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Abstract 
 
Regulatory environment is characterized by its prevention to change. Any move has to be solidly 
founded. Application in licensing of Best Estimate Plus Uncertainty (BEPU) methods is not an 
exception. Typically a fully deterministic approach as described in IAEA SSG-2 is used for 
design bases accident analyses in current Nuclear Power Plants. In recent years the use of BEPU 
methodologies is gaining favor in the nuclear technology community as a way to optimize design 
and operation while preserving full compliance with applicable regulation. 
 
This paper has its focus on the regulatory relevance of the use of BEPU in licensing practices. A 
regulatory analysis describing the rationale of the evolution from classic deterministic methods to 
BEPU as well as a selected set of topics around the implications of the use of BEPU methods is 
shown. 
 
To finalize some conclusions and thoughts of possible further developments of these methods are 
drawn. 
________________________________________________________________________ 

 
1. Introduction. 
 
Regulatory environment is characterized by its prevention to change. The reasons of this 
prevention are manifold. It is in the benefit of the licensing process to have a stable and coherent 
regulation such that the expectations can be reasonably predicted both in resources and results; 
that is, a well defined regulatory framework is needed. Secondly and perhaps more relevant it is 
the fact that moving from a regulation that has proved to adequately fulfill the mission to protect 
people, as is the case of classic deterministic assessment, to a new one like the Best Estimate Plus 
Uncertainty (BEPU), calls for further justification. 
 
Utilities’ economical reasons arising from the overconservatism of classic Deterministic Safety 
Assessment (DSA) may justify the move to BEPU methods, but in no way prevail upon safety. 
Only if it is proved that, with the current knowledge, the level of safety achieved by the 
application of BEPU is acceptable, while filling the gaps in the current deterministic methods, a 
regulatory change may be justified. 
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IAEA SSG-2 [1] describes in sufficient detail the different analytical approaches to deal with 
deterministic safety assessments of nuclear power plants. Typically a fully deterministic 
approach, Options 1 or 2 as described in the aforementioned guide, is used for design bases 
accident analyses in current Nuclear Power Plants (NPP). Nevertheless, in recent years the use of 
BEPU methodologies is gaining favor in the nuclear technology community as a way to optimize 
design and operation, while preserving full compliance with applicable regulation. 

 
In the following sections, a regulatory analysis around the use of BEPU in licensing practices 
describing the evolution from classic deterministic methods to BEPU and its consistency with 
fundamental safety principles, as well as a selected set of topics around the implications of the 
use of BEPU methods is shown. 
 
2. Regulatory analysis. 
 
Nuclear safety regulation is not an exception to other industrial activities heavily regulated 
because of their potential impact in terms of health and safety of the people i.e.: chemical, 
transport, pharmaceutical, food, etc. All these industries have in common the existence of basic 
safety principles developed in legally binding regulations to protect the affected patrimony (life, 
environment, property) as a result of the unwanted effects resulting from accidents, use or any 
other means. 
 
The set of basic safety principles can be derived from applicable regulation in different countries 
with origin on international treaties or constitutional mandates. Focusing in nuclear power 
industry, IAEA “Fundamental Safety Principles” SF-1[2] compiles and develops these safety 
principles for the case of civil nuclear activities. Obviously IAEA agreements like the Nuclear 
Safety Convention (NSC) [3] and Vienna Convention on Civil Liability for Nuclear Damage 
(VCCLND) [4] make explicit provision to the fulfilment of those principles i.e.: NSC art.1 states 
its objective of protecting individuals, society and environment by means of prevention and 
mitigation, and VCCLND establishes as objective to repair by means of indemnification and 
reinstatement. 
 
Although not explicitly present in these Conventions, it is also of relevance to BEPU methods to 
mention the controversial precautionary principle i.e.: as established in Art.174 of the Treaty 
establishing the European Community and developed in COM(2000)1 [5] which elaborates the 
manner in which the Commission intends to apply the precautionary principle when faced with 
taking decisions relating to the containment of risk. A precautionary action is defined as: “a 
decision exercised where scientific information is insufficient, inconclusive, or uncertain and 
where there are indications that the possible effects may be potentially dangerous and 
inconsistent with the chosen level of protection”. So it is important to note how the application of 
such principle calls for the acquisition of scientific knowledge in order to determine with 
sufficient certainty the risk in question, as well as observe how once the certainty level is 
quantified and risk reduction is feasible to a societal acceptable level a decision can be adopted. 
 
All these principles: precaution, prevention, mitigation, indemnification and reinstatement, 
materialize in each NPP licensing basis, whereas the design basis conforms, in broad terms, the 
technical targets to fulfil the licensing basis. Two complementary and systematic methods i.e.: 
deterministic and probabilistic, are the relevant tools to assess in an integrated way the plant 
safety. NPP have been originally licensed based on the deterministic design of the safety related 
Structures, System and Components (SSC). On the other hand Probabilistic Safety Assessment 
(PSA) methodologies have given a new perspective to safety analysis when hypothesis of the 
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deterministic design break down and so go beyond the basis for the design of those SCC (i.e.: 
concurrent independent failures, escalation, etc). 
 
The challenge faced by the designers of the current fleet of NPP was immense, and it is fair to 
recognise the good job they did as they had to deal with a new technology plagued of new 
questions and need for answers. Basically a theory of protection had to be built from scratch and 
concepts like defence in depth, redundancy, diversity, etc. were introduced in the design [6]. 
Similarly the corresponding accident analysis with the associated methodology of classification, 
acceptance criteria and analytical tools was developed. For the case of USA regulation, this 
process resulted in the issue of the well known 10CFR 50 app.A (1971) [7], 10CFR 50.46 app.K 
(1974) [8] (interesting because of its prescriptive nature), R.G. 1.70 (1972)[9] and technical 
standards like ANSI/ANS 18.2 (1973)[10]. For the case of the European Union the Nuclear 
Regulators Working Group contributed since its creation in 1972 to develop a set of safety 
principles later compiled in COM(81)519 [39].  
 
It is clear that engineering capabilities at that time (early 70’s) were heavily conditioned by the 
limited scientific and technology knowledge, limited data and computing capacity. As a result a 
common engineering practice was adopted making use of the so called worst case scenario as 
well as the use of large safety margins together with the adoption of defence in depth principles. 
All of that resulted in the deterministic methodology. 
 
Consistently with that environment, IAEA Glossary [40], defines deterministic analysis as:  
 “-Analysis using, for key parameters, single numerical values (taken to have a 
probability of 1), leading to a single value of the result. 
  -In nuclear safety, for example this implies focusing on accident types, releases and 
consequences, without considering the probabilities of different event sequences. 
  -Typically used with either “best estimate” or “conservative” values, based on expert 
judgement and knowledge of the phenomena being modelled”  
 
Without going into a deeper critical analysis of the definition, it is apparent that no room for 
BEPU methods based on the propagation of uncertainties is considered, while otherwise it is 
consistent with Options 1 and 2 as defined in [1]. 
 
