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Abstract 
In India, Level 1 PSA activities to a large extent focus on the PHWR type of designs since late 
eighties. The PSA of Twin (comprises of unit 1 and 2) BWRs at Tarapur Atomic Power Station 
(TAPS) has also been carried out and the insight gained on this PSA was used in support of ageing 
studies. However, currently there exists Level 1 PSA studies for new reactors which include 1000 
MWe VVER type PWRs and up-rated 540 MWe PHWRs. 

Apart from this, the design work of 300 MWe Advanced Heavy Water Reactor and 700 MWe PHWR 
is at the advanced stages. While the PSA activities for AHWRs for all the three stages has been 
completed the Level 1 PSA for 700 MWe PHWR is in progress.  
This paper discusses, in brief, the salient features of the Level 1 PSA for New and Advanced reactors 
in India. The features of Level 1 PSA for new reactors are being discussed through a case study of  
540 MWe twin unit (comprises of Unit 3 and 4) PHWRs at TAPS. The major feature of PSA of 
advanced reactors is also discussed through the specific issues that were encountered during PSA 
modeling of AHWR and 700 MWe PHWR.  

Keywords - PSA, CDF, RIDM 

1.  Introduction 
This paper discusses, in brief, the salient features of the Level 1 PSA for new reactors and extensive 
use of PSA/RA studies for finalizing the design aspects of Advanced reactors, in India. The features of 
Level 1 PSA for new reactors are being discussed through a case study of 540 MWe twin unit 
(comprises of Unit 3 and 4) PHWRs at TAPS. The major feature of application of PSA in advanced 
reactors is also discussed through the specific issues that were encountered in the design stage of 
AHWR and 700 MWe PHWR  
A comprehensive Level-1 PSA for internal events has been conducted for Tarapur Atomic Power 
Station -3&4 a Pressurized Heavy Water Reactor comprises of two units of 540 MWe each. The 
reactor uses Heavy water moderator and pressurized heavy water coolant, natural uranium fuel and 
horizontal pressure tubes.  
Latest methodologies and approaches recommended by IAEA/NUREG guidelines were adopted for 
conducting this PSA.  The study has been done for internal initiating events during full power operation 
considering reactor core as the main source of radioactivity. The study was performed using RISK 
SPECTRUM software which is one of the state of the art software being used in many countries.  

2.   Objective 
The major objective of TAPS-3&4 Level-1 PSA was to provide an understanding of the possible plant 
vulnerabilities to core damage arising from hardware, human or procedural deficiencies[7]. The 
anticipated uses of the study include the following: 

1. Presenting an integrated picture of the safety of the 540 MWe PHWR which encompasses-design, 
operational practices, component reliability, dependencies and human reliability.  

 
2. Identifying predominant contributors to possible severe core damage in terms of component 

failures and human actions.  Attention then can be devoted to ensuring high reliability of the 
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components and human actions through appropriate design and O&M practices 
(includingsurveillance testing, ISI, permissible outage period, operator training, procedures etc.)  

 
3. Identifying any weak-links or imbalances affecting the safety of the plant with reference to 

components/human actions, which could be improved. 
 
4. Evaluating Core Damage Frequency in terms of relative importance of contributors, so as to make 

comparative assessments.  

3.   Approach 
A comprehensive list of initiating events was prepared under two broad categories. 

• LOCA initiators 
• Transient initiators 
 
Using (i) engineering evaluation of plant (ii) operational experience (iii) reference to lists available in 
literature for PHWRs (iv) List of IEs for deterministic safety analysis of Indian PHWRs (including 
AERB draft safety guide SG-D5). This comprehensive list was screened out on the basis of similar 
event progression and subsequently the initiating events (IE) were grouped based on the demands they 
place on safety functions, frontline systems and support systems. After grouping the IEs, nine LOCA 
initiating events and thirty transient initiators were analysed.  

