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Abstract: The results of the internal fire events analysis in a Level 1, power operation 

probabilistic safety assessment (PSA) for a pressurized water reactor (PWR) plant in 

Taiwan was updated in the late 1990’s. This fire analysis adopted a scenario-based PSA 

approach to systematically evaluate the fire and smoke hazards and their associated risk 

impacts on the PWR plant. The analysis was divided into two phases: spatial interaction 

analysis phase (also known as the screening phase) and detailed analysis phase. In the 

screening phase, it was determined that the contributions to core damage frequency (CDF) 

from such fire risk-insignificant zones as administration building, radwaste building, etc. 

were relatively low. The remaining fire zones were further evaluated quantitatively to 

identify the risk-significant zones using a risk criterion of “greater than 0.1 percent of the 

internal events CDF”. The main control room and the identified risk-significant zones 

were analyzed in detail in the second phase. The analysis of the main control room 

adopted a more refined methodology based on a panel-oriented scenario analysis. The 

extensive fire growth modelling was performed using the COMPBRN-IIIe code for the 

risk important fire zones. The plant model used in this analysis, which was developed and 

quantified using the WinNUPRA software to estimate the CCDP, was based on the living 

PSA models of the PWR plant completed in December 1995. The plant models were 

modified to reflect the impact of fire scenarios on human events and recovery actions. 

EXCEL® spreadsheets were used for the evaluation and integration of the fire risks. For 

the detailed analysis of fire sub-scenarios, the CDF of a fire sub-scenario was derived by 

multiplying the fire initiating event frequency, the conditional core damage probability, 

and the fire hazard factors associated with the sub-scenario. Five fire hazard factors were 

used to account for some of the effects of fire and smoke in the fire PSA model. This 

paper presents the results of the fire PSA updates and discusses the risk impacts associated 

with the fire hazard factors. These fire analysis results are the bases for the advanced risk-

informed fire analyses performed for the cable tray wrapping at the PWR plant in Taiwan. 
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1. Introduction 

The PWR nuclear power plant (NPP) located near the southern tip of Taiwan.  The fire 

probabilistic safety assessment (PSA) for the PWR NPP was updated in the late 1990’s 

The results show that the core damage frequency (CDF) due to fire events is several times 

lower than the original PSA analyzed by the Atomic Energy Council [1] of Republic of 

China in 1987.  In this updated study, PLG/EQE (see Lin [2] provided consulting 

services on the fire PSA methodology and fire events data.  The main goal of the study 

was to identify plant vulnerabilities and to determine the relative risk significance of plant 

improvements.  The COMPBRN IIIe code (see Ho et. al. [3]) was used for evaluating the 

probability of fire propagation in this study.  The PSA model, which was quantified using 

the WinNUPRA software to estimate the Conditional Core Damage Probability (CCDP), 

was based on the living PSA model of the PWR NPP completed in December 1995 [4].  

The fire analysis adopted a scenario-based PSA approach to systematically evaluate 

the fire and smoke hazards and their associated risk impacts on the PWR NPP.  The 

analysis was divided into two phases; i.e., the spatial interaction analysis phase (also 

known as the screening phase) and the detailed analysis phase.  In the screening phase, it 

was determined that the risk contributions to CDF from such fire risk-insignificant zones 

as administration building, radwaste building, etc. were relatively low.  The remaining 

fire zones were also evaluated quantitatively to identify risk-significant zones using a risk 

criterion of “greater than 0.1 percent of the internal events CDF”.  Main control room 

and the other risk-significant zones identified were further analyzed in detail in the second 

phase.  The analysis of the main control room adopted a more refined methodology based 

on a panel-oriented scenario analysis.  A detailed description of the fire PSA 

methodology used is presented in Section 2. 

For the detailed analysis of fire sub-scenarios, the CDF of a fire sub-scenario was 

derived by multiplying the fire initiating event frequency, the CCDP, and the fire hazard 

factors associated with the sub-scenario.  Five fire hazard factors were used to reflect and 

account for some of the effects of fire and smoke in the fire PSA model.  Section 3 

describes the results of fire PSA model evaluations and risk impacts associated with the 

different hazard factors used in the fire PSA for the PWR NPP in Taiwan.  Some 

conclusions from the sensitivity study of hazard factors and the highlight for the future 

applications of fire PSA were also provided. 

