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ABSTRACT 

The necessity of observing both long term and short term risk changes many times 
imposes the need for a nuclear power plant to have a baseline PSA model to produce an 
estimate of long term averaged risk and a risk monitor to produce a time-dependent risk curve  
and/or safety functions status at points in time or over a shorter time period of interest. By 
nature, a baseline PSA reflects plant systems and operation in terms of average conditions and 
provides time-invariant quantitative risk metrics. Risk monitor, on the other hand, requires 
condition-specific modeling to produce a quantitative and/or qualitative estimate of plant’s 
condition-specific risk metrics. While risk monitor is used for computing condition-specific 
risk metrics over time, a baseline PSA model is needed for variety of other risk oriented 
applications, such as assessments of proposed design modifications or risk ranking of 
equipment. 

Having in mind their importance and roles, it is essential that both models, i.e. baseline 
PSA model and risk monitor are maintained in the way that they represent, as accurately as 
practically achievable, the actual plant status (e.g. systems’ design and plant’s procedures in 
effect) and its history (e.g. numbers of equipment failures and demands that influence relevant 
PSA parameters). 

Paper discusses the requirements for appropriate maintenance of plant’s baseline PSA 
model and risk monitor model and presents the framework for plant’s engineering and 
administrative procedures that would ensure they are met. 

1 INTRODUCTION 

During the last two decades the probabilistic safety analysis (PSA) [1,2] has been 
established as widely accepted approach for assessment of risk associated with nuclear power 
plants. This approach enables not only obtaining a quantitative assessment of risk but also 
provides means for the determination of its major contributors and identification of any 
outliers among them. In other words, it enables a user to determine a plant risk profile. 
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Among many aspects of risk profiling, the two of them proved to be exceptionally 
interesting for all parties involved in nuclear power plants operation and design: 
1) Long term risk profiling 

The long term risk profiling is mostly associated with evaluating plant design features 
from risk perspective. Risk is considered by means of long term averaged values. The risk 
profile is provided in terms of contributions and importance of initiator categories, 
contributions of particular accident sequences, importance measures for components and 
operator actions etc. The long term operational practices and strategies, such as maintenance 
and plant procedures are also sometimes considered, as they impact the equipment and human 
reliability. The long term risk profiling is performed in order to identify risk achievements 
and risk reduction potentials for plant design and strategic features with the ultimate goal to 
remove any “outliers” and improve plant risk profile. The “outliers” are typically considered 
in terms of specific design features. 
2) Condition based risk profiling (Time-based risk profiling) 

The condition based risk profiling is mostly associated with evaluating specific plant 
systems’ configurations over time. The results are typically provided in the form of time 
dependent risk curves. Time period of concern is discretized on time windows associated with 
specific plant conditions. Typically, plant conditions are expressed in terms of availability of 
safety equipment or system configurations. Many times they are also specified in terms of 
various levels of likelihood of initiator occurrences associated with ongoing activities (e.g. 
activities identified as having a potential for inducing an initiator) or operational states. Time 
dependent risk curve (i.e. time based risk profile) is composed of condition-specific risk 
estimates. The flat averaged value is decomposed onto its constituents as conceptually shown 
in Figure 1. (Note that CDF is expressed per unit of time spent in operating mode.) 

 

 

Figure 1: Decomposing Long Term Averaged Risk Value into a Time Dependent Risk 
Curve 

 
In terms of Figure 1, if observation period T is long enough, the following should apply: 

avg
T

CDF    dt (t)CDF 
T
1

≈∫  (1) 

In this case (i.e. condition based risk profiling) the ultimate goal also is to identify the 
“outliers” and improve the risk profile. However, the “outliers” are considered in terms of 
specific plant conditions (e.g. system configuration). Once “outliers” are identified, steps can 
be taken to preclude their occurrence or to define appropriate compensatory measures. 
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2 BASELINE PROBABILISTIC SAFETY ANALYSIS AND RISK MONITOR 

The most of PSA models of nuclear power plants were initially developed with the 
purpose to evaluate and improve plant designs (e.g. Individual Plant Examination [3] for US 
nuclear power plants). They produce results in terms of long term averaged values and are 
used for long term risk profiling. In this paper we refer to them as baseline PSA (BPSA) 
models. Once the initial “mission” was completed, many users investigated the possibilities to 
use the PSA models in various risk oriented applications. One that very quickly emerged was 
the use of PSA model to support the optimization of activities associated with plant’s day-to-
day operation, such as maintenance work. This lead to condition-based risk estimates and 
development of risk monitors (RM). Thus, a risk monitor in a nuclear power plant is but one 
among the plant specific PSA applications. 