As nuclear technology matured and especially after the Three Mile Island accident, extensive 
experimental work was made in order to gain data and so to reduce the scientific uncertainty 
associated to complex thermal-hydraulic phenomena. International programs like LOFT [11] and 
a multitude of International Standard Program (ISP) under the auspice of the Organisation for 
Economic Co-operation and Development (OECD), largely contributed to the development of a 
data base suitable for code validation and verification [12], all that resulting in the development 
of Thermal Hydraulic (TH) realistic system codes representing the best available knowledge. This 
new generation of codes pretend to be a realistic image of the physics involved in real plant 
transients or accidents, but as a result of the imperfect knowledge of nature, as well as from the 
mathematics formalism reduction (averaging process, discretization, numerics, etc.) they produce 
uncertain results. The improved knowledge of TH phenomena supported by a qualified 
experimental data base [13] allowed for the relaxation of prescriptive regulation like [8], giving 
room to Best Estimate (BE) methods accompanied by an uncertainty analysis (see 10.CFR 50.46 
(a)(1)(i)). This was recognised in the so called Code Scalability Application and Uncertainty 
(CSAU) method [14] where a structured approach for the licenciability of this sort of methods 
compatible with such rule was described and supported in R.G.1.157 [15] and more recently 
R.G.1.203 [36]. 
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As a recognition of the relevant role that BEPU methods were to take in nuclear safety analysis, 
international organisations like OECD and the International Atomic Energy Agency (IAEA) 
adopted an strategy to advance in the qualification of the different methods (e.g. Uncertainty 
Methods Study (UMS) [16], Best Estimate Methods Uncertainty and Sensitivity Evaluation 
(BEMUSE) [17], Uncertainty Analysis in Modelling (UAM) [18] OECD benchmarks), and to 
assess the integration of BEPU methods in design and operation of Nuclear Power Plants (NPP) 
as collected in the following set of IAEA references [19, 1, 37, 38]). These efforts continue and 
the present workshop is a good example of it. 
 
3. Selected topics 
 
In this section a number of different topics are developed. All of them relate to the implications, 
mainly regulatory, that derive from the use of BEPU methods with regard the conservative 
deterministic methods traditionally used. A more detailed description can be found in [20, 21, 
22]. 
 
3.1 Deterministic safety analysis and probabilistic safety margin 
 
From a regulatory perspective it is important to note how BEPU methods have an impact on the 
widely used concept of safety margin, and in particular the move from a traditional concept of 
safety margin mainly based on the discrepancy between a maximum design load and the capacity 
at which a safety function is lost. The use of BEPU methods derives into a definition of the safety 
margin based on likelihood measures, typically probabilities. The use of the Traditional Safety 
Margin (TSM) has the benefit to allow for both significant simplifications on design methods and 
an easy way to build up conservatism, typically verified by extensive sensitivity analyses. On the 
contrary, because of the nature of the metrics it does not allow for a collective assessment of 
safety margins, and an improper use may give a misleading view of “having enough margin”. 
 
The use of a probabilistic definition of safety margin is not entirely new in the deterministic 
safety analysis. Acceptance criteria are established, in the regulation of different countries, with 
regard to the failure probability of individual fuel rods and failure probability of a given number 
of fuel rods against anticipated operational occurrences. 
 
The definition of “probabilistic safety margin” was proposed in early works related to the 
combination of best-estimate analysis and Level 1 probabilistic safety assessment [44]. 
 
Following [21], the probabilistic safety margin (PSM) associated to a safety output V during a 
transient or accident A is defined as: 
 

( ) ( )ARVPRAVPSM V || ∈≡                                                 (1) 
 
, where RV is the ‘‘acceptance region’’ established by the regulator for output V. The 
complementary of RV can be termed the “forbidden region”. These regions are bounded by the 
safety limits. (1) is a probability conditioned to the occurrence of A. 
 
The difference to 1 of the PSM is the probability of “exceeding the limits”: 
 

( ) ( ) ( )ARVPRAVPSMAVP VEX ||1| *∈=−≡                       (2) 
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, where R*

V is the forbidden region for V.  
Defining the safety margin as a probability has several advantages, because it is nondimensional, 
ranges in the interval [0, 1], and can be applied to both escalar and multidimensional safety 
outputs. Furthermore, probabilistic margins can be combined according to the laws of probability.  
 
As an example, let us suppose a safety barrier B having several failure modes, the k-th failure 
mode being typified by a scalar safety output Vk with an upper safety limit Lk, k = 1, . . ., F. A 
safety margin can be assigned to the barrier, conditioned to the accident A: 
 

  

( ) ( )








<≡
=


F

k

kk ALVPRABPSM
1

||                                                       (3) 

 
 
, which is the probability of no failure conditioned to A. It is an example of PSM for a 
multidimensional safety output. 
 
 
Similarly and for a given initiating event (IE) with derived sequences A1,...,As, the definition (1) 
can be extended to the IE:  
 

( ) ( )IERVPRIEVPSM V || ∈≡                                                   (4) 
 
, expressible, according to the law of total probability, as: 
 

 ( ) ( )j

S

j
j AVPSMpIEVPSM ||

1
∑
=

=                                               (5) 

 
 
That is, the margin for the initiator is a weighted average of the margins for sequences, the 
weights being the conditional probabilities:  
 

( )IEAPRp jj |≡  
 
An example of this may be a LOCA analysis with several combinations of single failures, giving 
rise to different sequences to analyze. 
  
Consider now that all the initiating events which induce transients of V could be grouped into M 
categories IEi, i = 1, . . .M . The frequency of V exceeding the limits is: 
 
 

( ) ( )[ ]i

M

i
iV IEVPSMRV |1

1
−=∈ ∑

=

∗ νν                                             (6) 
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, where υi is the frequency of IEi . In (6) the frequencies of initiators combine with the exceedance 
probabilities: 

 

( ) ( )[ ]∑
=

−=−
jS

j
ijiji AVPSMpIEVPSM

1
|1|1                            (7) 

 
Aij being the j-th sequence evolving from the i-th initiator, and pij its conditional probability: 
 

( )iijij IEAPRp |≡                                                                                                
 
 
In (6) the uncertainty about V, represented by the PSM, merges with the aleatory uncertainty 
represented by the frequencies υi. We conclude that probabilistic safety margins can combine 
with initiator frequencies and produce exceedance frequencies, which constitute the plant risk. 
 
Let us analyse how PSM and consequently BEPU methods fit within a deterministic safety 
analysis methodology. With this aim, we suppose that V is a scalar safety output upon which an 
upper safety limit L has been imposed. The PSM for V given an initiating event IE is: 
 

( ) ( )IELVPRIEVPSM || <≡                                                            (8) 
 
, and can be expressed in terms of the probability distributions of both V and L: 
    

( ) ( ) ( )dsIEsFsfIEVPSM VL || ∫
+∞

∞−
=                                               (9) 

 
 
, where fL is the probability density function (pdf) of L and FV is the cumulative distribution 
function (cdf) of V conditioned to the occurrence of A. (9) is a convolution integral. 
 
