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ABSTRACT
During the past decade strong initiative was observed which was aimed at incorporating information on risk into various
aspects of operation of nuclear power plants. The initiative was observable in activities carried out by regulators as well
as utilities and industry. It resulted in establishing the process, or procedure, which is often referred to as "integrated
decision making" or "risk informed decision making". In this process, engineering analyses and evaluations that are
usually termed "traditional" and that rely on considerations of safety margins and defense in depth are supplemented by
quantitative indicators of risk. Throughout the process, the plant risk was most commonly expressed in terms of
likelihood of events involving damage to the reactor core and events with radiological releases to the environment.
These became two commonly used quantitative indicators or metrics of plant risk (or, reciprocally, plant safety). They
were evaluated for their magnitude (e.g. the expected number of events per specified time interval), as well as their
profile (e.g. the types of contributing events). The information for quantitative risk indicators (to be used in "risk
informing" process) is obtained from plant's probabilistic safety analyses or analyses of hazards. It is dependable on
issues such as availability of input data or quality of model or analysis. Nuclear power plant Krško has recently
performed Periodic Safety Review, which was a good opportunity to evaluate and integrate the plant specific
information on quantitative plant risk indicators and their profile. The paper discusses some aspects of quantitative plant
risk profile and its perception.

1 INTRODUCTION
During the past decade a strong initiative was observable aimed at including information on "risk" into the
daily processes of weighing available options and alternatives associated with operation, maintenance,
design and regulation of nuclear power plants. The term was forged "integrated decision making", or "risk
informed decision making" (RIDM), and it has been in frequent use ever since. Guidelines and standards
were established for developing the models for "probabilistic risk assessments" of nuclear power plants and
their applications. Various "interested parties" were involved, including regulators (e.g. [1], [2]), utilities
(e.g. [3]) and industry in general (e.g. [4], [5], [6]). The matters were considered nationally as well as
internationally (e.g. [7], [8], [9]). The RIDM, being what it is, relies on basic postulations of decision theory.
In this discipline, achieving of high-level fundamental objective (which can in the present case be termed, for
example, “nuclear safety”) is measured in terms of reaching some lower-level quantitatively set goals or
objectives (e.g. [13], [14]). Setting the quantitative goals in the present case has its history, which includes
some “quantitative health objectives” and some temporary substitutional criteria (e.g. “conditional
containment failure probability”) and which eventualy lead to establishing a couple of indicators that are
nowadays widely recognized as quantitative measures of risk associated with nuclear power plants. Sections
that follow contain a discussion of baseline quantitative risk measures for Krško plant and plant-specific
information that is available for their estimation and profiling.

2 PLANT RISK
Plant risk is considered in terms of likelihood of events involving damage to the reactor core and events with
radiological releases to the environment. These are two measures that are widely used in the current world’s
practice for addressing a plant risk in a quantitative manner. They are evaluated by their magnitudes (i.e. the
expected number of events per specified time interval), as well as their profiles (e.g. the types of initiating
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events contributing to the risk). As a basis for the assessment of plant risk and its profile in Krško NPP, the
plant-specific probabilistic safety analysis (PSA) and model have been used.

3 KRŠKO PSA AND RISK STUDIES
The development of Krško PSA analysis was started, roughly, ten years ago. Although it was a regulatory
requirement, it came along with the plant’s awareness and recognition of the world’s practice and the need to
have a tool for quantitative assessment of risk coming out of plant design and operation. In order to obtain as
complete picture of plant risk as (reasonably) achievable, the Krško PSA was decided to cover a wide range
of events and scenarios that could contribute to risk. It, thus, includes internal initiating events, internal
floods, internal fires, seismic events and other external events [10]. The methodologies applied were in
accordance with world’s practice in the field, with a focus on US practice and reference documents from
International Atomic Energy Agency (IAEA). The analyses of particular categories of events vary in both,
their scope and the level of detail. For example, internal initiating events are modeled by means of detailed
event trees and fault trees, while the other external hazards were, in most of the cases, covered in terms o
boundary assessment. However, they reflect the state of the knowledge about the Krško plant risk profile.
The initial PSA and risk studies reflected the plant design and operational practice of the early nineties. Their
results were used for proposing and implementing the plant modifications in order to reduce the risk (e.g. fire
protection modifications). Krško PSA has been used to provide integrated safety assessment of plant
modernization that took place in 2000. The model and underlying analyses were subjected to several
revisions in order to keep pace with plant modifications and operating history, as well as with the
developments in the PSA field. The models and analyses were subjects of various international peer reviews
lead by IAEA.