Risk monitoring can, generally, be divided into two categories: 
1) Risk monitoring that makes full use of BPSA model. In this case RM basically uses the 

model of considered top event (e.g. reactor core damage) that was “taken” from BPSA. 
2) Risk monitoring based on processing of BPSA results. There are two broad sub-

categories here. In the first one RM processes pre-generated BPSA minimal cutsets. In 
the second one RM processes pre-calculated top event results from BPSA (for various 
plant configurations). 

The third category could also be pointed out, in which risk monitoring is performed by 
manual manipulations of BPSA model. In this paper we consider only the category which 
makes full use of BPSA model. By this, we do not attempt to argue that appropriate risk 
monitoring cannot be achieved through other categories. 

Having in mind the importance they acquired, it is essential that both baseline PSA 
model and risk monitor model have appropriate quality and are maintained in the way that 
they represent, as accurately as practically achievable, the actual plant status (e.g. systems’ 
design and plant’s procedures in effect) and its history (e.g. numbers of equipment failures 
and demands that influence relevant PSA parameters). In order to provide appropriate 
framework for their quality and applicability, one must first distinguish the three PSA-related 
areas in NPP operation, together with the relations that exist between them [4, 5]: 1) 
Controlled BPSA model, 2) Living PSA program, and 3) PSA applications. 

A controlled BPSA model can be defined as a PSA model which is referential point for 
any plant-specific PSA application. In other words, no PSA application is allowed to be 
undertaken at the plant which would be based on some other PSA model. This model is long-
term-averaged model. A living PSA program can generally be considered as being a set of 
activities carried on in order to update controlled BPSA model in a manner that it 
appropriately represents the plant design, operation practice and history, as well as general 
state of the art of PSA methodology. A PSA application is risk-oriented application where a 
proposed or observed change in plant design and operational status or activities is assessed in 
terms of risk change on the basis of a PSA model. These changes may be evaluated in long-
term and/or short-term time scale. They may be permanent or temporary. As noted already, a 
risk monitor is a PSA application. It is essential that appropriate plant specific procedural and 
administrative framework exists in all three areas. 

Before proceeding with more details on the procedural framework for BPSA and RM 
we provide a short consideration of differences among the two models. It was noted that RM 
which we consider is based on the top event model “taken” from BPSA. However, two 
aspects need to be considered. 

First aspect is a difference between the long term averaged model (BPSA) and condition 
specific model (RM). This can most easily be illustrated with an example of unavailability of 
a component due to maintenance work. In the case of a long term averaged model there is a 
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probability that a component will be unavailable due to a maintenance work. In the condition 
specific model, however, it is exactly known whether a component is unavailable due to 
maintenance work or not. Hence, BPSA model cannot be used directly to perform condition-
specific calculations. Certain modifications will be necessary (which we will discuss later) 
before the model can be transported from BPSA to RM. 

The second aspect is the difference in the structure, content and presentation of the 
information in BPSA model and RM model. The BPSA model is structured in terms of 
accident sequences and in the way that it can relatively easily be verified with respect to plant 
status, emergency procedures, equipment performance (data) and design basis analyses. For 
this reason, the BPSA model can be relatively easily maintained to reflect the plant status. 
This is not so with RM. When relevant top event model is transported from BPSA to RM, this 
structure is lost. A risk monitor model should really be thought of as a computational engine 
which repetitively runs top event model imported from BPSA under various boundary 
conditions dictated by the user. The RM top event model is not convenient for maintenance. 
For this reason it is preferable that maintenance with respect to plant status is performed in 
BPSA and then, in an appropriate manner, transferred to RM. 

3 FRAMEWORK FOR APPROPRIATE MAINTENANCE OF BPSA AND RISK 
MONITOR 

For any plant specific risk monitor the following ultimate goal can be formulated: 
 

The risk monitor model has appropriate level of technical quality and adequacy AND 
adequately presents as built / as operated plant. 

 
As discussed above, a RM model is derived from a BPSA model. Hence, the way to 

achieve the aforementioned goal is through satisfying the following top level requirements: 
 

1) BPSA model has appropriate level of technical adequacy and quality; 
2) BPSA model is maintained in a way to adequately present as built / as operated plant; 
3) Top event model is adequately transported from BPSA into RM; 
4) Risk monitor is maintained in a way to adequately present as built / as operated plant; 
5) Additional requirement: RM is used and its results are interpreted in appropriate way. 