Let us now suppose that Vb is a large value of V obtained from a limiting scenario evolving from 
IE and calculated with a conservative methodology. Typically, Vb would correspond to a Design 
Basis Transient (DBT). This means that the probability of V being less than Vb conditioned to IE 
is very close to 1. Notice that such probability is formally a PSM of V with respect to Vb, and 
therefore has the sense of an analytical safety margin. As proved in [22], from (9) derives the 
following inequality: 
 
 

( ) ( ) ( )IEVVPRDBTVPSMIEVPSM b ||| ≤⋅>                    (10) 
 
, with 
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( ) ( )IELVPRDBTVPSM b || <≡                 
 
, which is the PSM for the design basis transient. 
 
 
(10) illustrates that a high margin for V in the DBT assures a high margin in the enveloped IE 
 
Considering, as in (6), M categories of initiating events, and using (10), we obtain an upper bound 
for the exceedance frequency of L 
  

( ) ( ) ( ) ( )∑∑
==

>+≥≤<>
M

k
bkkbk

M

k
bkk VVPRLVPRVVPRLV

11
ννν        (11) 

 
,where a DBT has been defined for each category. The first addend in the right hand side of (11) 
represents the contribution of the transients enveloped by the DBTs (those within the design 
basis) and the second one is the residual contribution stemming from the not enveloped fraction 
(beyond design basis sequences, BDBS). Notice that, in order to obtain a general result, the limit 
L has been considered as uncertain 
 
The right hand side of (11) gives the exceedance frequency of L supposing that the BDBS result 
in a limit violation (i.e. progress beyond design basis assumptions). 
 
If the DBT is adequately chosen, the residual term can be neglected against the main one, and the 
maintenance of the safety margin is assured through the enveloping character and the safety 
margin of the DBTs. This is the basis of the deterministic design approach. In the realistic 
methodologies of DSA, the value Vb of the output V in the enveloping transient is an uncertain 
rather than a constant value. But the cornerstone of the method still remains: the high safety 
margin is assured through the definition of an enveloping transient with a safety margin high 
enough. 
 
Note that (11) reduces to the classical fully deterministic approach when PR(Vbk ≥ L) = 0 and 
PR(V≤Vbk ) = 1 (a strong statement that calls for proof) and as a result the frequency of 
exceedance for a given IE is that of the BDBS (e.g. several independent single failures). Also 
note that a traditional safety margin, defined as L minus Vb may be misleading as it carries no 
information on the probability to exceed the safety limit, so it needs to be supplemented by a 
validation against a BEPU method. This in fact has been a driving force for the development of 
BEPU methods, and justifies a regulatory move as said before. Proof like this has been 
incorporated into regulation. An example are the “requirements for LOCA safety analyses” of 
RSK [23]  
 
As a result of this analysis it is demonstrated that the use of BEPU methods, termed Option 3 in 
[1], is fully compatible with a deterministic methodology. It is possible to move from option 3 to 
option 2 (BE code plus conservative single valued hypothesis) by being more conservative in the 
assignation of probability distributions to uncertain inputs, thus producing a “Better Estimate” 
approach. As a limit case, fixed conservative values (i.e. degenerate probability distributions) can 
be assigned to all the uncertain inputs, and therefore a single calculation will carry all the 
information (option 1). 
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3.2 Probabilistic acceptance criteria. 
 
As for any other hazardous industry, NPP risk analysis is based on a societal acceptable risk in 
terms of damage to public and individuals, and the risk is measured in terms of frequency of 
exceedance of the allowed damage, which is built as the cumulative frequency of individual 
events.  Current NPP deterministic design is characterized by a strategy of events classification 
[10, 24, 25, 26, 27], mostly using the frequency of the initiating event as the criterion to establish 
the category. An exception is [25]. 
 
Given the frequency of the IE, it is allocated to a corresponding category and by means of the 
accident analysis verified the fulfilment of the applicable acceptance criteria in terms of barriers 
damage and dose limits i.e. consequence analysis. 
 
Under a fully deterministic approach the probability of an accident progressing beyond the 
deterministic design basis of the affected SSC is negligible  (partially verified by means of PSA 
level 1 analysis). For BEPU analyses, generally a non-zero probability exists to surpass the safety 
limit and as a consequence an escalation in the damage to happen. In order to estipulate a limit to 
the PSM it is basic to constrain the allowable damage for the residual cases that under a BEPU 
method will violate the limit. In other words, the probability to exceed the safety limit should be 
commensurate to the consequences in terms of damage arising from those cases. 
  
An acceptance criterion for the PSM of the enveloping transient should read: 
 

( ){ } α−≥> 1| 0MDBTVPSMPR                                 (12) 
 
, that is, the margin must be higher than M0, a value close to 1, and a high statistical confidence (α 
is a low value).  
 
The requirement of high statistical confidence is due to the finite size of the random samples used 
in the calculation of the PSM. The values of both M0 and α are imposed by the regulatory 
authority. Typically M0 and 1-α have been both set to 0.95  
 
Recalling the definition (1) of PSM, the criterion (12) may be expressed in a fully probabilistic 
fashion:  
 

{ }{ } α−≥>∈ 10MRVPRPR V                                     (13) 
 
, so that the presence of V in the acceptance region is required with high levels of probability and 
statistical confidence. 
 
An alternative formulation of (13) is 
 

( ){ } α−≥−<∈ ∗ 11 0MRVPRPR V                                   (14) 
 
, now in terms of the probability of “exceeding limits” (i.e. entering the forbidden region) 
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Assessing the PSM by a pure Monte Carlo procedure can be envisaged as a computational 
binomial experiment. Each Monte Carlo run has two possible outcomes: “success” if V falls 
inside the acceptance region, and “fail” otherwise. This is captured by a random variable S taking 
one the value 1 for success and 0 for fail. S is a Bernoulli random variable, with parameter 
PSM(V|DBT) 
 
Thus, the PSM is the expected value of S: 
 

( ) [ ]SEDBTVPSM =|                                         (15) 
 
 
The acceptance criterion may be multidimensional, i.e. a condition on a multidimensional safety 
output, or a set of conditions on scalar safety outputs. Very well-known examples are the criteria 
about the LOCA-ECCS analyses, imposed on Peak Clad Temperature (PCT), Core Wide 
Oxidation (CWO) and Local Clad Oxidation (LCO). In this case, pure Monte Carlo runs are also 
binomial experiments producing an index S.  
 
 
3.3 PSM calculation methods: uncertainty methodology. 
 
When uncertainty is taken into account, DSA acceptance criteria adopt the probabilistic form 
stated in (12)-(14). There is no regulatory prescription about the methodology to use in the check 
of such criteria.  
 
As stated in [20] there are two basic procedures for checking the acceptance criteria with the form 
(12-(14), from a random sample of the output V: 
 

1) Construction of a tolerance region for V, with coverage/confidence levels of at least 
M0/(1-α), and check that such region is inside the acceptance region RV. 

