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Abstract 
During recent years, many nuclear power plants underwent significant modifications, e.g. power 

up-rating. While compliance with all the deterministic acceptance criteria must be shown during the 
licensing process, the larger core inventory and the facts that the plant response might get closer to the 
limits after a power up-rate, suggest an increase of the core damage frequency (CDF) and other possi-
ble risk indicators. Hence, a framework to quantitatively assess a change in plant safety margin be-
comes very desirable. 

The Committee on the Safety of Nuclear Installations (CSNI) mandated the Safety Margin Ac-
tion Plan expert group (SMAP) to develop a framework for the assessment of such changes to safety 
margin. This framework combines PSA and the analytical techniques developed in BEPU. CSNI then 
mandated the SM2A expert group to especially explore the practicability of the SMAP framework. 
This pilot study was completed end of 2010. 

An increase of the (conditional) probability of exceedance for a surrogate acceptance limit (PCT) 
indicating core damage was successfully evaluated for the selected sequences from several initiating 
event trees, and it was found that only a restricted number of sequences need to be analyzed.  

Based on the insights gained from this study, areas of methodology improvement have been 
identified and related proposals for further R&D work will be discussed. 
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1. Background 
Potential erosion of safety margins was identified as an area for further research by the Commit-

tee on Nuclear Regulatory Activities (CNRA) already in 1998. In December 2003, the Committee on 
the Safety of Nuclear Installations (CSNI) mandated the Safety Margin Action Plan (SMAP) expert 
group to develop a methodology that allows for integral assessment of the changes of overall plant 
safety resulting from concurrent changes to plant modifications and/or operations/conditions. Such a 
framework was outlined in the final report of the SMAP expert group [1

- Safety margin is related to the frequency of exceedance of the relevant acceptance criteria. 

], the main ideas being: 

- The SMAP framework combines probabilistic and deterministic analysis approaches. It first 
identifies a set of sequences (risk space) that shall be included in the deterministic analysis. 
This means that the risk space is systematically examined, using detailed event trees to define 
the sequences to be analyzed with best-estimate tools including uncertainty analysis, so-called 
Best-Estimate plus Uncertainty (BEPU) approach. 

- Increments in frequencies of exceedance of the acceptance criteria related to selected safety 
variables are used as indicators of safety margin changes (erosion or increase). 

A follow-up Task Group was initiated by CSNI in June 2007 and given the mandate to carry out 
a pilot study that applies the SMAP framework for the evaluation of the possible change in safety 
margins which would result from implementing newly proposed USNRC rulemaking related to LO-
CA analysis. In addition, the task group was directed to concentrate its efforts on assessing the practi-
cability of the SMAP framework. 

The Task Group on Safety Margin Assessment and Application (SM2A) actually started to work 
in January 2008 and completed in October 2010, with the following Group of participating countries: 
Czech Republic, Finland, France, Germany, Japan, Korea, Mexico, Spain, Switzerland, The United 
States and with the participation of the IAEA as observer. CSNI approved its final report [2

2. Short Review of SMAP Framework 

] during 
its meeting in December 2010.  

The introduction of the concept of safety margins in traditional engineering is a way to allow for 
the “known unknowns” as well as to also accommodate “unknown unknowns” viz. challenges not 
foreseen during the design process. The nuclear industry adopted this concept from the beginning, in 
particular, for assessing the capabilities of the plant design by analyzing so-called Design Basis Tran-
sients and Accidents (DBT&A, referred to as DBA). A set of well defined enveloping scenarios, clas-
sified into a few frequency classes, are chosen as design basis for the protection and a set of safety 
variables are used as indicators of challenges to the protection barriers. For this limited set of design 
basis scenarios class-specific acceptance criteria (also called safety limits) are specified in terms of 
extreme values of the safety variables.  

Worldwide experience on the operation of nuclear power plants showed that the exclusive analy-
sis of DBA to assess plant safety is not adequate. Some events, especially the TMI accident, suggest 
the relevance of complicated scenarios that belong to the out-of-design category. Another important 
lesson learned from this experience was that the impact of operator actions must be taken into account. 
To gauge the relative importance of the many possible sequences, a detailed evaluation of their fre-
quencies is necessary. 

Probabilistic Safety Assessment (PSA) techniques implement these new aspects of the safety 
analysis but they have only been applied to the assessment of severe accidents and their consequences. 

1  SMAP Task Group on Safety Margins Action Plan (SMAP) - Final Report, NEA/CSNI/R(2007)9, July 2007. 
2  Safety Margin Assessment and Application - Final Report, NEA/CSNI/R(2011)3, 2011. 
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Extensive plant modifications, such as life extensions, power up-rates and others, could possibly imp-
ly a reduction in existing margins and, therefore, the overall plant safety can be reduced even though 
the acceptance criteria of the DBA analyses are still fulfilled. The preservation of enough safety mar-
gins becomes an important question, which cannot be answered properly with either an analysis of 
DBA alone or with PSA alone.  

The analysis framework put forward by SMAP [1] consists of a combination of traditional de-
terministic (analysis of DBA) and probabilistic (PSA) techniques. The use of event and fault trees, 
similar to those of PSA, is combined with simulation techniques, typical of DBA analyses, in order to 
quantify the exceedance frequencies of the acceptance limits that define the safety objectives being 
assessed. These exceedance frequencies are then used as risk indicators that characterize the overall 
plant safety. When applied to the analysis of plant modifications, a significant increment in the ex-
ceedance frequency of some acceptance limit represents an indication of significant erosion in safety 
margins. The quantification of frequencies of exceedance can also provide useful insights to the iden-
tification of plant safety degradation mechanisms as a consequence of plant modifications.  

