of manual fire-fighting efforts on safe shutdown equipment. An error by
members of the fire brigade (e.g., misdirected water stream) may tail equipment other than those exposed
to the fire.

12. SMOKE CONTROL

Only a handful of fire risk studies have addressed the possibility of smoke propagation, none have
considered the possibility of short term effects of smoke on equipment and a few have considered, albeit
qualitatively, the possibility of suppression system activation from smoke migration in compartments other
than the fire origin. In the latter case, possibility of equipment damage from exposure to fire suppression
medium may be of concern. Almost all risk studies have not included the potential for smoke to hinder
manual fire-fighting effectiveness or misdirect suppression efforts. It must be noted that FIVE [4]
specifically states that degradation of equipment from secondary (non-thermal) fire environmental effects
can be ignored.
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13. CORE DAMAGE FREQUENCY

Core damage frequency is used in almost all fire risk studies as a measure to screen-out, or to
establish the importance level of various fire compartments. The total core damage frequency for fire
events spans a large range, but the majority of the risk studies report a total core damage frequency
between 10 and 10 per reactor year. Based on these results one can conclude the following:
• Fire remains a significant contributor to core damage frequency for a large fraction of the plants.
• There is a significant plant-to-plant variation in terms of the reported overall fire risk, especially when

the specific contributors are considered. Most of this variability can be attributed to differences in
methods and assumptions employed in the analysis.

Fire is a significant core damage contributor because its occurrence rate is comparable to many
internal initiating events, and in addition, it can simultaneously disable several pieces of equipment.
Furthermore, fire may influence operator performance and thus further increase the probability of failure to
recover from the fire event.

The plant-to-plant variation of risk among the plants can be attributed to two issues—variation in
plant layouts, and variations in underlying assumptions and application of fire risk methodologies. The
underlying assumptions refer to such issues as considering the cable spreading room free of transient fuels,
screening out cable chases that include a large number of cables from various systems/trains, the wide
variation in methods and parameters used for room screening, and the wide variation in using optimistic
parameter values for fire propagation or suppression modeling.

14. DOMINANT RISK CONTRIBUTORS

The dominant risk contributors are presented in terms of two important aspects of a fire event: (1)
location of the fire, and (2) equipment/systems affected by the fire. It is very common for the control room
and cable spreading room to be reported as two of the most significant fire risk contributors. Although
there are no clear patterns among the plants, and one cannot draw any clear conclusions without full
knowledge of the specific cables present in those rooms identified as significant, it can be stated that
buildings which house non-safety related equipment and cables, with the exception of the turbine building,
have been found to be of little or no fire-risk significance.

For both PWRs and BWRs, the control room is the most often quoted significant fire-risk
contributor. The dominant sequence is typically a fire in a vital control panel that leads to control room
evacuation and failure of the operators to successfully use the alternate shutdown panels. The cable
spreading and high-voltage switchgear rooms have been mentioned in approximately one-half of the risk
studies as a dominant fire risk contributors. Since cable spreading rooms contain almost the same set of
control and instrumentation circuits as those in the control room, one would expect the cable spreading
rooms to be identified as risk significant for as many cases as where the control room was identified as a
dominant risk contributor. Differences can be attributed to the fact that several risk studies have screened
out the cable spreading room by either concluding that fire scenario frequencies in the cable spreading
room are too small, or by using qualitative arguments regarding fire ignition possibility in the room. Only
in a small number of plants there are multiple and well separated cable spreading rooms serving the control
room. Typically, in such cases, a cable spreading room may only contain one train of the vital circuits, and
thus, the fire events in those rooms are found to be insignificant contributors. Operator actions are a key
element of fire scenarios associated with control room or cable spreading room fires.

The service water and component cooling-related areas have also been reported in several risk
studies as being important fire risk contributors. Various auxiliary/reactor building and turbine building
areas have been included in these lists as well. However, in the case of the latter two buildings, there is no
overall pattern. This observation is expected, since generally, there are no common patterns among the
auxiliary and reactor buildings across the plants licensed in the U.S. In only a few cases was fire affecting
the entire turbine building found to be significant In most turbine building assessments, the dominant fire
scenarios are attributed to a compartment or a localized area that is part of the turbine building.

Regarding dominant accident sequences, the level of information varies considerably among the
fire risk studies. Licensees have almost in all cases used an existing internal events model (i.e., event trees
and fault trees) to determine the core damage frequency contributions of various fire scenarios. Often only
a portion of the internal-events model has been utilized—either because of a lack of sufficient information
on cable routing, or to simplify the core damage analysis. In one case, only one sequence, from the
multiple number of sequences, was used to model the fire impact on plant safety. In a few cases, the
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possibility of a LOCA from a fire has been considered explicitly. In most cases, it is concluded that a fire-
induced LOCA is not possible. In the case of PWRs, a large majority of the studies have taken credit for
the possibility of feed-and-bleed.

15. CONCLUSIONS

A large number of fire risk studies have been completed for the nuclear power plants in the U.S.A.
A number of insights can be noted from a review of these studies. The most important is that fire is an
important risk contributor to plant risk. Other insights can be summarizes as follows:
• Either PRA or FIVE or a combination of the two methodologies have been used. In many cases the

analysts have modified FIVE procedures to match their specific needs.
• For most plants, the critical fire areas include the control room, cable spreading room, and electrical

rooms.
• Fire core damage frequencies span a wide range — from 10 to 10 per reactor year.
• In none of the fire risk studies have multi-compartment fire scenarios been found to be an important

risk contributor. This is in part based on the assumption made in many fire risk studies that active fire
barriers are highly reliable.

• In almost all risk studies operator actions are critical to the reduction of fire risk.
• None of the fire scenarios identified in the risk studies were found to fail a minimal cutset of

equipment leading to core damage. In other words, additional failures, somewhat independent of the
fire, have to occur for core damage to be realized. This conclusion confirms the objectives of NRC
fire protection requirements (i.e., Appendix R).

• Generic values have been used for suppression system reliability.
• The possibility of barrier failure because of large quantities of combustible materials concentrated in

one area has not been considered.
• Several studies have screened out compartments that contain an important combination of safety

related systems based solely on the frequency of fire occurrence. For example, for a cable chase area,
it is argued mat since all the cables are qualified per IEEE standards, the area is not visited often and
there are no other equipment, the fire frequency is small enough that the compartment can be screened
from further analysis. This conclusion is reached without a review of potential equipment and
instrumentation damage possibilities, impact on the plant as a whole and especially the operators'
response to the potential failures. Given the large uncertainties in fire occurrence frequencies for such
compartments, an early screening practice does not allow for the plant owner to gain a clear
appreciation of potential accident sequences.

• Operator actions in response to the effects of fire on systems are rarely modeled in detail. Several
studies appear to have applied values directly taken from internal events analysis without correcting
those values using performance shaping factors influenced by the effects of fire.

• It is difficult to draw meaningful comparisons, with regard to trends in fire risk, among reactor types
(i.e., PWR and BWR), and among the architect-engineers because of the variation in assumptions,
methods, and input data among the fire risk studies.

It is interesting to also note that very few of the risk studies have directly led to plant
improvements. Most improvements specifically attributed to a fire risk study are in the area of procedural
enhancements. Modeling of human performance in fire scenarios must be generally regarded as a weak
area. The lack of details regarding human performance modeling precludes significant reliance on human
performance insights from the fire risk studies.
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