4 ABOUT UNCERTAINTY
When a decision is to be made by taking into account quantitative attributes, measures or indicators then a
decision theory would direct a decision maker to specifically consider the quality of information that was
used to estimate them (e.g. [13] or, for that matter, [1]). In other words, uncertainty associated with the
process of estimating the risk measures as well as with resources used (e.g. input data, models,
knowledge,…) needs to be considered.

Model A

Model B
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RESULTS

state of
knowledge

Figure 1: Uncertainty in Risk Analysis

There are many excellent writings on uncertainty associated with risk analyses and modeling (e.g. [15], [16],
[17]). They consider various aspects of so called epistemic and aleatory uncertainty important for risk
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analysis and modeling and risk-informed decisionmaking. Although the matter of concern can be approached
from various perspectives and angles, it can be said that any risk analysis and model involves, to some
degree, knowledge uncertainty, modeling uncertinty and parameter uncertainty. This is (only conceptually)
illustrated by Figure 1.

The model cannot include information which analyst is not aware of or does not know that it correlates with
the problem he is analyzing. Thus, any model or analysis can only be as good as current state of knowledge
is. With this taken into account, a model can still be larger or smaller, simpler or more complex. This is
particularly important when dealing with uncertainty of results of risk models that involved some sort of
qualitative or quantitative “pre-screening”. Some models are more focused on certain aspects or concerns
and my lack consideration of other issues. They may have been developped in some alternative manner
which may have had certain impact on their final results. Finally, the results obtained from a specific model
are dependent on the set of values assigned to model’s parameters. Parameters’ uncertainty will propagate to
the uncertainty of top results produced by the model.

Various risk models (e.g. Level 1 PSA vs. Level 2 PSA, internal events analysis vs. seismic events’ analysis,
etc.) involve different types of uncertainty to various degrees, which needs to be accounted for when their
results are compared against each other or aggregated.

5 EVENTS WITH DAMAGE TO THE REACTOR CORE
The main commonly used indicator of plant risk associated with events involving a damage to the reactor
core is Core Damage Frequency (CDF). The CDF for Krško was estimated by means of PSA and hazard
analyses for the following categories of events, as mentioned above: internal initiating events, seismic
events, internal fires, internal floods and other external events [10]. The estimates of CDF contributions from
particular categories are provided in Table 1 and illustrated by Figure 2. They are based on the latest version
of baseline PSA model [12].

The CDF estimates are expressed in terms of number of events per year of reactor criticality (rcryr), rather
than per calendar year. Thus, they are assumed to cover all power levels, including low power (but not
shutdown modes) although the model was developed to represent normal at-power mode. This may be
somewhat conservative assumption for categories such as internal events, since not all initiators may apply
during low power modes or risk may be lower due to lower system parameters. However, since the plant
spends only a small fraction of time in low power modes during a year, this assumption is reasonable.

The CDF from internal initiating events is estimated to be 3.2E-05 events per rcryr.

The estimates of CDF for particular event categories obtained from Krško PSA are interpreted as mean
values. It is possible then to obtain the assessment of the mean value of the “total” Krško CDF by summing
up all contributions from categories considered.

In this manner the “total” Krško CDF is obtained of 1.1E-04 events per rcryr.

Table 1: Contributions to Krško CDF from Various Initiating Event Categories

Initiator Category CDF (/rcryr) % of Total

Internal Initiating Events 3,2E-05 28%

Seismic Events 5,3E-05 47%

Internal Fires 1,3E-05 11%

Internal Floods 4,4E-06 4%

Other External Events 1,3E-05 11%

Total 1,1E-04 100%
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Figure 2: Contributions to Krško CDF from Various Initiating Event Categories

The “total” CDF obtained in this manner should be considered as an indication of risk or its estimate, rather
than any kind of actual value. This is so because various levels and various types of uncertainty are
associated with quantification of contributions from different initiator categories. They include parameter
uncertainty, state-of-knowledge uncertainty and methodological or modeling uncertainty, as discussed above.
This needs to be taken into account when comparing internal initiating events’ CDF to CDF from various
external hazards. During past two decades, the modeling techniques, technical elements and parametric
estimates of internal initiating events PSA have been brought to relatively higher level of standardization
(e.g. [2], [3], [5], [7]) than it is the case with external hazards (e.g. [2], [6]). The uncertainties in latter
categories are still much more driven by methodological matters and state of knowledge.

Krško PSA for internal events and also studies of risk from external initiators were based on point estimates.
Uncertainty of results was addressed through sensitivity analyses. Significant effort was made recently to
evaluate uncertainty of parameters for internal events model ([18] through [22]). Parameter uncertainty
distributions are being incorporated into the model and propagation of parameter uncertainty is expected to
be part of the next revision of baseline model and its results.