From the point of view of traditional DBA analysis techniques the SMAP proposal consists of 
extending the limited set of DBA to the almost complete set of all the credible plant sequences.  

In the general case, both the safety variable value resulting from an accident sequence and the 
barrier strength associated to a safety objective are described by probability density functions (PDFs). 
Standard load-strength analysis techniques that were developed in the context of reliability engineer-
ing can then be applied. The distribution of the safety variable represents the load function and the 
distribution characterizing barrier strength represents the strength function. According to this load-
strength scheme, the concept of “margin to damage” in a particular sequence is defined as probability 
that the load remains below the strength. The margin to damage is often referred to as safety margin in 
the literature and is given by a convolution integral over the two distributions. Its complement, i.e., 
the conditional failure probability is the one needed for risk space quantification of damage states and 
formulated as convolution integral yields [1]: 
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In nuclear engineering, probability distributions for barrier strength are frequently not available. 
They are replaced by acceptance limits - limiting values– of safety variables that are specified by the 
nuclear regulators. In this case, the expression of the conditional failure (limit exceedance) probability 
reduces to: 
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where SL is the safety (acceptance) limit.  
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SMAP proposes to include all those limits usually addressed in DBA analyses. (The considera-
tion of additional limits - if necessary - would be straight forward.) The accident scenarios composing 
the Risk Space can be described using Event Tree / Fault Tree techniques typical of PSA. However, 
each limit can be exceeded in a sequence with a probability that can be calculated with uncertainty 
analysis techniques. This conditional probability of limit exceedance is the fraction of the sequence 
frequency that actually contributes to the limit exceedance frequency. A fraction of success sequences 
(branches) have in fact a contribution to failure; and reversely a fraction of failure sequences have a 
contribution to success. Put in these terms, classical PSA (level 1) most often represents the particular 
case where the only addressed limits are those that represent transitions to severe accidents and where 
the conditional probability of limit exceedance can take only values 0 or 1. 

3. Adaptation of the SMAP Framework 
SM2A represents the first large-scale application of the SMAP framework. It is therefore not 

surprising that some aspects of the framework had to be revised and adapted in view of this applica-
tion. The main items are described below. 

3.1 Use of a bounding safety limit as a substitute for the barrier strength distribution 
function 

In the general case, the conditional probability of barrier failure in an accident sequence results 
from the convolution of the load and the strength probability density functions, as described before. 
The safety (acceptance) limit is specified by the regulator. If the safety variable exceeds this limit; the 
system is assumed to be put in an unacceptable state. Therefore, as the SM2A pilot study aims at sup-
porting the safety margin assessment in a nuclear regulatory setting, the adoption of a safety limit 
instead of the barrier strength function is evident. 

3.2 Selection of Peak Clad Temperature as the only safety variable for analysis 
The strong time constraints imposed on the SM2A expert group made to decide to limit to the 

evaluation of a single safety variable: PCT was selected, using 1204 ºC as the only safety limit for this 
variable. Exceedance of this limit was taken as indication for core damage. Furthermore, PCT is a 
safety variable already used as risk criterion in existing PSAs. 

3.3 Reliability models 
Failure probabilities of equipment and operators performing protective actions are essential ele-

ments of both PSA and safety margin assessment (viz. in the SMAP framework). There is, however, 
an important difference. The possible configurations of an event tree header are qualified as success-
ful or unsuccessful based on the result of the simulation of the particular transient belonging to the 

Figure 1: Conditional probability of safety limit exceedance 
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sequence, contrary to the level 1 PSA where failure or success is determined based on enveloping 
analysis for a predefined configuration of the safety systems and/or operator actions. SMAP event tree 
headers therefore represent discrete system configurations (e.g. 3 systems or 4 systems) and/or opera-
tor actions rather than the minimal required ones to ensure safety functions (e.g. 3 out of 4), as gener-
ally used in PSA. This means that PSA fault trees need some reworking before they can be applied for 
SMAP applications. 

Another adaptation of the reliability models was needed for SM2A due to the consideration of 
uncertainties in the timing of operator actions. Some of the events that can be included in a fault tree 
or directly in a sequence occur at unpredictable times. In the PSA approach, it is generally assumed 
that these events occur at some particular time or within an allowable interval and the assigned proba-
bility does not depend on the specific time of occurrence. In the SMAP framework, these times are 
considered as uncertain parameters.  

As the available information on the PSA for Zion NPP was very limited, the analysis was done at 
PSA sequence level in many cases, without exploring all the possible configurations of safety systems. 
In some few instances lacking information had to be supplemented with “typical” values derived from 
PSA studies of other reactors.  

3.4 Treatment of uncertainties 
It is suggested in the open literature that a proper treatment of uncertainties supporting risk-

informed decisions should distinguish epistemic from aleatory uncertainties - e.g. [3
1

] - since the for-
mer can be reduced (to some extent) and the latter cannot. The SMAP final report [ ] recommends 
making this distinction, i.e. separating epistemic and aleatory uncertainties, and refers to the nested 
two-loop calculation: The inner loop deals with aleatory uncertainties whereas the epistemic uncer-
tainty would be dealt with in the outer loop. Other authors, however, are of the opinion that such a 
distinction is not necessary and that uncertainty is in any case a question of degree of belief, whatever 
the uncertainty type is (epistemic or aleatory), e.g. [4

Because the simulated plant response is comparable in nominal and up-rated reactor conditions, 
the same uncertainties can be assumed applicable to both. This minimizes the impact onto the evalua-
tion of ∆CDF not distinguishing between the two types of uncertainties. In fact, the SM2A calcula-
tions did not separate between the two types of uncertainties. As a consequence, the SM2A results are 
limited to the expected values of the frequency of exceedance for base and up-rated conditions and to 
the difference between these.  