2. Overview of the Fire PSA Methodology 

2.1 Information Gathering, Data Collection, and Plant Walkdown 

Fire zones/compartments in the NPP were defined and based on the fire protection 

procedures.  Plant design drawings, including general plant arrangement drawings, plant 

equipment location drawings, electrical cable databases, and 10CFR50 Appendix R data 

were gathered and reviewed to identify the fire sources, PSA-related components and their 

associated cables, and safety shutdown equipment for all of the fire zones/compartments.  

For each postulated fire scenario, the fire-induced initiating event and fire-damaged 

equipment were also identified.  A conservative assumption was used in the screening 

phases for the impact of cable damages; i.e., when a cable is damaged, it was assumed that 
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a total loss of the corresponding division within the fire zone would result.  Through the 

plant walk-down, the amount and locations of transient combustibles, 

operation/maintenance activities, potential propagation paths, the plant layout in relation 

to the features/characteristics of the compartment boundaries, and the assumptions used in 

COMPBRN IIIe code calculation were all identified or determined.  

2.2 Fire Initiating Frequencies and Database Setup 

Data and information associated with hundreds of fire areas/zones in the NPP were 

defined and organized using the EXCEL
®
 spreadsheets for ease of information retrieval, 

processing and reporting.  Compartment fire frequencies were determined by counting 

the amount of various fire sources located in each compartment, via plant walk-downs, and 

apportioning the frequency of each fire source to the relevant locations according to their 

relative weighting in terms of source counts.  The weighting factor of a specific fire 

source in a particular fire zone is estimated from the ratio of the amount of that fire source 

in the fire zone to the total amount of that fire source in the plant.  The sum of ignition 

frequencies from all fire sources in each compartment represents the compartment fire 

frequency.  The fire frequencies for the various fire source categories were derived using 

the Bayesian method from the generic data provided by PLG/EQE and plant-specific data 

collected from the reportable event reports (RER) and other special reports of the NPP.  

2.3 Spatial Interactions Analysis and Qualitative Screening Analysis  

To reduce the number of scenarios to analyze, the non-safety related buildings were 

qualitatively screened out in the study.  The diesel generator (D/G) rooms were also 

screened out because fire events in these rooms would not cause a reactor scram or an 

immediate manual shutdown.  Failure of a single D/G would not result in entry into the 

limiting condition for operation (LCO) of the plant’s technical specifications, because the 

fifth diesel generator can replace the faulted one.  Due to the complexity of the fire 

impact, main control room requires a more detailed analysis.  The fire areas in the control 

building (except the main control room), reactor building, auxiliary building, turbine 

building, pump house and emergency pump room were qualitatively screened using the 

qualitative screening criteria.  The first criterion is that a fire initiated in the fire area does 

not cause a plant trip or shutdown.  The second criterion is that there is no safety-related 

or PSA equipment in the fire area.   

Two types of location-based fire scenarios, localized and propagation were 

developed for the quantitative screening analysis.  The localized fire scenario is one in 

which the fire originates, grows and is confined within a certain fire zone.  The 

propagation fire scenario is one in which the fire spreads to its adjacent fire zone(s). Fire 

propagation depends on fire loads, suppression features, and fire barrier characteristics 

associated with the locations.  There are three criteria used to determine if the fire would 

propagate from a fire zone to its adjacent fire zone(s).  The first criterion is that fire 

propagation is assumed to occur if there is a permanent opening between adjacent 

locations.  The second, fire propagation is assumed to occur, if the fire load/duration is 

more than 75 percent of the fire barrier rating, and there is no automatic fire suppression 

system (FSS) in either fire zone.  The last one is that fire propagation is only considered, 

if it would result in more severe equipment damage or initiating event. 
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2.4 Quantitative Screening Analysis  