There is also a question of direct comparability of CDF from internal and external initiators. Core damage
events from internal initiators represent risk that is inherent to the plant and is imposed by the plant
operation. On the other hand, core damage induced by external initiators represents risk from hazardous
events (such as earthquake) that pose threat to the environment and its population even without the plant
being considered.

The profile of the total CDF in terms of relative contributions of particular initiator categories is shown in
Figure 3, based on the current estimate (i.e. the latest version of baseline PSA model, based on plant status
by the end of 2000, [12]). As it can be seen, almost half of the “total” comes from the seismic events (47%,
from Table 1). Nearly one third of it comes from internal initiating events (28%). The rest is in basically
equal parts divided among internal fires and other external events (approximatively 11% each). There is also
a small contribution from internal floods (some 4%). This profile is dominated by seismic risk, based on
plant status, knowledge and information incorporated into the current studies and models.

A different profile was in place, however, by the end of 1998. It was based by the model taken from initial
studies, transferred to and integrated in Risk Spectrum code (including all available event tree / fault tree
models for internal and external events) and updated with plant modifications and experience up to the end
of 1998 [11]. This profile is shown in Figure 4. As it can be seen, at that time the profile was dominated by
risk from internal fires, which was in terms of CDF estimated to 1E-04 events per rcryr. Based on the
integral insights from initial PSA studies and having in mind that internal fire risk was found to be
dominating source of risk, Krško established Fire Protection Action Plan (FPAP). As a part of it extensive
plant modifications were carried on, that were designed to reduce fire risk. Consequentially, CDF from
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internal fire events went down by almost 90%. The CDF from internal initiators was also reduced to some
degree based on plant modernization and some refinements of models associated with recommendations
from IAEA mission. Due to all this the overall CDF was reduced by more than 40%.

As a consequence, following the suppression of risk from internal fire and, to some extent, internal initiating
events, the CDF from seismic events emerged as new prevailing contributor to plant risk profile.

The comparison of CDF profiles for 1998 and 2000 is provided in Figure 5.
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Figure 3: Profile of Krško “Total” CDF Based on the Status at the End of 2000
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Figure 4: Profile of Krško “Total” CDF Based on the Status at the End of 1998

If the risk in terms of CDF is to be considered on a calendar year basis, then it needs to be factorized to
account for the plant shutdown risk. Based on Krško Shutdown PSA, the estimate of core damage probability
(CDP) per plant outage drifts around the value of 3E-05, depending on the schedule of activities of specific
outage of concern. Taking into account that there was 1 scheduled outage per year in average, this translates
to shutdown CDF of approximately 3E-05 per (calendar) year. This estimate does not cover for the
contributions to shutdown risk from external events. Factorization of total Krško CDF to enable estimate on
a calendar year basis should account for the fraction of time spent at power modes (roughly 80% - 90%)
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versus fraction spent at shutdown modes. Krško does not have quantitative estimate of shutdown CDF from
external events. However, there is no reason to expect shutdown CDF from external events being higher than
external events’ CDF at power.
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Figure 5: Comparison of Contributions to “Total” CDF for 1998 and 2000

Taking all this into account, the mean value of “total” Krško CDF can be estimated to be somewhat lower
than 1.4E-04 events per calendar year, considering all power modes and all types of initiators. The estimate
is based on existing studies, models and knowledge.

6 EVENTS WITH RADIOLOGICAL RELEASES TO ENVIRONMENT
Commonly used indicator of plant risk associated with events involving radiological releases to environment
is Large Early Release Frequency (LERF). Generally, each event with a damage to reactor core is a precursor
for radiological release to environment. Thus the risk from events with radiological releases can be
considered in terms of likelihood or conditional probability of radiological release to environment given the
event with a damage to reactor core.

In Krško the estimate of likelihood of events with radiological releases is obtained by means of Level 2 PSA
models. A Level 2 PSA model propagates scenarios with events involving reactor core damage through the
response of containment safety systems and through the phenomena taking place in containment following
the reactor core damage and vessel failure. It is inherent to the quantification of Level 2 sequences that it
involves much larger uncertainty than CDF quantification. Modeling various sequences with containment
dynamic response and ex-vessel fenomena involves various degrees of state-of-knowledge as well as
methodological uncertainty. This needs to be taken into account when interpreting Level 2 results.

In Krško PSA, extended to Level 2 analysis were models of internal initiating events, seismic events and
internal fire events. Analyses of internal floods and other external events ended at the consideration of events
with core damage (i.e. Level 1). Events with radiological releases to envoronment are in Krško PSA divided
into three major categories: 1) events with “very small release”, 2) events with “small release” and 3) events
with “large release”.