]. 

3.5 Conditional exceedance probability header added to event trees 
When assessing ∆CDF, the PSA approach is in principle to sum the CDF frequencies (failure 

branches) for the reference and up-rated cases and to take their difference. This simple approach is 
improved in the SMAP framework because a fraction of each success branch may in fact include fail-
ure when uncertainties are taken into account. This fraction can be impacted by the plant changes. In 
addition, it has to be remembered that in many recent PSAs, the core damage sequences are not mu-
tually exclusive; in these cases, a simple addition of the frequencies is not correct. A possible resolu-
tion to this problem is to add a so-called “thermal-hydraulic” header which quantifies the fraction of 
the success branches. Ref. [5

4. Step-by-Step Description of the SM2A Procedure  

] introduces this idea. In some of the SM2A analyses, e.g. the LBLOCA 
and MBLOCA analyses, this approach was hence adopted. 

3  M.E. Paté-Cornell, “Uncertainties in risk analysis:  Six levels of treatment”, Reliability Engineering and System Safety 
54 (1996), pp. 95-111. 

4  Robert L. Winkler, “Uncertainty in Probabilistic risk assessment“, Reliability Engineering and System Safety 54 (1996), 
pp. 127-132. 

5  H.F. Martz, L.L. Hamm, W.H. Reer, P.Y. Pan, “Combining mechanistic best-estimate analysis and Level 1 probabilistic ri
sk assessment”,  Reliability Engineering and System Safety 39 (1993), pp. 89-108 

NEA/CSNI/R(2013)8/PART2

254



The SMAP framework was implemented with the following steps:  

1. screening of fault/event trees and sequence model 

2. revision of available event trees 

3. specification of the safety variables  

4. transient simulation, taking uncertainties into account, and 

5. quantification of change of safety margins.   

4.1 Screening of scenarios and revision of available event trees (steps 1 and 2) 
The first step of the SMAP framework consists in screening of seqeunces in order to identify the 

ones to be analyzed with transient simulations. It is expected that only a rather limited set of se-
quences will at the same time be impacted by the postulated plant modification and significantly con-
tribute to the exceedance frequency (above a threshold value arbitrarily chosen as 10-7

The available event trees must be revised in order to provide a basis for the deterministic conse-
quence analysis. This means: 

/yr for the 
SM2A exercise). Furthermore, many of the sequences are expected to clearly be core damage or suc-
cess sequences in both nominal and up-rated conditions; they do not need to be evaluated. 

• Headers that represent so-called minimum requirements (e.g. “minimal 1 out of 2 sys-
tems available”) may need to be broken up into several headers, each indentifying a con-
figuration that can be unambiguously represented in a deterministic simulation tool.  

• The availability of systems needs to be critically reviewed in consideration of the phe-
nomenology of the transient, e.g. Large LOCA,: A break in the cold leg may lead to the 
loss of the injection of one accumulator. Therefore, the maximum number of accumula-
tors available needs to be reduced by one according to the specific sequence (and even-
tually preliminary deterministic analysis). 

• Evidently, a re-quantification of the event tree may be required after such review. 

4.2 Specification of the safety variables (step 3) 
For the selection of the safety variable and the corresponding acceptance criterion, consideration 

should first be given to the decision problem to be addressed and second to the required complexity of 
the analysis versus the necessary level of accuracy for the evaluation.  

4.3 Deterministic scenario evaluation (transient simulation) (step 4)  
The Best Estimate Plus Uncertainty (BEPU) approach is adopted to evaluate the probability of 

the safety variable above the acceptance criterion. BEPU evaluations are now widely applied world-
wide, see e.g. OECD/NEA BEMUSE [6

4.5 Quantification of change of safety margins (step 5) 

]. Access to a sufficiently detailed and well validated plant 
model is crucial.  

A change of safety margins is expressed by a change of the frequency to exceed the acceptance 
criterion of interest, e.g. PCT. The conditional probability of exceedance evaluated with transient 
simulation tools will be combined with the scenario frequencies evaluated with PSA tools. This can 
be achieved by including the conditional probability of exceedance as a new (so-called thermal-
hydraulic) header into the event trees.  

6  A. de Crécy et.al., “Uncertainty and sensitivity analysis of the LOFT L2-5 test: Results of the BEMUSE programme”, N
uclear Engineering and Design 238 (2008) pp. 3561-3578. 
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5. Approach and Implementation of the SMAP framework 
As an initial step, the SM2A participants agreed that an appropriate reference case would be a 

hypothetical power up-rate of 10% for a typical PWR. The ZION NPP was chosen as reference plant 
with the following rationale: (1) The ZION NPP is in permanent shutdown, thus no implications to 
licensing issues are expected; (2) The ZION NPP does not have any directly comparable sister plants 
still in operation; (3) A major part of the BEMUSE programme of the CSNI working group on Analy-
sis and Management of Accidents (WGAMA) is based on LOCA analysis for this plant, and therefore, 
plant models are available for various thermal-hydraulic analysis codes; (4) A PSA exists for ZION 
NPP, although its documentation as available to the participants is rather limited and its level of detail 
falls a bit short of today’s standards for PSA. 

At the beginning, there was consensus among the SM2A members that at least two safety va-
riables should be analyzed, namely peak clad temperature, (PCT) for low frequency high damage 
risks and departure from nucleate boiling ratio (DNBR) for high frequency low damage risks. Howev-
er, the structure of the event trees strongly depends on the particular acceptance limit whose exceedance 
frequency is being calculated. Moreover, even the initiating events to be considered and, therefore, the 
number and nature of the event trees could change. For this reason, it was considered necessary to limit 
the scope of the SM2A exercise in such a way that changes to the available PSA event trees were mini-
mized. The Group therefore decided to only analyze the impact of the 10% power up-rate on the PCT 
limit (1 204°C) exceedance frequency.  