2) Construction of  a lower confidence limit, with level 1-α, and check that it is higher than 
M0   

  
 
BEPU methods, almost unanimously, focus on the procedure 1). Pioneering works as [13, 14, 28, 
29] followed multistep methodologies to qualify and perform a quantification of reactor safety 
margin, all of them having in common the use of Monte Carlo sampling of a response surface 
metamodel. Most of current models perform the uncertainty analysis by propagation of the 
uncertainty embedded in probabilistic density functions of input and model variables through the 
evaluation model i.e.: a qualified code and plant model, to produce an uncertain output. The 
method described in [30] make use of the accuracy quantification of the output by means of an 
elaborated treatment of applicable experimental data bases. 
 
The aforementioned methodologies are mostly nonparametric (i.e. distribution-free) in the sense 
that do not assume any parametric form for the probability distribution of V. All methodologies 
based on Wilks’ method, pioneered by [31] have a nonparametric approach.  
 
In some methodologies, parametric methods are used, assuming a parametric distribution for the 
outputs (mainly the normal one). Such assumptions require demonstration, mainly by using 
goodness-of-fit tests.   
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Now we will refer to the check of acceptance criteria by the procedure 2), based on the 
construction of a confidence limit of the PSM from a simple random sample (SRS) of V. This is 
the simplest sampling procedure, and will be assumed here because it is almost unanimously used 
in the current BEPU methodologies. The SRS is supposed to be obtained by repeatedly running 
the code for a SRS of inputs. To simplify, we will assume a fixed acceptance region, so that the 
acceptance limits are not uncertain. 
  
A lower confidence limit with level 1-α for the PSM is a statistic PL such that: 
 
 

( ){ } α−=≤ 1| DBTVPSMPPR L                                      (16) 
 
That is, (0, PL ) is a one-sided (1-α)-confidence interval 
 
 
If the obtained PL is higher than M0 , the criterion (12) is fulfilled. 
 
Methods to set up confidence limits on a probability (as PSM) can be parametric or 
nonparametric, and a survey of them is found in [42]. Nonparametric (i.e. distribution-free) 
methods can be classified as frequentist (or classical) and Bayesian. 
 
Frequentist methods only make use of the information provided by R and N, where R is the 
number of values in the SRS of V falling inside the acceptance region. So, R is a binomial 
variable for N runs and a “success probability” equal to the PSM. We mention the Clopper-
Pearson interval (the so-called “exact method”), which gives as lower confidence limit 
 

( )1, +−= RNRbetaPL α                                                         (17) 
 
, that is, the α-quantile of the beta distribution with parameters R and N-R+1. 
 
Bayesian methods can accommodate “a priori” information about the parameter to be estimated, 
in the form of a prior probability distribution. The application of Bayes’ theorem combines the 
information of the random sample with that of the prior, producing a posterior probability 
distribution for the parameter. The simplest case is when the prior is a beta distribution, beta(γ,δ), 
because it produces a posterior which is also beta, beta(γ+R , δ+N-R). Then, it is immediate to 
find a lower credible limit as 
 

( )RNRbetaPL −++= δγα ,                                                      (18) 
 
 
Both (17) and (18) tend to the single value R/N when N→∞. But for small or moderate N both 
methods can give quite different values, depending on the chosen prior. Of course, the main 
problem in the Bayesian method is precisely the election of the prior. The information conveyed 
by a beta(γ,δ) prior could be described as “γ successes in γ+δ runs”. The prior information about a 
PSM could be obtained from previous or analogous analyses, in NPPs or integral facilities, and 
experts’ elicitation. 
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The Bayesian formulation can even represent the complete lack of “a priori” information”, by 
using the so-called noninformative priors, for instance the uniform distribution, beta(1,1), or the 
Jeffreys prior, beta(1/2 ,1/2)   
 
Parametric methods can also be used in the confidence limit estimation, when parametric 
distributions are assumed for V and L. Goodness-of-fit tests must be applied to the data, before 
confidently assigning the distributions. 
 
When the expected value of the PSM is quite large (i.e. very close to 1), it is clear that the 
acceptance limits are located in the tails of the V distribution. In such cases, there are sampling 
procedures to check (12)-(14) more efficiently than SRS, mainly stratified sampling and 
importance sampling, which focus on the tail regions of V close to the acceptance limits. 
 
 
 
3.4 BEPU methodologies and validation. 
 
 
BEPU methodologies must undergo a verification and validation process before being accepted 
for the licensing task. In the validation process, real data, from experimental facilities and plants, 
are compared with predictions of the methodology.  
 
The relevance of Integral Effect Tests (IET) in validation must be stressed. They were formerly 
planned as a means to qualify the predictive capacities and accuracy of codes [32], but they also 
play a fundamental role in the verification of uncertainty methodologies itself. 
  
It may be argued that model uncertainty results against IET data will be affected by scale 
distortion, particularly when some models have been qualified against 1:1 power to volume 
mockups. On the other hand, it is not evident [33] that the magnitude of scale distortions could 
suffice to discard the outcome of the BEPU method validation against IET. 
 
IET have as peculiarity the controlled environment in which the experiments are performed. This 
means that uncertainties about initial and boundary conditions are reduced with regard to those 
from a NPP, whereas the model uncertainties remain. 
 
Once verified and valicated, BEPU methodologies may also be used to validate other 
methodologies, aimed to obtain bounding results. The use of a BEPU methodology for validating 
a bounding methodology is quite similar to that in licensing; in both cases there are acceptance 
criteria, focused on the non exceedance of a safety limit or a conservatively calculated value.  
  
On the other hand, the validation of realistic model is a different exercise from both the licensing 
and the conservative validation. Now the acceptance criteria are focused on the closeness of the 
calculated values of the important outputs to their real values, taking into account both prediction 
and measurement uncertainties. These important outputs can be different physical magnitudes, or 
magnitudes in different spatial locations and/or in different time instants. 
 
There are many techniques to make the comparison between predicted and real values. When we 
have a Monte Carlo random sample of the outputs, a possibility is to formulate the validation 
exercise as a statistical hypothesis test. As a very simple example, let us suppose a experiment 
where a scalar output V is measured, giving a value E with a negligible uncertainty. The 
validation process could be based on testing the following hypothesis:  
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H0: “E is compatible with the distribution of V“ 
 
For testing H0, an acceptance interval may be set up as follows. Given a SRS of size N for V, the 
probability that a new observation of V is bracketed by two OS is [43]. 
 
 

{ }
1:: +

−
=<<

N
rsVVVPR NrNr                                         (19) 

 
i.e. it only depends on the two orders and N. If the probability (25) equates to 1- α, [Vr:N , Vs:N] is 
an acceptance interval for testing H0 with significance level α. If we decide to use the sample 
extremes (s=N , r=1), the minimum size needed for the sample is obtained by equating (25) to 1- 
α and solving for N: 
 





 −

=
α
α2

minN                                                               (20) 

 
 
For α=0.05, (20) gives a minimum size of 39. So, if a random sample of size 39 is obtained for V, 
and the measured value E is between the extremes of the sample, we accept the hypothesis H0.  
 
This is a simple example, using order statistics. Several other approaches exist.  
 
The validation is performed for the class of accident scenarios dealt with by the methodology. 
 