The front-line systems required for the performance of each safety function viz. reactor shutdown, 
decay heat removal and long term reactivity control were identified    and the support systems required 
for functioning of these front line systems were identified.   A dependence table of frontline systems 
and support systems was prepared. Thus, all hardware/ functional dependencies among front line 
systems were identified, recognising that sometimes they depend on the same support systems.  
Event trees were used for event sequence modelling. Small event tree large fault tree approach was 
used in this analysis. Event Trees with front line systems as headings were developed based on 
knowledge of plant responses. For this purpose, Safety Reports and Emergency Operating Procedures 
were extensively referred.  For each event tree heading suitable boundary conditions were 
incorporated wherever necessary to reflect the effect of the conditions imposed by the initiating events 
on the mitigating action and any other conditions that develop during the event progression. Event 
sequences were expressed in terms of initiating events and failures of mitigating systems, in various 
combinations.   
Associated with some of the end states in the event trees is a certain level of core damage resulting 
from the postulated failure modes.   There are several possible degrees of core damage, the severity 
depending on the extent of fuel damage and on the magnitude of the resulting radioactivity releases 
from the core.  Radioactive releases without core damage are also of concern. For the present analysis 
entire spectrum of fuel damage accident sequences has been considered.   
The fault tree method was used for reliability analysis of all front line systems and support systems.  
The general techniques of constructing and quantifying fault trees as per NUREG 0492 were used. 
Consistent and standardised event coding, representation of human errors and dependent failures were 
adopted.  Generally, systems were modelled with limit of resolution established at the last component.  
All possible failure modes that may contribute to system unavailability including individual 
component failure modes, outages for testing and maintenance, human errors associated with failure to 
restore the equipment following testing and maintenance were considered in system analysis.    
Common Cause Failures were accounted systematically. All functional dependencies were explicitly 
modelled in fault trees.  For accounting for all other dependencies arising out of common design, 
manufacture, operation & maintenance and environment, common cause component groups were 
introduced in the FTs which were subsequently quantified using parametric models.  Initial screening 
analysis was carried out using beta factor model and alpha factor model was subsequently used for 
those common cause component groups identified as dominant in screening analysis.  For detailed 
common cause failure analysis, the generic alpha factors from NUREG/CR-5801 were used.   
A judicious mix of generic and plant specific data was used, where appropriate the plant specific data 
were combined with generic data, using Bayesian technique.    
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Initiating events were classified into two groups for frequency quantification. For frequent and 
moderately frequent events the initiating event frequencies were quantified using outage reports of our 
Operating Stations since their commercial operation. For plant specific events like grid failures only 
TAPS-3&4 data was used. For rare events and less frequent events, international literature on CANDU 
reactors were made use of with reasonable judgements. Zero Occurrences for Transient Group of 
Initiators Chi-squared Approximation was used. Zero Occurrences for Transient Group of Initiators 
detailed fault trees are developed. 
 Uncertainty analysis was carried out using Monte-Carlo simulations.  Error factors were either taken 
directly from the generic data sources or estimated using expert judgement and other available PSAs.   
Human Reliability Analysis was performed to quantify Human Error Probability (HEP). Three types 
of human errors were considered.  

• Pre initiators/latent human actions – Actions that cause equipment or systems to be 
unavailable when required post-fault due to errors that occurred pre-fault. 

• Initiators that either by themselves or in combination with equipment failures lead to IEs. 

• Post initiators/dynamic human actions – Actions occurring post fault.   

Initiators are generally implicit in the quantification of IEs and contribute as a part to their total 
frequency.  For the other two types of human actions i.e. latent and dynamic, IAEA TECDOC 592 and 
NUREG CR 1278 were followed for quantification of HEP. Both these human errors are incorporated 
in the fault tree models. Latent errors are quantified using screening values and refining them 
appropriately by use of various performance shaping factors. Human Cognitive Reliability model was 
used for quantifying the dynamic actions giving due credit to performance shaping factors.  

Influence on operator action due to the types of cognitive processing i.e. rule based, skill  based and 
knowledge based was also considered.  
Computer code RISK SPECTRUM was used for qualitative and quantitative analysis of this PSA. The 
individual accident sequences of all event trees were quantified by integrating the fault tree models of 
all front line systems along with support systems, associated with each event tree with suitable 
boundary conditions. Consequence quantification analysis for each type of fuel damage category was 
carried out to obtain the frequency of the fuel damage category by generating Minimal Cutsets (the list 
of component failures) which contribute to each category of fuel damage. Uncertainty analysis was 
performed for each fuel damage category to estimate the range of the uncertainty associated with each 
category. Importance and sensitivity analyses were also carried out parallelly for basic events to 
identify the importance of the individual cutsets.    
The engineering functions in NPCIL are governed by ISO 9001. By virtue of this, the Quality 
Assurance aspects of Level-1 PSA were covered by the Engineering Directorate procedures applicable 
for design analysis.  Frontline/support system reliability analyses carried out by engineers in PSA 
Section were independently reviewed by adequately qualified and experienced engineers in respective 
design groups.  RSA PROC-1 prepared by the PSA Section establishes the guidelines for various tasks 
in Reliability Analysis in line with IAEA guidelines, which are meticulously followed.  Likewise, the 
event trees were got cross-checked from independent experts in NPCIL.  For operational aspects, 
including inputs for human error probabilities, experts with operations background were consulted.  
The use of a verified computer code, namely RISK SPECTRUM ensures the correct processing of the 
inputs and quantification. Besides outputs of minimal cutsets were critically checked against physical 
understanding of expected outcomes.  