After the localized and propagation fire scenarios were identified, the CDF for each 

scenario was determined by multiplying the scenario fire frequency and the CCDP.  At 

this stage, it is conservatively assumed that a fire in a fire compartment will damage all of 

the equipment and cables in the area; i.e., the worst consequence possible.  Instead of re-

evaluating the operator actions under the fire conditions, the human error probabilities 

used in this phase of the fire PSA model are of the same values as those used in the 

seismic analysis.  Recovery actions for components damaged by fires were not 

considered.  Scenarios with CDF less than 0.1 percent of the internal events CDF were 

considered as insignificant fire risk contributors and no further, detailed analysis is 

performed.   

2.5 Detailed Fire Scenario Analysis  

Each fire scenario retained from the quantitative screening is further divided into several 

sub-scenarios, including those with fire damage limited only to the fire ignition source, 

and those spread from the fire source to various fire targets.  To reduce conservatism, 

each sub-scenario was evaluated carefully in this phase to ensure that the fire source is 

credible and the impact of fire damage is realistic.  The analysis of the total CDF of a fire 

area is first to identify all fire sub-scenarios within this fire zone.  The fire initiating 

frequencies and the CCDP for all sub-scenarios would be estimated.  To determine the 

fire hazard factors for each sub-scenario, the fire hazard analysis that described in next 

paragraph should be completed first.  Calculate the CDF for all sub-scenarios and sum up 

them to derive the total unconditional CDF for this fire area. 

2.6 Fire Hazard Analysis  

For a sub-scenario that spreads from the fire source to the target equipment, the fire 

damage depends on two competing processes: time for fire growth to damage target 

equipment and time of fire suppression.  It is assumed that the equipment will be 

damaged if the fire growth time is less than the fire suppression time.  Time for fire 

growth is evaluated by the COMPBRN IIIe code, and time for fire suppression can be 

obtained from the generic fire data for different types of FSS.  An empirical curve for 

each FSS was used to obtain the fire non-suppression factor (FNS), which will be discussed 

later.  COMPBRN IIIe code was used extensively in the analyses.  The relative location 

of the fire source and safety-related provided by EQE/PLG and equipment (target), heat 

release rate of the fire source, duration of fire exposure, and fire barriers, etc., were 

considered to predict the time to damage the target and the critical distance between the 

fire source and the target.  Fire growth rate and size depended on the amount and type of 

combustible and ventilation. 

2.7 Mathematical Model for Detailed Fire Sub-scenario Analysis 

For the detailed fire sub-scenario analysis, CDF of a fire sub-scenario can be derived by 

Eq. (1). 

 Φi =λL, i FG, i FS, i FNS, i Θi FNR, i FNR1, I             (1)    

Where 

 Φi  = CDF of fire sub-scenario i 

 λL, i = Fire initiating frequency of sub-scenario i at location L 

 FG, i = Geometric factor of sub-scenario i 
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 FS, i = Severity factor of sub-scenario i 

 FNS, i = Non-suppression factor of sub-scenario i 

 Θi = CCDP of sub-scenario i 

 FNR, i = Non-recovery factor of sub-scenario i 

 FNR1, i = Failure probability of automatic FSS(s) for sub-scenario i 

The geometric factor for sub-scenario i (FG, i) is mainly used as a measure of the zone 

of influence associated with transient fires within which the target cables or equipment 

could be damaged.  It is derived from the ratio of the estimated area within the fire radius 

calculated by COMPBRN IIIe code to the total floor area of the fire zone.  Another use 

of the geometric factor is the ratio of the number of those switchgear cabinets (to the total 

number of switchgear cabinets) from which, if a fire initiates, would cause a loss of offsite 

power event.  The severity factor for sub-scenario i (FS, i) depends on the amount of fire 

hazard, fire radius or the distance between the fire source and the target, the 

thermal/combustion properties of the source/target components, and compartment 

ventilation, etc.  The severity factor was conservatively assumed to be 1.0, if the fire does 

not spread beyond the fire source.  If the distance between the fire source and the fire 

target is more than 30 feet, this factor was conservatively set to 0.001 even though the 

result of the fire modeling shows no damage.  In actual practice, several empirical curves 

[2] for different types of fire source components were used to estimate the severity factor.  