 
3.5 Characterisation of models uncertainty 
 
At the core of most BEPU methods it is the characterisation of the uncertainty of models relevant 
to the dominant phenomena of the scenarios being simulated. This uncertainty is epistemic in 
nature, due to lack of knowledge and imperfection of models. The calculation of model 
uncertainty from experimental data has been recognised [17] as an element of improvement of the 
methodologies. Some international exercises are being set up about this topic [34]. 
 
From the regulatory standpoint this concern has also been subject to discussion. The use of 
probability theory to model epistemic uncertainty has been called into question, especially when 
the information is scarce. Even when probability distributions are used, the combination of 
epistemic and aleatory uncertainties is questioned. Anyway, probability distributions should be 
assigned with a certain degree of conservatism to be acceptable in the BEPU analysis. 
 
As an example, when probability distributions are assigned to model parameters from a sample of 
experimental values, the statistical uncertainty (stemming from the finite size of the sample) 
should be taken into account. A possibility is to obtain the empirical cumulative distribution 
function (ecdf) supplemented with confidence bands (see fig 1), either one-sided or two-sided. 
Furthermore, such bands can be either pointwise or global.  
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Fig.1 Uncertainty on the empirical cumulative distribution 

 
3.6 Impact on Technical Specifications 
 
Technical Specifications (TS) and methodologies of accident analyses are closely connected. It is 
by means of the accident analysis that the operational space and systems operability requirements 
are verified against the fulfilment of acceptance criteria. In that sense those process variables that 
are initial conditions of the design bases events are incorporated to their extreme values into the 
limiting conditions for operation (LCO), thus defining the safe boundaries for operation. This is 
clearly shown in the CNS [3], art.19 ii) “operational limits and conditions derived from the safety 
analysis, tests and operational experience are defined and revised as necessary for identifying 
safe boundaries for operation.”  
 
Current interpretation is compatible with options 1 & 2 from ref [1], where LCO values of 
variables or parameters part of a Design Basis Transient (DBT) are used, that is, DBT envelops 
extreme values of the operation space. 
 
BEPU methods often include uncertainty on the operational parameters dealt with in the 
Technical Specifications as LCO so that probability distributions are assigned to such parameters. 
Typically the LCOs are located in the tails of the real density functions (pdfs) of the parameters. 
Because of that, BEPU methodologies based on pure Monte Carlo propagation (i.e. simple 
random sampling of the inputs) with a small or medium number of runs will not provide a real 
exploration of the regions close to the LCOs. In that sense, BEPU results do not strictly bound the 
allowed operation space, e.g. operation with all variables, or a number of them, sufficiently close 
to their LCO is not demonstrated to be a safe initial condition for the corresponding initiating 
event. 
 
The crucial point is that safety analyses must prove not only that the real operation is safe, but 
also that the allowed operation of the plant is safe. BEPU methodologies are not fit for obtaining 
TS limits; rather, their compatibility with them must be proved. A strict procedure to do that 
should fix the TS parameters on their limit values upon performing the BEPU analysis. But looser 
procedures could be envisaged [41], by assigning to the operational parameters probability 
distributions which are not based on the real operation, but on the allowed operation of the plant, 
so that they assign a non negligible, or even significant value to the probability of violating the 
operating limits (see fig. 2). For BEPU methodologies based on pure Monte Carlo, the goal is a 
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significant exploration of the regions close to the TS limits. In [41] several criteria are proposed 
to accomplish such goal. 
 
These modified probability distributions assigned to the operational parameters must be object of 
surveillance, to check that they really bound the measured values in the plant 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2 Treatment of uncertain variables and Technical Specifications. 
 
 
3.7  Code accuracy and user qualification. 
 

 
Prior to the development of an uncertainty method, code eligibility should be performed and 
accuracy determined through a verification and validation process. 
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Code accuracy should be evaluated for the selected application scenarios for a “nominal case” 
avoiding unjustified “tuning”. Modeled physics (including special models), spatial and time 
discretization as well as numerical solutions must rely on sound principles and be consistent 
with the code functional requirements through a validation process. Code accuracy can only 
be claimed if confirmed through an exhaustive contrast against experimental, operational data 
and even analytical solutions.  
 
As full scale validation is rarely possible, claimed code accuracy may be subject to 
questioning because of scale distortion between real plant and experimental facilities. It is 
important to confirm that code accuracy is preserved through scale variations or in other case 
identify the reason, e.g. special models, empirical correlations, etc and quantify the impact.  
 
Code user effect has long been recognized as an important if not limiting element to consider 
in any nuclear safety application of thermal hydraulic system codes [35]. In order to limit 
such effect, appropriate training of the individuals, technology competence and resources are 
basic. For the case of licensing calculations, strict design procedures should be required. 

 
 
Conclusions 
 
 

1. Nuclear safety assessment based on classical Deterministic Safety Assessment (DSA) has 
proved to be a robust methodology in support of current Nuclear Power Plants Design 

 
2. Evolution towards Best Estimate Plus Uncertainty (BEPU) methods was a lengthy process 

result of a coherent effort from the nuclear safety technology community and fully 
consistent with regulation. 

 
3. The move from classic DSA to BEPU methods implied the adoption of probabilistic 

acceptance criteria, and the definition of probabilistic safety margins (PSM) 
 

4. The probabilistic definition of safety margin allows the use of combination rules derived 
from probability theory. 

 
5. BEPU methods rigorously allow for the confirmation of the conservative nature of classic 

deterministic methods. 
 

6. A variety of uncertainty treatment methods possibilities exist which are in principle 
compatible with regulation. 

 
7. Verification of BEPU methods against Integral Effect Tests (IET) is needed. Development 

of specific methods to deal with that would be desirable. 
 

8. Special care should be exercised when developing probability distributions for model 
parameters. OECD PREMIUM benchmarks will hopefully test different methods to deal 
with the issue. 

 
9. Implementation of BEPU methods with licensing purposes should appropriately consider 

its impact on Technical Specifications of the nuclear power plant. 
 

NEA/CSNI/R(2013)8/PART2

145



10. Code accuracy should be demonstrated to be scale independent for licensing scenarios 
where the BEPU method is intended to be applied. 

 
11. Strict rules with regard to code user qualification and design procedures should be part of 

the methodology assessment process. 
 

 
References 
 

1. IAEA SSG-2, 2009 “Deterministic Safety Analysis for Nuclear Power Plants” 
2. IAEA Safety Standards Series No. SF-1 “Fundamental Safety Principles” 
3. IAEA, INFCIRC/449, 5 July 1994 “Convention on Nuclear Safety” 
4. IAEA, INFCIRC/500, 20 March 1996 “Vienna Convention on Civil Liability for 

Nuclear Damage 
5. Brussels, 2.2.2000 COM(2000) 1 final “Communication from the Commission on 

the  precautionary principle” 
6. JEN 429 Villadóniga J.I., Izquierdo J.M.,“Importancia del análisis de transitorios en 

el  proceso de autorización de centrales nucleares de agua ligera”. Junta de Energía 
Nuclear, 1979. 