For the 700MWe type of advanced reactors Reliability studies were extensively used for ECCS Design 
finalisation. Two train systems with series parallel combinations located in diametrically opposite ends 
of containments were designed which was first of its kind in PHWR type of reactors. Staggered testing 
was recommended for the first time to designers by bringing out the comparison among staggered and 
non staggered testing with quantitative results of system reliability analysis. A design modification 
was also suggested in containment isolation system based on RA/ PSA results[6]. 
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4. Reliability Assessment of Advanced NPP 
Advanced / innovative nuclear power plants employ passive systems to achieve substantial 
simplification and improved safety, in order to reduce active component malfunctions and human 
errors. It has to be ensured that the passive systems are really more reliable compared to the active 
systems to carry out their safety function under the prevailing conditions. A passive system may fail 
due to the deviation from expected behavior of parameters representing physical phenomena mainly 
related to thermal hydraulic, different boundary/ initial conditions in addition to the mechanical failure 
of (passive/active) component of the system. In AHWR, passive systems are employed to remove heat 
from the fuel rods during normal operation by natural circulation (main heat transport system), during 
LOCA (high pressure and low pressure emergency core cooling system), during accident situations 
where heat removal by conventional means by condenser is affected (Isolation condenser), reactor 
shutdown under certain situations even when wired shutdown systems fail to operate and the reactor 
pressure is high (passive shutdown system) and in removing heat from the containment. Studies on 
Passive system reliability, software reliability and uncertainty analysis are in progress.  

 
Level-1, 2 and 3 PSA studies were carried out for a proposed advanced reactor [5]. In addition to the 
evaluation of LERF, it is essential to ensure that the probability of receiving dose above prescribed 
regulatory limit is very small. This necessitates the evaluation of the consequences in the public 
domain. It is all the more essential if a reactor is located near to population centre. Consequences were 
evaluated for postulated (i) 200% Inlet Header Break with failure of both the wired shutdown system 
and (ii) Main Steam Line Break (MSLB) outside the containment with failure of both the wired 
shutdown system for AHWR. The source term for these two cases were analysed as a part of Level-2 
studies. As a part of Level-3 study, the dispersion of the radionuclides in the atmosphere and the doses 
to the public has been evaluated by PC-COSYMA. The predicted very low frequency of exceedence 
values of low dose (thyroid and bone marrow) are indicative of the defense in depth employed in 
AHWR. 

5. Conclusion & recommendation 
The results of the PSA indicate that a fairly high level of redundancies exists in TAPS-3&4 design. 
This is evidenced through the final CDF numbers, as well as from the predominant common cause 
failures observed in the core damage sequences. With the present database on component reliabilities 
(generic) and the identified vulnerabilities to core damage, the calculated mean frequency of severe 
accidents in the range of 1E-5 – 1E-6 per reactor per year.  Out of this, mean frequency of severe 
accident beyond design basis, involving loss of core structural integrity is 2.03x10-6.  The later is more 
appropriate when comparing with CDF in LWR’s. This compares favourably with IAEA 
recommended reference mean frequencies of 1x10-5 per reactor per year for new plants, no single 
event sequence has a predominant contribution to the severe accident frequency. The well spread-out 
distribution is indicative of a balanced design with respect to strengths against severe accidents. 
Special emphasis should be given in training and licensing programmes of operators for creating 
awareness about the consequences of rare events requiring specific operator actions like Blind LOCA.  
Recommendations :  
1. It is recommended that staggered testing philosophy should be adopted especially for Emergency 

Core Cooling System, to reduce the probability of common cause failure  among the motorized 
valves 

2. It is recommended that the PSA be reviewed with a periodicity of say, five years in the light of any 
changes in reliability databases (generic & plant specific), new knowledge or insights on core 
damage phenomenology, or additional failure modes or vulnerabilities identified through operating 
experience. 

3. It is also recommended to emphasize the importance of Small Break LOCA in general and their 
consequences in the licensing process of the plant operators.   
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