 
The top level requirements are evaluated in paragraphs that follow. 
 

Technical Adequacy and Quality of BPSA Model 
In current state-of-the-art PSA guidelines and standards, e.g. [6, 7, 8, 9, 10], PSA is 

defined in terms of a set of constituting technical elements or sub-analyses. For example, 
Table 1 presents a set of technical elements for internal initiating events PSA based on US 
NRC RG 1.200 [6]. Similar sets can be found in other guidelines and standards, e.g. [7, 8, 9, 
10]. 

Technical adequacy and quality of a PSA model is then defined in terms of 
characteristics and attributes of each technical element. For example, Table 2 presents 
required technical attributes for two of technical elements, based again on US NRC RG 1.200 
[6]. Similar attributes can be found in other guidelines. 

Thus, technical quality and adequacy of BPSA model is determined by assessing the 
status of technical elements and their attributes. In order to demonstrate technical adequacy 
and quality of BPSA, it is recommendable (e.g. US NRC RG 1.200 [6] and other guidelines) 
to perform independent review. The examples of independent reviews are US nuclear industry 
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peer reviews in US [8] and IAEA mission reviews [11]. Typically, detailed independent 
review is performed following the initial completion of the model. 

Table 1: Technical Elements of BPSA (from US NRC RG 1.200, [6]) 

Scope of 
Analysis Technical Element 

Level 1 • Initiating event analysis 

• Success criteria analysis 

• Accident sequence analysis 

• Systems analysis 

• Parameter estimation analysis 

• Human reliability analysis 

• Quantification 

• Interpretation of results 

Level 2 • Plant damage state analysis 

• Accident progression analysis 

• Quantification 

• Interpretation of results 
 

Table 2: Technical Attributes for Elements “Initiating Event Analysis” and “Accident 
Sequence Analysis” (from US NRC RG 1.200, [6]) 

Element Technical Attributes 

Initiating 
event 

analysis 

• sufficiently detailed identification and characterization of 
initiators 

• grouping of individual events according to plant response and 
mitigating requirements 

• proper screening of any individual or grouped initiating events 
Accident 
Sequence 
Analysis 

• defined in terms of hardware, operator action, and timing 
requirements and desired end states (e.g., core damage or plant 
damage states) 

• includes necessary and sufficient equipment (safety and non-
safety) reasonably expected to be used to mitigate initiators 

• includes functional, phenomenological, and operational 
dependencies and interfaces 

 

 
Maintaining the BPSA Model to Adequately Present As Built / As Operated Plant 

Maintenance of the BPSA model is subject to the Living PSA (LPSA) program 
mentioned in the previous section. The framework should be provided by plant specific LPSA 
procedures that would cover the following requirements: 

• Define the plant specific resources (e.g. databases, programs, procedures, processes, 
etc.) that would enable adequate monitoring of changes to plant systems and 
procedures; 

• Evaluate plant changes against BPSA model; 
• Define plant specific resources for data collection (e.g. equipment performance data; 

plant events data); define data processing and analysis; 
• Define initiation and implementation of model updates (e.g. on timely basis or based 

on accumulated changes); 
• Verify technical attributes of updated model and logical correctness (e.g. baseline 

minimal cutsets). Define the need for independent reviews. (Given detailed first 
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independent peer review, not all periodical updates would require detailed 
independent reviews.) 

• Define responsibilities; 
“A procedure” as we use it here does not necessarily coincide with “a document” 

meaning that the “plant specific LPSA procedures” can be provided trough various numbers 
of documents, depending on plant specific organization and practice. However, it can be 
expected that at least two documents would be developed: one related to the matters relevant 
for BPSA maintenance (evaluation, initiation and implementation of changes) and the other 
related to PSA data collection and analysis. 

 
Adequate Transport of Top Event Model from BPSA into RM 

When top event model is transported from a BPSA to a RM, it is essential that it retains 
the same level of technical adequacy achieved through the technical attributes of BPSA. This, 
however, goes further. According to the previous discussions, risk monitoring is repetitive 
quantifying the top event model under the various specific boundary conditions. As pointed 
out earlier, the initial BPSA model usually cannot be used directly to perform condition-
specific calculations. Certain modifications are necessary before the top event model can be 
transported from a BPSA to a RM. They are needed in order to enable the model to 
adequately reflect various specific conditions dictated by the user-defined boundary 
conditions. Initially developed averaged BPSA model typically involves some simplifications 
and non-symmetries, e.g. [12]. They need to be removed and replaced by explicit models. We 
provide the following illustration. 