7. 10 CFR 50 Appendix A “General design criteria for nuclear power plants” 
8. 10 CFR 50 Appendix K “EECS evaluation models” 
9. NRC Regulatory Guide 1.70 “Standard Format and Contents of Safety Analysis 

Reports for  Nuclear Power Plants” 
10. ANSI N18.2-1973 “Nuclear safety criteria for the design of stationary pressurized 

water reactor plants.” 
11. OECD LOFT-T-3907 “An Account of OECD Loft Project”, May 1990 
12. NEA/CSNI/R(1996)17 “ CSNI Integral test facility validation matrix for the 

assessment of thermal-hydraulic codes for LWR LOCA and transients”, 1996 
13. NUREG-1230, Aug 1988 “Compendium of ECCS Research for Realistic 

LOCA Analysis” 
14. NUREG/CR-5249 “Quantifying Reactor Safety Margins” Oct-1989 
15. NRC Regulatory Guide 1.157, “Best-Estimate Calculations of Emergency Core 

Cooling System Performance” 
16. NEA/CSNI/R(1997)35 “Report on the Uncertainty Methods Study” Vol. 1, 

1998. 
17. NEA/CSNI/R(2011)4 “ BEMUSE Phase 6 Report - Status report on the 

 area, classification of the methods, conclusions and recommendations” 
18. http://www.oecd-nea.org/science/wprs/egrsltb/UAM/index.html Expert Group 

on  Uncertainty Analysis in Modelling (UAM) 
19. IAEA General Safety Requirements (GSR) part 4 “Safety Assessments for Facilities 

and Activities” 2009 
20. R. Mendizábal, “BEPU methodologies and multiple outputs”, NURETH-13 , 

Kanazawa,  September 27-October 2, 2009. 
21. R. Mendizábal “Probabilistic safety margins: Definition and calculation” Safety, 

Reliability and Risk Analysis: Theory, Methods and Applications – © 2009 Taylor & 
Francis Group, London, ISBN 978-0-415-48513-5 

22. J. Hortal, R. Mendizábal & F. Pelayo “What does ‘‘safety margin’’ really mean?” 
Safety, Reliability and Risk Analysis: Theory, Methods and Applications © 2009 
Taylor & Francis Group, London, ISBN 978-0-415-48513-5 

NEA/CSNI/R(2013)8/PART2

146

http://www.oecd-nea.org/html/nsd/docs/1996/csni-r1996-17.pdf�
http://www.oecd-nea.org/html/nsd/docs/1997/csni-r1997-35.pdf�
http://www.oecd-nea.org/html/nsd/docs/2011/csni-r2011-4.pdf�


23. RSK Recommendation “Requirements for LOCA safety analyses” 20/21 July 2005 
(385th meeting) 

24. IAEA NS-R-1 “Safety of Nuclear Power Plants: Design”, 2000 
25. ANSI/ANS-51.1-1983 Nuclear safety criteria for the design of stationary pressurized 

water reactor plants. 
26. STUK YVL 2.2 “Transient and Accident Analyses for Justification of Technical 

Solutions at Nuclear Power Plants” 26 August 2003 
27. “Safety assessment principles for nuclear power plants”, 

http://www.hse.gov.uk/nuclear/saps/ 
28. EUR 9600 EN “Response Surface Methodology Handbook for Nuclear Reactor 

Safety”, 1984 
29. NUREG 940 “Uncertainty Analysis for a PWR Loss-O-Coolant Accident” 1980 
30. F.D’Auria, N.Debrecin, G.M.Galassi: “Outline of the Uncertainty Methodology 

based on Accuracy Extrapolation (UMAE)” J.Nuclear Technology, Vol.109, No 1, 
pg 21-38, 1995 

31. H.Glaeser, E. Hofer, M Kloos, T. Skorek: “Uncertainty and Sensitivity Analysis of a 
Postexperiment Calculation in Thermal Hydraulics”, Reliability Engineering and 
System Safety. Vol. 45, pp. 19-33, 1994 

32. R. Kunz, J.Mahaffy, “A Review of Data Analysis techniques for Application in 
Automated Quantitative Accuracy Assessments” International meeting on “Best 
Estimate” Methods in Nuclear Installations Safety Analysis (BE-2000) Washington, 
DC, November, 2000. 

33. F.D’Auria, G.M.Galassi “Scaling in nuclear reactor system thermal-hydraulics” 
Nuclear  Engineering and Design 240 (2010) 3267-3293 

34. T. Skoresz, A, de Crecy “PREMIUM- Benchmark on the quantification of the 
uncertainty of physical models in the system thermal.hydraulic codes” 
OECD/CSNI Workshop on Best Estimate Methods and Uncertainty 
Evaluations, Barcelona 2011 

35. S.N. Aksan, F.D’Auria, H. Städke: “User Effects on the Transient System Code 
Calculations” NEA/CSNI/R(94)35, January 1995 

36. NRC Regulatory Guide 1.203 “Transient and accident analysis methods” 
37. IAEA SRS No. 23 “Accident analysis for Nuclear power plants” 
38. IAEA SRS No.52 “Best Estimate Analysis for Nuclear power plants: Uncertainty 

Evaluation” 
39. COM(81)519  “Safety principles for light water reactor nuclear power plants” 
40. IAEA Safety Glossary. Terminology used in nuclear safety and radiological 

protection ed. 2007 
41. R. Mendizábal and F. Pelayo, “BEPU methodologies and plant Technical 

Specifications”. Proceedings of the ASME 2010, August 1-5 2010, Montreal. 
42. NUREG/CR-6823 “Handbook of parameter Estimation for Probabilistic Risk 

Assessment” 2003 
43. David, H. A., Nagaraja, H. N. (2003) Order Statistics (3rd Edition). Wiley, New 

Jersey 
44. H.F. Martz et al, “Combining mechanistic best-estimate analysis and Level 1 

probabilistic risk assessment”. Reliability Engineering and System Safety 39 (1993) 
89-108. 

 

NEA/CSNI/R(2013)8/PART2

147

http://www.hse.gov.uk/nuclear/saps/�


C
S

N CSNI Workshop on OECD/CSNI Workshop on 
Best Estimate methods and Uncertainty 

Evaluations

Use and application of “best estimate plus 
uncertainty” methods. A regulatory view

Fernando Pelayo & Rafael Mendizábal
Consejo de Seguridad Nuclear (Spain)

Barcelona, November 16-18, 2011



C
S

N
Use and application of “best estimate plus

uncertainty” methods. A regulatory view

Focus of the presentation:
- To review the regulatory basis and development in support of 
BEPU methods,
- To emphasize what BEPU methods contribute to increase safety by 
quantifying uncertainty,
- To highlight some specific topics linked to BEPU methods 
licensability as possible lines of future development.

Structure:
- Regulatory analysis,
- Selected topics,

- Deterministic safety analysis and probabilistic safety margin,
- Probabilistic acceptance criteria,
- Uncertainty methodologies, 
- BEPU methods and validation,
- Characterisation of models uncertainty,
- Compatibillity with Technical specifications,
- Code accuracy and user qualification.
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Regulatory analysis (1/6)

• Regulatory environment is characterized by its prevention to change.