It was expected that only a rather limited set of scenarios will at the same time be impacted by 
the postulated 10% power up-rate and reveal a significant contribution to exceedance frequency 
(above a threshold value). Sequence frequencies were compared with the threshold value, regardless 
of their associated consequence (either Failure or Success). In the frame of the SM2A exercise, the 
threshold has been arbitrarily chosen to 1.E-7

Table 1

/yr with respect to PCT acceptance criterion as a surro-
gate to Core Damage. Then, this requires quantifying sequence frequencies, refining the event tree 
modelling as necessary to make each PSA sequence correspond to a unique non-ambiguous simula-
tion scenario. Following this procedure, 21 sequences were selected as summarized in . 

Each of the selected sequences was simulated using best-estimate methods and uncertainty (BE-
PU) (except for the L CC/SW sequence for which a “Damage Domain” approach was adopted). For 
these simulations, a rather simplified power up-rating scheme was assumed with unchanged cold leg 
temperatures and unchanged coolant pump capacity and using a simplified (three-ring) core model. In 
addition, and as far as BEPU simulations are concerned, a core of uncertain parameters as well as 
their uncertainty distributions and ranges were agreed upon and adapted to the calculated sequences 
by the participants. All these calculations focus on the evaluation of the PCT as surrogate of the Core 
Damage before power up-rate (at 100% power) and after power up-rate (at 110% power). The change 
of safety margin is then reflected in each analyzed scenario in the change of the conditional probabili-
ty to exceed 1 204°C. The conditional probabilities of exceedance were thereupon combined with the 
sequence frequencies evaluated by PSA tools to provide the integral values of the limit exceedance 
frequency. 
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PSA Initiating Event Org # Seq. Transient Simu-
lation Tool 

Org Uncertainty 
Tool 

Sampling Method 

LBLOCA EDF 4 CATHARE / 
ATHLET 

EDF/NR
I 

OPEN-
TURNS 

Monte Carlo (MC) 

MBLOCA PSI 2 TRACE PSI SUSA MC and biased MC 

SBLOCA PSI 1 TRACE PSI SUSA MC and biased MC 

Loss of Offsite Power + 
Seal LOCA 

CNSNS 2 CATHARE IRSN SUNSET MC 

Main Steam Line Break + 
Loss of Feed Water 

STUK 1 ATHLET GRS SUSA MC 

Steam Generator Tube 
Rupture 

KAERI / 
KINS 

3 MARS KAERI MOSAIQUE MC 

Turbine Trip JNES 5 RELAP5 JNES Ad-hoc Latin Hyper Cube 
Sampling 

Loss of Main Feedwater NRC 2 TRACE US NRC MOSAIQUE MC 

Loss of Service Water / 
Component Cooling Water 

CSN 1 MAAP CSN Ad-hoc Uniform Grid 

6. Results and their significance - lessons learned 
The SM2A study addressed the impact of a substantial plant modification on safety margins, 

considering a range of safety-relevant scenarios. It implemented the proposed SMAP framework for 
the first time and on a large scale and demonstrated the capability to evaluate the plant modification’s 
impact on safety margin by estimating the change of the CDF as well as revealing the change of the 
distribution of a safety variable. In addition, the SM2A study represents one of the first and largest-
scale applications of BEPU calculations. The campaign addressed nine types of accident scenarios 
and included hundreds of calculations. 

Please note: Generic conclusions concerning a change in safety margin as a consequence of a 
power up-rate of 10% cannot be derived because the SM2A exercise represents but a simplified pilot 
study. 

The main results are given in Table 2 below. From the table, it can be seen that changes in CDF 
were found to be larger than the assumed cut-off criterion of 10-7/y for 3 scenarios. Two of them in-
clude an operator intervention. The next four scenarios showed changes in CDF that were below the 
10-7

In this particular study, significant differences have been noted between the LBLOCA and 
MBLOCA results; these have been evaluated and explained: 

/y criterion. Among them are large LOCA, loss of offsite power + seal LOCA and steam line 
break + loss of FW. 

• The LBLOCA initiator frequency was reduced (~2 10-9/r.y compared to the 6.3 10-6/r.y in NU-
REG/CR-4550) and is also based on a lower break size limit of 14” whereas [7

7  M. B. Sattison, K. W. Hall, “Analysis of Core Damage Frequency: Zion, Unit 1, Internal Events”, NUREG/CR-4550 Vol. 

] used a lower limit 
of 6”. 

Table 1: Simulation and Uncertainty tools applied for SM2A pilot study   
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• In addition, the LBLOCA frequency was updated based on [8]. This reduced the LBLOCA fre-
quency from 9.4 10-4/r.y to 4.8 10-7

• Furthermore, the stochastic treatment of the LBLOCA break size in the range 14”-30”, with 
double ended guillotine break (DEGB) assumed above 30” further decreased the LBLOCA CDF. 
Only 1 (of 150) cases led to exceedance of the PCT limit and this case was one of the DEGB, 
which only made up 15% of the cases. Therefore, the contribution of sequences related to recircu-
lation failure falls far below the cut-off frequency of 10

/r.y 

-7

• In contrast, the MBLOCA calculation applied a limiting break size value (10”) for the range 2”-
10”. The related ∆CDF reflects the effect of the power up-rate on the sequence dynamics and on 
the time to switch to recirculation. 

/r.y and was therefore not considered in 
this study. 