Fire non-suppression factor for sub-scenario i (FNS, i), as described previously, depends on 

the classification of the fire protection features; i.e., types of fire detection and suppression 

systems.  Failure probability of the automatic FSS (FNR1, i) was used to credit the 

automatic FSS.  Unavailability of the automatic FSSs from NUREG/CR-4840 [5] was 

used for FNR1, i.  Non-recovery factor for sub-scenario i (FNR, i) is dependent on the time 

available to take recovery actions and the complexity of the recovery actions.  Fire 

scenarios in the cable spreading room were the only cases where FNR, i was used.  In all 

other cases, this factor was set to 1.0.  Cable spreading room fires would cause a total 

loss of function of the main control room, and operators had to evacuate and proceed to 

the remote shutdown panel to perform the safety shutdown operations.  In this scenario, 

the cable spreading room is likely to be filled with carbon dioxide discharged from the 

automatic FSS. A value of 0.1 was assumed for FNR, i. 

2.8 Fire Risk Quantification 

The updated fire PSA model was based on the living PSA model for the PWR NPP 

completed in December 1995.  This was acceptable because the internal events PSA 

model was adequate for all postulated fire-induced initiating events except for the issue of 

hot short.  The issue of hot short was outside the scope of the study.  The fire-induced 

initiating events used in the fire PSA model included general transients, loss of offsite 

power, loss of main feed water events, etc.  Quantification of the CCDP (Θi) was 

performed for each sub-scenario (i) based on the corresponding fire damage.  Although 

realistic fire impact should have been modelled in this phase, the entire division was 

conservatively assumed as failed for cable fires.  This was due to the lack of cable failure 

impact information (i.e., no cable tracing and circuit analysis was performed).  Recovery 

actions considered in the internal events PSA models were re-evaluated based on the 

assumed fire damage.  Human error probabilities were set to the same values as those 

used in the seismic analysis.  Selected basic events in the internal PSA models were set to 

logical 1 if the corresponding equipment was damaged by fire.  These boundary 

conditions were used to account for fire impacts in the updated fire PSA models to obtain 
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the CCDP for sub-scenario i.  Fire-induced CDF for each sub-scenario was assembled 

and calculated in the EXCEL
®
 spreadsheets.  CDFs for individual fire areas and the 

entire plant were also integrated and computed in these spreadsheets. 

3. Analysis Results and risk impacts 

3.1 Analysis Results of Fire PSA 

The results of the fire PSA from each analysis phase for the PWR NPP is listed in Table 1.  

The risk significant locations identified included main control room, auxiliary building 

cable corridor, and switchgear room.  The total CDFs for main control room and other 

fire zones of the PWR plant were 1.12E-6/ry and 2.78E-6/ry, respectively.  The total 

CDF from the screened scenarios in the quantitative screening analysis was 3.89E-7/ry.  

Therefore, the total fire-induced CDF of the PWR plant was 4.29E-6/ry, which was 26.5 

percent of the total internal events CDF (i.e., 1.62E-5/ry) based on the PSA model of the 

PWR plant completed in 1995.   

Table 1: Summary of the Results for Fire PSA Model of the PWR NPP in Taiwan 

3.2 Risk Impacts from the Hazard Factors 

The geometric factor for sub-scenario i (FG, i) was mainly used as a measure of the zone of 

influence associated with transient fires within which the target cables or equipment could 

be damaged.  Another use of the geometric factor was to estimate the ratio of the number 

of those switchgear cabinets (to the total number of switchgear cabinets) from which, if a 

fire initiates, would cause a loss-of-offsite-power event.  The FG, i in the PWR fire zones 

is adopted only two sub-scenarios with the 4.16 KV switchgear cabinets.  The results of 

the sensitivity analysis performed for the geometric factor for the PWR plant are shown in 

Table 2.  The Factor FG, i is set as 1.0 in another eight sub-scenarios with switchgear 

cabinets.  The sensitivity results for decreasing the FG, i to 0.1 and 0.05 for the eight sub-

scenarios are also listed in Table 2.  The latter value is same as the FG, i of the 4.16 KV 

switchgear.  The impact of geometric factor is significant for the switchgear fires.  