The reasons of this prevention are manifold. It is in the benefit of the
licensing process to have a stable and coherent regulation such that the
expectations can be reasonably predicted both in resources and results

a well defined and stable regulatory framework is needed.

• Moving from a regulation that has proved to adequately fulfill its
objectives like classic deterministic safety assessment to a new one like
the Best Estimate Plus Uncertainty (BEPU), calls for further justification.
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Regulatory analysis (2/6)

• All hazardous industries have in common the existence of basic
safety principles developed in legally binding regulations to protect
the affected patrimony (life, environment, property) as a result of
the unwanted effects arising from accidents, use or any other
means.

• Basic safety principles can be derived from applicable regulation in
different countries with origin on international treaties or
constitutional mandates

• Focusing on nuclear power industry, IAEA “Fundamental Safety
Principles” SF-1 compiles and develops these safety principles for
the case of civil nuclear activities.

• Prevention and mitigation from Nuclear Safety Convention, and
indemnification and reinstatement from nuclear liability conventions
constitute a set of core principles.
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Regulatory analysis (3/6)
Precautionary principle an BEPU methods

• A precautionary action is defined (COM(2000)1) as: “a decision
exercised where scientific information is insufficient, inconclusive, or
uncertain and where there are indications that the possible effects
may be potentially dangerous and inconsistent with the chosen level
of protection”.

• Application of such principle calls for the acquisition of scientific
knowledge in order to determine with sufficient certainty the risk in
question, as well as observe how once the certainty level is
quantified and risk reduction is feasible to a societal acceptable level
a regulatory decision can be adopted.

BEPU methods contributes to fulfill the precautionary principle.
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Regulatory analysis (4/6)
From classic DSA to BEPU

• The beginning:
o Basically a theory of protection had to be built from scratch and 

concepts like defence in depth, redundancy, diversity, etc. were 
introduced in the design.

o the corresponding accident analysis with the associated 
methodology of classification, acceptance criteria and analytical 
tools was developed.

o Engineering works (early 70’s) were heavily conditioned by the 
limited scientific and technology knowledge, limited data and 
computing power. As a result a common engineering practice 
was adopted making use of highly conservative and simplified 
assumptions resulting in the classic deterministic methodology 
and regulation.

o For the case of USA regulations:10CFR 50 app.A (1971), R.G. 
1.70 (1972), ANSI/ANS 18.2 (1973), 10CFR 50.46 app.K 
(1974) (interesting because of its prescriptive nature). 
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Regulatory analysis (5/6)
From classic DSA to BEPU

• The evolution:
o Extensive experimental (LOFT, LOBI, LSTF,...) and scientific

work (development of sophisticated fluid transport formalisms 
as well as suitable closure relations) was made, mainly after 
TMI,  in order to gain data and knowledge and so to reduce the 
scientific uncertainty.

o All that contributed to the development of a data base suitable 
for code validation and verification, resulting in the 
development of Thermal Hydraulic (TH) realistic system codes 
representing the best available knowledge.

o It was early recognised that as a result of the imperfect 
knowledge of nature, as well as from the mathematical 
formalism reduction (averaging process, discretization, 
numerics, etc.) they produce uncertain results.

o In order to fully exploit their potential and fulfill the objective of 
quantifying the uncertainty in their predictions their use should 
be linked to a sound uncertainty assessment (early recognised 
in NUREG/CR-5249, and NEA UMS benchmark). 

o New regulation was developed accordingly (10.CFR 50.46 
(a)(1)(i)), R.G.1.157,...) 
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Regulatory analysis (6/6 )
From classic DSA to BEPU

• The present:
o BEPU methods are penetrating into the licensing basis of NPP in 

numerous countries. 
o Regulation is developing or being adopted elsewhere
o Numerous activities from IAEA and NEA in support of a sound 

development and application of BEPU methods.
As a summary of this part of the presentation, It’s been discussed 

how BEPU methods better fulfils basic safety principles, in 
particular the precautionary. That the development of BEPU has 
a solid support in experimental and theoretical developments 
through an extensive V&V verification process. That regulation 
is currently allowing for its use.

But.... questions remain,  which is part of the remaining of the 
presentation. 
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DSA and PSM (1/4 )
Benefits of using PSM

From a regulatory perspective BEPU methods have impacted the 
concept of safety margin.

• The use of BEPU methods derives into a definition of the safety margin based 
on likelihood measures, typically probabilities, thus  allowing for a collective 
assessment of safety margins.

• The probabilistic safety margin (PSM) associated to a safety output V during a 
transient or accident sequence A with Rv the acceptance region is defined as:

• Similarly and for a given initiating event (IE) with derived sequences A1,...,As, 
PSM definition can be extended to the IE

ARVPRAVPSM V
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DSA and PSM (2/4 )

• Consider now that all the initiating events which induce transients of V could 
be grouped into M categories IEi, i = 1, . . .M . The frequency of V exceeding 
the limits is:

and,

We conclude that probabilistic safety margins can combine with initiator frequencies 
and produce exceedance frequencies, which constitute the plant risk.
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DSA and PSM (3/4 )
Classic DSA methodologies require of a BEPU method for validation

• PSM can be expressed in terms of the probability distributions of both V and 
L:

• Let us now suppose that Vb is a large value of V obtained from a limiting 
scenario evolving from IE and calculated with a conservative methodology. 
Typically, Vb would correspond to a Design Basis Transient (DBT). This means 
that the probability of V being less than Vb conditioned to IE is very close to 1. 
from above equation derives the following inequality:

with, 
• which is the PSM for the design basis transient.

dsIEsFsfIEVPSM VL

IEVVPRDBTVPSMIEVPSM b

IELVPRDBTVPSM b
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DSA and PSM (4/4 )
Classic DSA methodologies require of a BEPU method for validation

• Considering M categories of initiating events we obtain an upper bound for the exceedance 
frequency of L

• The right hand side gives the exceedance frequency of L supposing that the BDBS result in 
a limit violation (i.e. progress beyond design basis assumptions).

• If the DBT is adequately chosen, the residual term can be neglected against the main one, 
and the maintenance of the safety margin is assured through the enveloping character and 
the safety margin of the DBTs. This is the basis of the deterministic design approach.

• Above equation reduces to the classical fully deterministic approach when PR(Vbk 
and PR(V Vbk ) = 1 (a strong statement that calls for proof) and as a result the frequency 
of exceedance for a given IE is that of the BDBS which is the PSM for the design basis 
transient.

• Traditional safety margin, defined as L minus Vb may be misleading as it carries no 
information on the probability to exceed the safety limit, so it needs to be supplemented 
by a validation against a BEPU method. This in fact has been a driving force for the 
development of BEPU methods, and justifies a regulatory move.

M

k
bkkbk

M

k
bkk VVPRLVPRVVPRLV



C
S

N
Use and application of “best estimate plus

uncertainty” methods. A regulatory view

Probabilistic acceptance criteria (1/2 )
Damage limits should be imposed on residuals exceeding acceptance 

criteria

• For BEPU analyses, generally a non-zero probability exists to surpass the safety limit and 
as a consequence an escalation in the damage to happen. In order to estipulate a limit to 
the PSM it is basic to constrain the allowable damage for the residual cases that under a 
BEPU method will violate the limit.