For the sequences with small conditional probability of exceedance, a much larger number of 
calculations may be needed in order to estimate this probability with a sufficient level of confidence. 
Several pragmatic solutions were proposed by the participants in order to reduce this number to a 
feasible value. 

 

7, (1990). 
8  R. Tregoning, L. Abramson, P. Scott, “Estimating Loss-of-Coolant Accident (LOCA) Frequencies through the Elicitation 

Process, NUREG-1829 Vol 1. (2008). 
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Impact on  
CDF/PCT (1) 

Scenario Section Sequence 
frequency 
(/r.y) 

Conditional 
exceedance 
probability 
100% power 

Conditional 
exceedance 
probability 
110% power 

CDF 
100% 
power 

CDF 
110% 
power 

∆CDF 

Increase > 1E-7/r.y Loss of offsite power + loss of FW 5.2.1.2 2.7E-5 0.104 0.122 2.81E-6 3.29E-6 4.8E-7 
Loss of service water/component cooling water 5.2.3 1.88E-3   1.34E-6 1.46E-6 1.18E-7 
MBLOCA (2) 5.2.5 9.4E-4 0.123 0.286 8.39E-7 1.64E-6 8.01E-7 

Increase << 1E-7/r.y Loss of offsite power + seal LOCA 5.2.1.1 1.7E-6 - - - - <<1.E-7 (3) 

Steam line break + loss of FW (4) 5.2.2 2.3E-7 
4.35E-11 

0.34 0.81   <<1.0E-7 

LBLOCA (5) 5.2.4 4.8E-7   2.49E-9 2.52E-9 2.8E-11 
SBLOCA 5.2.6 1.61E-5 - - - - <<1.E-7 (3) 

∆CDF 
No increase.  
Only a shift of PCT 

Turbine trip 5.2.9 ? 0.0 0.0   0.0 

No ∆CDF 
No shift of the PCT 

Loss of main feedwater 5.2.7 1.0E-7 0.0 0.0   0.0 
SGTR 5.2.8 2.793E-7 3.33E-3 3.33E-3 9.30E-

10 
9.30E-

10 
0.0 

1. The participant’s contributions of the individual analyzed sequences are reported in the Appendix 5. 

2. For MBLOCA, the conditional exceedance probabilities reported apply to the sequence conditioned on the timing of recirculation (stratified analysis). The stratum of interest (be-
tween definite failure and definite success) has a conditional probability of 5.24E-3; in other words, the conditional exceedance probability applies to a sequence with probability 
4.9E-6. 

3. No uncertainty evaluation performed, ∆CDF supposed very low. 

4. Sequence frequency 2.3E-7/r.y is to be multiplied by the conditional probability of loss of 1 centrifugal charging pump, 1 safety injection signal & 1 power operated relieve valve (the only 
scenario which leads to different exceedance probability and contributes to “delta core damage frequency”). 

5. For LBLOCA, the distribution of the break size is explicitly treated in the analysis (SBLOCA and MBLOCA use limiting break sizes). 

Table 2 Overview of impact on CDF, conditional exceedance probability and ∆CDF by scenario 
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From the SM2A study, a number of lessons can be learned, the most important ones being: 

1. The application of the SMAP framework requires intensive and close interactions between 
the probabilistic and transient simulation experts. A quick look at the SMAP steps could 
suggest that sequence selection is primarily a PSA issue and the transient simulation is a sub-
sequent step. However, it was found that the expertise in transient simulation was essential in 
the sequence selection and that probabilistic expertise was also important in the transient si-
mulation step, both to a much greater degree than initially anticipated. 

2. In current NPP PSAs, the event trees typically represent thousands of sequences. However, 
the evaluation of changes to safety margin does not require analyzing all of these sequences 
as changes in the monitored safety variable are to be expected for only a small subset of the 
sequences. Therefore, the efficient identification of this subset becomes very important. In 
the SM2A study, a simple cut-off criterion for the sequence-frequency 10-7

Due consideration must also be paid to the screened-out sequences. It must be shown that 
their possible cumulative contribution stays within reasonably “small” bounds. 

/yr was applied, 
which led to a focus on those sequences where the magnitude of the change of safety margin 
could be a significant contributor to the overall change of safety margin. 

3. The sequences most affected by a plant modification and contributing to a change of the 
CDF are, in many cases, not the dominant contributors of the baseline PSA. The PSA domi-
nant contributors may include failure events and probabilities that are not or negligibly af-
fected by the plant modification; as a result, the SM2A calculations of these sequences 
would not be expected to yield a significant contributor to the change of the CDF. (At the 
same time, the PSA dominant contributors would be expected to remain dominant contribu-
tors also in the up-rated plant.) 

4. Related to the additional sequence selection criterion, it was also found that triangular or uni-
form interval distributions should not be adopted for time delay distributions for application 
in the SMAP-framework. As these types of distribution truncate the distribution tail(s), an 
underestimation of ∆CDF is the likely result. Therefore, the selection of the time delay dis-
tributions becomes quite crucial. 

5. The intricate combination of PRA techniques with transient simulation may require delineat-
ing sequences with only “discrete” system configurations that can be represented one-to-one 
in the simulations. Furthermore, thermal-hydraulic modeling considerations will influence 
the delineation of the event sequences: The injection of one of the redundant safety injection 
systems may have to be assumed lost because the injected coolant can leave the primary sys-
tem through the assumed break before reaching the core, depending on the assumed break 
location. Hence, one injection system has to be assumed failed due to this effect even if all 
ECCS are assumed available physically. (Note that modern PSAs may already consider this 
type of interaction between probabilistic analysis and transient simulation.) 