Therefore, an in-depth review of fire-induced hot short for circuit breaker in the 

switchgear should be implemented in the relative applications. 

Non-recovery factor for sub-scenario i (FNR, i) depends on both the time available to 

take the recovery actions and the complexity of the recovery actions.  FNR, i was 

considered in fire scenarios associated with the cable spreading room and main control 

room.  For other fire scenarios, this factor was set to 1.0.  The sensitivity result of the 

non-recovery factor for the PWR NPP is listed in Table 2.  The result shows that the 

PWR plant rely less on the remote shutdown panel to mitigate the fire-event sequences.   

Phase of fire analyses CDF CDF/CDFfire CDF/CDFint

ernal 

Quantitative Screening Phase 3.89E-7 9.1% 2.4% 

Detailed Analyses for fire zones 2.78E-6 64.8% 17.2% 

Detailed Analyses for MCR 1.12E-6 26.1% 6.9% 

Total CDF of fire events (CDFfire) 4.29E-6 100% 26.5% 

Total CDF of internal events 

(CDFinternal) 

1.62E-5 － 100% 
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Table 2: The Sensitivity Results of Hazard Factors FG, FNR, and FNR1 for the PWR 

Plant 

a
FG is set to 0.5, 

b
FG is set to 0.05, 

c
FG is set to 0.1 

The failure probability for the automatic FSS (FNR1, i) is used to credit the automatic 

FSS.  The results of the sensitivity analysis for the failure probability of the automatic 

FSSs for the PWR NPP is shown in Table 2.  There are only five sub-scenarios in the 

PWR plant, for it is well physically train-separated, rely on the success of the automatic 

FSS, therefore the results show that the FNR1, i is not sensitive to the CDF.   

4. Conclusions 

This paper provides the results of the analysis performed using the fire PSA model for the 

PWR NPP in Taiwan.  Using the fire scenario models contained in the EXCEL
® 

spreadsheets, the risk impacts associated with the different fire hazard factors can be easily 

evaluated.  After the fire analyses were completed, the living fire PSA model was 

updated recently again.  The large early release frequency (LERF) model for the updated 

fire PSA was also completed and used in the risk-informed applications to the fire wrap 

issues.  The risk-informed fire analyses of cable tray wrapping (See Wu et. al. [6] have 

been completed for the BWR-4 plant in late 2002, and the review process of proposed 

exemption is proceeding by the regulatory body.  The risk-informed fire analyses for the 

exemption of cable tray wrapping would be completed for the PWR plant in late 2005, 

sponsored by Taiwan Power Company (TPC).  Based on the results shown in this paper, 

significant differences exist in the sensitivity of the geometry factor of the PWR NPP in 

Taiwan.  The risk-informed fire analysis (RIFA) performed for the evaluation of the 

cable tray fire wrapping exemption is one of the activities in the area of risk-informed 

application for regulatory relaxation in Taiwan.  The in-depth review of the risk impacts 

from the fire hazard factors appears to be very practical for these fire protection related 

applications.  
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Sensitivity Case  CDF of detailed 

analyses for fire 

zones 

CDF of raising (or 

lower) factor  to 

10 times  

CDF of setting 

factor equal to 

1.0  

Sub-scenarios 115L1 

& L2, FG 

2.78E-6 3.36E-6 (+21%)
a
 3.99E-6 (+44%) 

Another 8 sub-

scenarios, FG 

4.98E-7 (-82%)
b
 6.18E-7 (-78%)

c
 3.99E-6  

Non-recovery factor, 

FNR 

2.78E-6 － 2.96E-6(+6 %) 

Automatic FSS factor, 

FNR1 

2.78E-6 2.79E-6 (+0.4 %) 2.80E-6 (+1 %) 
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