High statistical confidence should be imposed based on limited size of 
output samples

• An acceptance criterion for the PSM of the enveloping transient should read:

• The requirement of high statistical confidence is due to the finite size of the random 
samples used in the calculation of the PSM. The values of both M0 and are imposed by 
the regulatory authority. Typically M0 and 1- have been both set to 0.95

MDBTVPSMPR
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Probabilistic acceptance criteria (2/2 )
PSM by a pure Monte Carlo procedure can be envisaged as a 

computational binomial experiment

• Each Monte Carlo run has two possible outcomes: “success” if V falls inside the acceptance 
region, and “fail” otherwise. This is captured by a random variable S taking on the value 1 
for success and 0 for fail. S is a Bernoulli random variable, with parameter PSM(V|DBT)

• The acceptance criterion may be multidimensional.

SEDBTVPSM
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Uncertainty methodologies (1/2 )
Ample freedom in uncertainty methods

• When uncertainty is taken into account, DSA acceptance criteria adopt the probabilistic
form stated previously. There is no regulatory prescription about the methodology to use in
the check of such criteria.

• There are two basic procedures for checking the acceptance criteria from a random sample 
of the output V

o Construction of a tolerance region for V, with coverage/confidence levels of at least M0/(1-
check that such region is inside the acceptance region RV.

o Construction of  a lower confidence limit, with level 1- , and check that it is higher than M0

• A lower confidence limit with level 1- for the PSM is a statistic PL such that:

• Methods to set up confidence limits on a binomial probability (as PSM) can be either 
parametric or nonparametric. Nonparametric (i.e. distribution-free) methods can be 
classified as frequentist (or classical) and Bayesian.

Frequentist Clopper Pearson

Bayesian 

DBTVPSMPPR L

RNRbetaPL

RNRbetaPL
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Uncertainty methodologies (2/2 )
Ample freedom in uncertainty methods

• Parametric methods can also be used in the confidence limit estimation, when parametric 
distributions are assumed for V and L. Goodness-of-fit tests must be applied to the data, 
before confidently assigning the distributions.

• When the expected value of the PSM is quite large (i.e. very close to 1), it is clear that the 
acceptance limits are located in the tails of the V distribution. In such cases, there are 
sampling procedures to check PSM more efficiently than simple random sample, mainly 
stratified sampling and importance sampling, which focus on the tail regions of V close to 
the acceptance limits.
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BEPU methods and validation (1/1 )
Need for BEPU method validation

• BEPU methodologies should undergo a verification and validation process before being 
accepted for the licensing task. In the validation process, real data, from experimental 
facilities and plants, are compared with predictions of the methodology. 

• The validation of realistic evaluation model is a different exercise from both the licensing 
and the conservative validation. Now the acceptance criteria are focused on the closeness 
of the calculated values of the important outputs to their real values, taking into account 
both prediction and measurement uncertainties. These important outputs can be different 
physical magnitudes, or magnitudes in different spatial locations and/or in different time 
instants or the actual safety limit variables.

• The relevance of Integral Effect Tests (IET) in validation must be stressed. They were 
formerly planned as a means to qualify the predictive capability and accuracy of codes , 
but they also play a fundamental role in the validation of uncertainty methodologies itself.

• IET have as peculiarity the controlled environment in which the experiments are 
performed. This means that uncertainties about initial and boundary conditions are 
reduced with regard to those from a NPP, whereas the model uncertainties remain.

• There are many methods for performing this validation. When we have a Monte Carlo 
random sample of the outputs, a possibility is to formulate the validation exercise as a 
statistical hypothesis test.
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Characterisation of models uncertainty
Need for degree of conservatism

• Models uncertainty is characterised as epistemic, with origin in the limited knowledge and 
in principle reducible. 

• PREMIUM NEA exercise aims at benchmarking methods to infer model pdf from codes 
output (inverse problem)

• The use of  completely “realistic” pdf for input variables/parameters is questioned. Pdf 
should be assigned with some degree of conservatism.

• When probability distributions are assigned to model parameters from sample of 
experimental values, the statistical uncertainty, because of the limited size of the sample 
of experimental values, should be taken into account.
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Compatibility with Technical Specifications (1/2)
Need for adapted pdf

• Nuclear Safety Convention requires (art.19.ii) “operational limits and conditions derived 
from the safety analysis, tests and operational experience are defined and revised as 
necessary for identifying safe boundaries for operation.”

• Current interpretation is compatible with classic DSA, where LCO values of variables or 
parameters of a Design Basis Transient (DBT) are used, that is, DBT envelops extreme 
values of the operation space.

• BEPU methodologies based on pure Monte Carlo propagation (i.e. simple random sampling 
of the inputs) with a small or medium number of runs will not provide a real exploration of 
the regions close to the LCOs (unlikely but allowed). 
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Compatibility with Technical Specifications (2/2)
Need for adapted pdf

• The crucial point is that safety analyses must prove not only that the real operation is safe, 
but also that the allowed operation of the plant is safe. 

• Review of basic TecSpec concepts in view of BEPU methods is necessary

A

B

CLCO

LCO

Technical 
specifications 
parameters

Technical 
specifications 
parameters

• A + C = 
validation of 
expected 
operation

• B + C = 
validation of LCOs

Non technical 
specifications 
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Code accuracy and user qualification
A must

• Prior to the development of an uncertainty method, code eligibility should be performed 
and accuracy determined through a verification and validation process.

• Code accuracy can only be claimed if confirmed through an exhaustive contrast against 
experimental, operational data and even analytical solutions.

• Code accuracy should be checked, and preserved, through scale variations.

• Training of the individuals, technology competence and resources are basic. For the case of 
licensing calculations, strict design procedures should be required.
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•Best Estimate Plus Uncertainty (BEPU) methods are the result of a coherent effort from the nuclear
safety technology community and fully consistent with regulation and basic principles.

•The move from classic DSA to BEPU methods implied the adoption of probabilistic acceptance criteria,
and the definition of probabilistic safety margins (PSM)

•The probabilistic definition of safety margin allows the use of combination rules derived from probability
theory.

•BEPU methods rigorously allow for the confirmation of the conservative nature of classic deterministic
methods.

•A variety of uncertainty treatment methods possibilities exist which are in principle compatible with
regulation.

•Validation of BEPU methods against Integral Effect Tests (IET) is needed. Development of specific
methods to deal with that would be desirable.

•Special care should be exercised when developing probability distributions for model parameters. OECD
PREMIUM benchmark will hopefully test different methods to deal with the issue.

•Implementation of BEPU methods with licensing purposes should appropriately consider its compatibility
with Technical Specifications of the nuclear power plant.

•Code accuracy should be demonstrated to be scale independent for licensing scenarios where the BEPU
method is intended to be applied.

•Strict rules with regard to code user qualification and design procedures should be part of the
methodology assessment process.
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