The initial BPSA model may assume that in two-train Component Cooling Water 
System it is Train A which is running at the time an initiator occurs, while Train B is in 
standby mode. This is the kind of assumption that is often made in order to simplify the 
modeling. In reality, however, either train can be running while the other is in standby at the 
time of initiator and this need to be introduced in the model explicitly. When it is done, the 
model size would increase since two possibilities (configurations) were explicitly modeled 
instead of just one. There is an additional point. The average BPSA model would reflect the 
50% probability that one specific configuration applies. However, in risk monitoring it is 
exactly known which of the two applies. Hence, house events (logical switches) would need 
to be implanted in the BPSA model that would later enable RM to switch on and off 
appropriate parts of the fault tree structure. 

Another example may be that the initial BPSA model assumes that SGTR (Steam 
Generator Tube Rupture) initiating event in Pressurized Water Reactor plant affects Steam 
Generator 1, while actually any of steam generators can be affected. The initial BPSA model 
would need to reflect this explicitly, otherwise certain safety system trains might 
inappropriately appear to be more important than the others. 

To conclude, the initially developed BPSA model would usually require some 
preparatory work before the transport of top event model to RM can be done. This would 
typically cause the model to grow larger and would require that various house events / 
boundary conditions are implanted into the structure that would enable RM to control the 
model structure according to the dictated conditions.  

The preferred way for this preparatory work on the BPSA would be that it is treated as 
one among the upgrades of BPSA model that are normally controlled by the LPSA procedures 
discussed above. Typically, preparatory work would require a significant remodeling. With 
preparatory work completed, the upgraded BPSA model would have to be subject to detailed 
verification of logic correctness and baseline minimal cutsets. 
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While administration of BPSA model upgrade due to the preparatory work is controlled 
by a LPSA procedure, the scope and the instructions for the work itself should be specified by 
a plant specific guideline or procedure for the development of risk monitor. 

The transport of top event model from the BPSA to the RM should also be specified by 
a plant specific RM procedure that should cover aspects such as: 

• The top event model is correctly transferred from the BPSA to RM (i.e. no errors 
occur in the transfer itself); 

• The RM top event model is technically adequate for the intended mission. This 
should include verification and validation of various condition-specific results, such 
as minimal cutsets and importance lists, if applicable. 

It is preferable that transfer of top event model from the BPSA to the RM can be done 
in automatized manner by means of some benchmarked tool, with as few “manual” actions 
needed as possible. It would help that potential errors are avoided and would also facilitate the 
maintenance of RM, as discussed below. 

 
Maintaining the RM Model to Adequately Present As Built / As Operated Plant 

The second top level requirement discussed above is that the BPSA model is maintained 
to adequately present as built / as operated plant. If this is satisfied, then, it only needs to be 
ensured that the status of risk monitor is accorded to the status of the BPSA. In other words, 
whenever there is a relevant change in the BPSA model, the care needs to be taken that RM 
model is updated accordingly. For this reason it is highly preferable that the transfer of the top 
event model from the BPSA to RM can be done in an automatized manner. If this is the case 
then, whenever a modification is made in the BPSA, the top event model can be automatically 
exported to the RM. This should be ensured by a plant specific procedure for development 
and application of risk monitor, which should also cover the topics such as: 

• Verify if some preparatory work on the BPSA model is needed because of updates. 
• Verify the transport and logical correctness of updated top event model, as discussed 

under the previous top level requirement.  
Maintenance of the BPSA and RM models, as discussed above, is illustrated in Figure 

2. 
 

Appropriate Usage of RM and Interpretation of Its Results 
Risk monitor is in many cases targeted for usage by plant planners and operators, who 

may not be PSA-oriented persons. Care needs to be taken that the model is used in a 
technically adequate way and that results are interpreted properly. Care also needs to be taken 
that valid input data on plant configurations or modes of operations and availability of 
equipment are used. This usually requires co-ordination and interfaces among different plant 
departments or divisions. These concerns should be addressed by a plant specific procedure 
for the development and application of RM, which should define responsibilities and access 
levels for the RM model usage. 

The overall framework for appropriate maintenance of the BPSA and RM, as described 
above, is summarized in Table 3. Below we briefly present an example of software tools for 
BPSA and RM that complies with the framework discussed above. 