Category 1) includes various sequences with in-vessel recovery, sequences with no containment failure and
sequences with penetration of basemat (but without containment overpressurization failure). Category 2)
includes various failures of containment due to overpressurization in intermediate and late time frames.
Finally, Category 3) contains sequences with early containment overpressurization failures, failures of
containment isolation or sequences with containment bypass.
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It is Krško PSA category 3), events with “large release”, which generally corresponds to those event
sequences that contribute to standard LERF indicator.

Speaking in terms of conditional probabilities, each event involving reactor core damage can end up in either
of the three categories discussed. In Table 2 provided are estimates of conditional probabilities that a core
damage event triggerred by internal initiator ends up in particular category of events with radiological
release.

Table 2: Fractions of Core Damage Events Leading to Particular Release Categories Based on Internal Initiating Events
PSA

Category Fraction of Event with Core Damage

1) Events with Very Small Release 54,6%

2) Events with Small Release 40,8%

3) Events with Large Release 4,6%

These estimates are based on the methodology and results from the latest version of Krško PSA model [12].
As it could be seen, there is roughly 55% chance that a core damage event ends with no release or basemat
penetration (category 1)). Further, there is roughly 40% chance that core damage ends with containment
failure due to overpressurization in intermediate or late time frame. Finally, there is some 5% chance that a
core damage event ends up with large early release (LER).

If the other initiating events for which Level 2 PSA analysis has been made in Krško (i.e. seismic events and
internal fires) are also taken into account, then the profile of conditional probabilities changes to some
degree. The distribution of categories of release events over an event with a core damage, when all initiators
with Level 2 analysis are taken into account (i.e. internal eevnts, seismic events and internal fire events) is
shown in Table 3. The estimates in Table 3 are also based on the methodology and results from the latest
version of Krško PSA model [12].

Table 3: Fractions of Core Damage Events Leading to Particular Release Categories when All Initiating Events with
Level 2 PSA are Taken into Account

Category Fraction of Event with Core Damage

1) Events with Very Small Release 26,0%

2) Events with Small Release 70,8%

3) Events with Large Release 3,2%

The shift can be observed from category 1) (very small releases) to category 2) (small releases). This comes
from the fact that most of core damage cases triggered by seismic events and internal fire events would map
into category 2).

On the other hand, conditional probability of core damage ending with LER event is somewhat smaller. This
comes from the fact that conditional probability of seismic or internal fire event ending with LER is
relatively smaller than in the case of internal events. The largest contributor to LER from seismic initiating
events is containment structure failure due to seismicity, which can credibly occur only at high seismicity
levels, which have relatively low frequency of occurrence.

Based on these estimates, approximately 70% of core damage events would end up with containment
overpressurization failure in intermediate or late time frame termed as “small release”. Some more than 3 %
of such events would lead to generic LER events. Having in mind the estimate of “total” Krško CDF of 1.1E-
04 /rcryr, this would come to some 4E-06 events per year of reactor criticality.
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7 CONCLUDING DISCUSSION
Periodic Safety Review (PSR) cast some additional light on consideration of Krško plant risk profile in terms
discussed above. Generally, the new perspective to risk perception can be brought in by PSR in two ways.

The first way leads through the fact that the plant status (being the status of systems, structures and
components (SSC) and their design, the status of procedures and operating practice in general, the plant
history, the status of design bases analyses, etc.) itself has been subjected to the review. Potential issues
found with this respect can find their way to PSA and risk analyses and resulting models and shift the
currently existing results in one direction or another.

The second way comes through the fact that Krško PSA and risk analyses themselves were subjected to the
reviews as a part of PSR. Potential issues found with respect to methodology or modeling may require or
recommend that Krško PSA is upgraded to a new methodological level, which may in turn change currently
existing results regardless of actual plant status.

As a matter of fact, various comments, recommendations for improvements or refinements and findings were
made or raised that fit to one or the other of these two types (i.e. plant status relevant for risk perspective or
PSA / risk analyses status). These issues have been ranked by their importance together with all other issues
raised up during the PSR and will be addressed accordingly.

During the last decade and especially during the recent years the criteria of 1E-04 core damage events and
1E-05 large early release events per reactor year started to achieve recognition and acceptance in
international community as quantitative goals that are commensurate with more general objective related to
nuclear safety. Generally, for new plants this would mean that they are expected to be designed in a manner
that these goals would be met. For the existing plants that do not meet the goals, this would mean that they
are expected to focus their changes to design or operational practice on decreasing the risk, rather then
increasing it.

It has always been a part of Krško plant policy to reduce the risk associated with its operation and plant
management continues to seek the most appropriate ways in a timely and cost-effective manner to further
reduce the baseline quantitative measures of risk.
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