This lesson can readily be generalized: it is possible that an increased number of redundant 
trains of systems need to be available after the plant modification to properly mitigate the 
consequences. For this reason, minimal configurations must be carefully checked against 
possible modifications of the number of minimally required safety systems also after plant 
modification. 

6. The introduction of a header for the conditional probability of exceedance (so-called “TH” 
header) into the different sequences can be useful for a straight-forward aggregation of the 
frequency of exceedance for a set of sequences analyzed, using the same PRA-tool that was 
applied for establishing the event tree. This additional header enables one to introduce a sup-
plementary branch in the event tree corresponding to the fraction of a success branch which 
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is in fact a failure branch when taking into account TH uncertainties, and this “TH” failure 
branch could be particularly impacted by the plant modification. It should be noted that for 
quantification this method works only if the assumption of mutually exclusive event se-
quences can be justified. 

7. Particular attention has to be paid to sequences that include a time delay for a recovery action 
or for a repair. These sequences could be impacted directly by the plant modification, e.g., 
due a change in the available time window, or indirectly, as a result of the more realistic 
modeling of the sequence used in SM2A. This lesson is based on the SM2A Zion-specific 
results, where such sequences contribute to the more visible risk increase: 

 LOSP: LOOP followed by AFWS failure and no power recovery before core damage. 

 MBLOCA: MBLOCA followed by SI success but recirculation failure (operator action). 

 LOSS of ESWS/CCWS: Seal LOCA and no recovery operator action before core dam-
age. 

Consequently, the probability distributions used to characterize such time delays require par-
ticular attention. 

8. Some of the analyses demonstrated how a point-estimate calculation (performed with the 
best-estimate values of the parameters) and an uncertainty analysis could lead to different 
conclusions for a sequence. For instance, the nominal power point-estimate calculation for 
the Steam Line Break showed no exceedance of the PCT criterion while the uncertainty 
analysis resulted in a conditional probability of exceedance of 34%. 

7. Conclusions and recommendations 
In terms of technical feasibility of the SMAP framework, the following conclusions can be drawn: 

1. An increase of the (conditional) probability of exceedance for a surrogate acceptance limit 
(PCT) indicates that core damage was successfully evaluated for the selected sequences from 
several initiating event trees. 

2. During the SM2A study, several areas of refinement or even enhancements to the SMAP 
framework were identified: 

− A better sequence screening process needs to be elaborated that provides for a sound 
bases for the screening criteria. 

− It was found that some of the event trees of the existing PSA had to be reformulated (ex-
panded) in order to represent only scenarios with a  configuration of the systems that can 
be directly represented in transient simulation codes. 

− The introduction of dedicated headers for the conditional probability of exceedance (so-
called TH headers) for taking into account TH uncertainties can ensure a consistent aggre-
gation of the results from several sequences of different initiating event scenarios. 

− While the final SMAP report indicated separate treatment of aleatory and epistemic un-
certainties as very desirable, no workable procedure for computationally intensive prob-
lems was proposed. The SM2A group did not work on this topic. While the treatment of 
the different types of uncertainties remains an issue of significant controversy in the 
open literature, the group judged that a systematic separate treatment is not a require-
ment for the current application focusing on changes of safety margin. Accordingly, the 
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SM2A results consist of expected values for the changes, in most cases without an uncer-
tainty distribution for the change of the safety margin. 

3. An obvious key conclusion from this exercise is that a successful application of the SMAP 
framework needs an intensive interaction and cooperation between the PSA and transient si-
mulation specialists from the very beginning of the study. 

4. The modelling of human actions has been found to be of particular importance, as the se-
quences related to scenarios that require a time delay to perform  a recovery action or a re-
pair correspond to the more visible risk increase. In particular, the more detailed analysis 
performed with the SMAP framework requires improvement regarding the estimates of both 
the time window available (through the BEPU transient analysis calculations) and the time 
for response or recovery (in determining the response/recovery time distributions). 

5. The effort required for performing a consistent study for assessing the impact of a significant 
plant modification on safety margin has been estimated to a few person-years, assuming the 
availability of the analytical infrastructure including computer codes, a modern PSA and 
plant specific input models, statistical tools and adequate computing and engineering re-
sources. However this estimate needs to be confirmed taking into account the number of as-
sumptions which were made, and the open issues which remain. In any case, such an effort is 
hence only warranted for significant plant modifications with high relevance to safety. 

The following recommendations can be derived from the results of this study: 

1. The group of experts managed to build a bridge between analysts working with deterministic 
and transient analysis methods and those working with probabilistic methods. A suitable 
framework for such collaborations needs to be identified. 

2. A number of limitations of the current SM2A approach have been identified. They should be 
addressed in future work. The most notable of these are: 

− Consideration of several safety variables and acceptance limits; therefore involving a 
wider spectrum of transient simulation codes would have to be included: 3D-kinetics, 
fuel behavior, containment behavior or possibly severe accident codes. 

− When considering several safety variables and acceptance limits, an appropriate PSA is 
needed, by modifying an existent study or adding specific developments. 

− There is a need for development of specific sampling or discretization methods for ad-
dressing uncertain delay times for a more efficient coverage of the problem space. 

− Development of effective evaluation strategies for the probability of exceedance via bi-
ased sampling strategies is required. 

− Development of compute-effective treatment for both aleatory and epistemic uncer-
tainties is required. 

− Integration of dynamically dependent probabilities (e.g., probabilities of delay times) in-
to the simulation models is needed. 

As the application of the (revised) SMAP framework involves a large scale BEPU campaign, im-
provements to the framework can possibly also stimulate new approaches to BEPU: 
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1. The consideration of several barriers and safety variables requires adopting different 
codes, e.g. a system thermal-hydraulic code chained to a containment code or to a severe 
accident code. This asks for an efficient BEPU-procedure for chained codes. 