4 EXAMPLE: RISK SPECTRUM® RISKWATCHER (RSRW) 

RiskSpectrum RiskWatcher (RSRW) [13] is a risk monitor for calculating risk at 
nuclear power plants, but also has the potential for monitoring risks at other types of facilities. 
It calculates risk based on a PSA model, and is able to take into account plant operating 
modes, equipment outages, system configurations, periodic tests, environmental factors, etc. 
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RSRW is used for monitoring online risk and simulate possible scenarios and planning 
outages taking into account the effects on risk.  

 

 

Figure 2: Maintenance of the BPSA and RM Models 

 
RSRW is used in conjunction with RiskSpectrum PSA Professional (RSPSAP), but is 

used as a stand-alone product. The BPSA model is contained in RSPSAP. Any change to the 
BPSA (e.g. parameters update or change due to a plant modification) is performed within 
RSPSAP prior to RSRW being used. This simplifies the process of going from a living BPSA 
model to a functional risk monitor model and facilitates its continuous update - i.e. 
maintaining a true living BPSA model and risk monitor model that reflects actual status and 
history of any operating system. This also means that the RSRW user does not necessarily 
need to be familiar with PSA modeling. The RSRW includes multiple levels of accessibility 
to enable preventing the misuse. 

The RSRW Model Compiler is used for converting the BPSA model in RSPSAP to 
create the RSRW model and database. The RSRW main application consists of an interface 
module that operates with the RSRW model database, and the so called event history database 
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which is used for changing plant configuration and alignments, quantifying risk and assessing 
barrier status. 

Table 3: Framework for Quality and Adequacy of Plant Specific Risk Monitor 
Top Level 
Requirement 

Lower Level Requirement To Be Applied 

Technical adequacy 
and quality of BPSA 
model 

Adequate technical elements and technical 
attributes 

• PSA guidelines and standards 
• Detailed independent peer 

review 
BPSA maintained to 
present as built and 
as operated plant 

• Observe changes in plant systems and 
procedures and evaluate their impact on 
BPSA 

• Collect and analyze plant specific data 
relevant for BPSA 

• Implement updates to BPSA in appropriate 
manner 

• Verify that adequacy of technical elements 
and attributes is retained; 

• Verify correctness of model and results 

• Plant specific LPSA 
procedures 
• BPSA maintenance 
• BPSA data collection and 

analysis 
• Periodic reviews (e.g. PSR) 

Top Event Model 
adequately 
transported from 
BPSA to RM 

• Perform any preparatory work on BPSA 
• Symmetrize the model 
• Implant house events,… 

• Verify the correctness of the model 
• Evaluate MCS for various configurations 

• Plant specific LPSA procedure 
(customization of BPSA) 

• Plant specific procedure for 
development and application 
of RM 

RM maintained to 
present as built and 
as operated plant 

• Identify any additional preparatory work on 
BPSA needed 

• Maintain RM accorded to BPSA status 
• Verify correctness of the model (MCS for 

various configurations, …) 
 

• Plant specific LPSA procedure 
(any additional work on 
BPSA) 

• Plant specific procedure for 
development and application 
of RM 

RM used and its 
results interpreted 
appropriately 

Define responsibilities and access levels • Plant specific procedure for 
development and application 
of RM 

 

When risk quantification is made, this quantification is initiated from RSRW main 
application, but is executed by a modified version of RiskSpectrum Analysis Tools (RSAT) 
(minimal cutset solver). The input to the analysis consists of a combination of information 
from the event history database, the RSRW model database and the binary pre-processed 
RSRW analysis case (created by the RSRW model compiler). 

5 CONCLUSIONS 

The framework for ensuring appropriate quality and adequacy of plant specific risk 
monitor can be presented in the form of five top level requirements that can be met through 
the three layers of guides and plant specific procedures: 
Layer 1: Generic PSA guides and standards with independent reviews; 
Layer 2: Plant specific Living PSA procedures; 
Layer 3: Plant specific procedure for development and application of RM. 

The Layer 1 ensures appropriate level of technical quality and adequacy of plant 
baseline PSA model. The Layer 2 ensures that the baseline PSA is maintained in a way to 
adequately represent plant status and history. Finally, the Layer 3 ensures that risk monitor 
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retains the appropriate technical adequacy of the BPSA top event model and that it is 
appropriately used and maintained in a way to adequately reflect plant status. It is preferable 
that model maintenance with respect to plant status is performed in BPSA and then, in an 
appropriate manner, transferred to RM. 
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