2. On the background of the large scope of an evaluation of plant safety margin changes, 
the development of computational tools should allow for automating the analysis to a 
high degree. Obvious candidates are discrete dynamic event tree (DDET) tools to address 
the automatic identification of sequence branching points and the respective sequence 
simulations. Its combination with BEPU may well pose new challenges: With the pertur-
bation of the uncertain parameters, transition from one sequence to another one may oc-
cur, e.g. by reaching trip levels. Therefore, adequate number of simulation cases (as sti-
pulated by the Wilks formula) allocated to an individual sequence must be ensured. This 
requires reconsidering the sampling strategy in the space of the uncertain parameters and 
the different sequences if one does not want to simply rely on a brute force approach and 
running cases until adequate number of cases have accumulated for each single se-
quence.  

3. The evaluation of scenarios of long duration could benefit from employing a set of plant 
(input) models with graded levels of modeling detail for different phases of the transient: 
Instead of simply relying on the ever increasing compute power, a set of models staged 
in modeling detail would help to not only reduce the computational effort, but also 
would reduce the amount of data generated. Furthermore, restrictions on the time step 
size could possibly be lessened (in case the numerical solution scheme is not implicit in 
time).  

4. Compared to the range of the phenomena that needs to be considered for design-basis 
accident evaluations, safety margin evaluations have much larger demands as they are 
concerned with a much larger range of phenomena. In this respect, a significant problem 
arises: Is the respective experimental basis adequate for the proper code validation and - 
related to it - the uncertainty assessment for the extended range of phenomena? As a 
consequence, collection of (evaluated) experimental data into publicly available data 
bases (as e.g. the criticality handbook of NSC) appears as an important desideratum if 
not a necessity. Good starts are seen in the SET and IET collections of CSNI CCVM da-
tabases, and the new OECD projects all are providing modern data sets that after a pro-
tection period become publically available.  

Engineering judgment, ideally combined with a systematic expert solicitation process, 
could fill the gaps in uncertainty information where experimental evidence is lacking. 
Likely, it will be an important source of uncertainty characterization especially for phe-
nomena occurring during low-frequency sequences.  
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Risk results from a Swiss BWR power up-rate project

Power up-rate of 14.7 % has no significant effect
Source term changes due to

Increase of inventory (proportional to power increase)
More rapid sequences

Risk increases by 25% to 30 %
Including risk reduction due to 

• Containment venting system
• Enlarged sump suction strainers

Big uncertainty related to this estimate!

Erosion of margin possible



What is the problem?

How can a possible erosion of margins to safety be measured that 
could arise as a consequence of

significant (and ev. multiple) plant modifications  
both beneficial as well as detrimental

Keeping in mind 
licensing procedure ensures that all the acceptance criteria are 
observed



Shift of PDF for MLOCA (6-inch)
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Capacity – Load model of reliability theory
For SM2A: Capacity is defined by acceptance criterion
Probability of exceedance



Distinguish between margin available to licensee and margin controlled by regulator 

Safety Margin Terminology



Implementation by SM2A

Short-lived and focused Appraisal of SMAP methodology required, not real-
life application

Application should reflect multiple changes, including plant changes
Hypothetical (simple) 10% Power Uprate for Zion PWR

Decommissioned plant without sister plants
Was studied in NUREG-1150
(limited) PRA-documentation available (event trees)
Many participants already had input deck (from BEMUSE)



Why 110% power uprate?
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“Margin”

“Margin”

Where to look?

Nominal Operating Point

Acceptance Criterion

Actual Failure Point
(Barrier Integrity Limit)

Increasing Severity in Limiting Variable

Time

Trajectory of 
Success Path 1

Trajectory of 
Success Path 1’

Initiating Event

Significant plant 
modification
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SM2A: Which are the interesting sequences?

Success Criterion 
(PCT, …..)

Marginal Success Paths
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(Major core damage)

Licensing success paths
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Accident Sequences

Event Tree Sequence End States, Sorted By “traditional” Margin
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Scope of  SM2A pilot application

Type Org # Seq. Code Org
LLOCA EDF 2 CATHARE/TRACE EDF/NRI
MLOCA PSI 1 TRACE PSI
SLOCA PSI 1 TRACE PSI
LOSP CNSNS 5 CATHARE IRSN
MSLB STUK 2 ATHLET GRS
SGTR KAERI/KINS 3 MARS KAERI

TT JNES 5 RELAP5 JNES
LOFW NRC 1 TRACE US NRC
L CC/SW CSN Damage domain MAAP (TRACE) CSN
Total SM2A 20 +



Summary of SM2A results

Change of CDF Scenario Section



LLOCA: Modifications of ET

Objectives of ET modifications
make ET delineation valid for « before » and « after » status
make consistent (and realistic) ET delineation and physical scenarios to be 
calculated

each sequence should correspond to a unique non-ambiguous TH scenario so 
that sequence frequency calculation (PRA) and the consequence calculation 
(det. transient analysis) are consistent

to define « frontier » between probabilistic (i.e. PRA model) and deterministic 
(i.e TH code) models

identify input parameters and define adequate probabilistic treatment 
methodology



LLOCA: Modifications of ET

LP header « 1/2 LPSI pumps and 3/3 accumulators » assumes 4th

accumulator not available and lost to the break
Consistent with Cold Leg Break as break may be located on SIT line
Overly conservative for Hot Leg break where all 4 SITs may be available to 
refill lower plenum

ET-1 has been divided into two ET
HL-ET-1 which describes Hot Leg Break
CL-ET-1 which describes Cold Leg Break
Initiating event frequency (i.e. 9,4E-4/y.r for Run1) has been equally distributed 
between HL and CL break events  (i.e. 4,7E-4/y.r for HL break event and 4,7E-
4/y.r for CL break event)



LLOCA: Final CL-ET-1

2/2 LPSI pumps operating+ 3/3 hydro-accumulators available + success of 
recirculation switching 

Laroche, 2009



LLOCA: Break size as probabilistic parameter

PWR Error-Factor Adjusted LOCA Frequency Estimates - 40 
year average fleet operation (from NUREG 1829)
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LLOCA: Final CL-ET-1

Negligible CDF evaluated



Summary of SM2A results

Change of CDF Scenario Section



MLOCA: Transient results

Time from low-low level alarm to critical PCT for nominal and uprated power
1987 sec (~33.1 min) and 1846 sec (~30.8 min), respectively

Time from complete depletion of RWST to critical PCT 
949 sec (~15.8 min) and 809 sec (~13.5 min), respectively

Times from low-low level alarm to RWST empty are identical in both cases
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Exceedance probability increases from 0.123 to 0.286 
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Summary of SM2A results

Change of CDF Scenario Section



LOSP: Event tree 

IE-LOSP Reactor Trip
Emergency 

Power System
Auxilary Feed 
Water / ADVS

SRV/PORV Not 
challenged

SRV/PORV 
Reclose

High Pressure 
Injection

IE-LOSP K3 EPS L1 SRV/PORV SRV/PORV-R HPI N° Conseq. Freq.

1 SM 7,31E-02
2 SM 5,42E-03
3 SM 8,81E-05
4 CD 5,97E-11
5 SM 2,63E-06
6 CD 1,79E-12
7 CD 4,28E-08
8 SBO 3,00E-04
9 ATWS 2,37E-07

7,9E-2

1

3,9E-3



LOSP +Loss of AFW: Event trees



LOSP: Results for SBO + Loss of AFW
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Achievements of SM2A

SMAP framework was proven workable for evaluation of safety 
margins.

Following refinements were needed
• Screening of PSA sequences
• Reformulation of existing event trees

Increase of probability of exceedance for surrogate limit 
indicating core damage was successfully evaluated for chosen 
scenarios from several ET’s

Impact of power uprate could also be traced for scenarios with no 
criteria violation!

Approach makes best benefit from already validated simulation 
models!



Achievements of SM2A (II)

First success in building a team of analysts understanding both 
probabilistic and deterministic safety analysis
First large-scale BEPU campaign! 
Final report published summer 2011

Should become available soon at  
http://www.oecd-nea.org/nsd/docs/indexcsni.html



Lessons learned

Very close interaction between transient simulation experts and 
probabilistic analysis experts key to successful application of 
SMAP framework
Efficient PSA sequence screening is very important
Selection of time delay distributions (operator actions) becomes 
quite crucial. 
SM2A calculation would not be expected to yield a significant 
contributor to CDF



Lessons learned (contd)

Combination of PRA techniques with transient simulation requires 
“discrete” system configurations
Introduction of “TH” header for the conditional probability of 
exceedance into the different sequences can be useful for a 
straight-forward aggregation of the frequency of exceedance



Limitations of SM2A study

Restricted to PCT as single safety parameter (PCT)
Limited scope of events: No ATWS, ISLOCA, RIA, Scenarios 
occurring at Low Power, External Events 
Some modeling assumptions had to be made in light of minimal 
resources available

Assumed simplified power uprate procedure
Restriction to 0D-kinetics
No containment modeling

Only “simple” PSA available



Limitations of SM2A (II)

Different partners use different T/H codes:
possible heterogeneity in the results

Input model qualification?

Sequence screening might have been too simple / coarse:
Cut-off limit: 10-7/yr / 10-6/yr 

Accuracy of exceedance frequency evaluation might be affected 
by availability of limited computing resources 
(-> # runs)



Stimulating New BEPU Approaches?

Well validated codes and models should be applied
Range of “validated” individual code application might well be surpassed

Consideration of several barriers and safety variables requires adopting different 
codes, e.g. TRACE – COBRA, TRACE - MELCOR. 

efficient BEPU-procedure for chained codes (propagation of uncertainty from code to 
code)

Development of computational tools should allow for automating the analysis to a 
high degree. 

Discrete dynamic event tree (DDET) tools to address the automatic identification of 
sequence branching points and  respective sequence simulations. 
Combination with BEPU may pose new challenges: 
• transition from one sequence to another one may occur due to perturbation of uncertain 

parameters, e.g. by reaching trip levels. 
• adequate number of simulation cases (as stipulated by the Wilks formula) allocated to individual 

sequences must be ensured. 
• requires reconsidering the sampling strategy (biased sampling, GA, …)
How to ensure the quality of the calculations in large-scale deployments?
• Automated post-processing assessing quality
• Clustering of results?



Stimulating New BEPU Approaches?

Evaluation of scenarios of long duration could benefit from employing a set of plant 
(input) models with graded levels of modeling detail for different phases of the transient: 

set of models staged in modeling detail 
would help to reduce  computational effort, 
would reduce  amount of generated data. 
Time step size Restrictions could possibly be lessened

Collection of (evaluated) experimental data into publicly available data bases (as e.g. 
the criticality handbook of NSC) appears as an important desideratum if not a 
necessity. 

Good starts are seen in the SET and IET collections of CSNI CCVM databases, 
new OECD projects all are providing modern data sets that after a protection period 
become publically available. 

Engineering judgment, ideally combined with a systematic expert solicitation process, 
could fill the gaps in uncertainty information where experimental evidence is lacking. 

Likely, it will be an important source of uncertainty characterization especially for 
phenomena occurring during low-frequency sequences. 



Thank you for your attention!

Questions?
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