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Introduction

BEPU – The Best Estimate Plus Uncertainty
approach (1/2)
Traditionally deterministic safety analyses of nuclear power
plants have been carried out using the conservative approach
Uncertainties and errors originating from using simplified
analysis tools models are compensated by a series of
conservative assumptions
If the results from analyses with all the conservative assumptions
stay limited within the allowed safety margins, it is fairly safe to
assume that also in reality the operation of the power plant is safe
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BEPU – The Best Estimate Plus Uncertainty
approach (2/2)
However, in practice:
It is difficult to show that the series of independent conservative
assumptions really results in a conservative overall result in all
cases
In any case, the conservative approach results in excessively
wide safety margins, and consequently in suboptimal operation
of the power plant

Because of these reasons the best estimate plus uncertainty
approach is gaining popularity as a viable options for licensing
analyses
In the BEPU approach, as the name suggests, the goal is to get
the best possible estimate of the power plant behaviour, and to
quantify the uncertainties of the simulation results
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The GRS method (1/2)
There are multiple possible ways for how to carry out the BEPU
analyses, but perhaps, the most widely used approach is the socalled “GRS method”
All uncertain input parameters must have a
predefined uncertainty distribution
The simulation is repeated a number of
times n, depending only on desired
confidence level (95%/95%
n = 93)
At the beginning of each simulation run all
the uncertain parameters are randomly
sampled from their associated uncertainty
distributions
As the result of the simulation, the upper
and lower bounding curves are obtained
from the set of all output curves. These
correspond to the output uncertainty bands
with the selected confidence levels
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The GRS method (2/2)
The simulations may take a large amount of computational time
to perform, but other than that, the BEPU analyses are straightforward to carry out with the GRS method
The difficult part in the application of the GRS method is in
fact the quantification of the input uncertainties!
The UBEA project was devoted for studying the application of
the BEPU approach in general, and later on quantification of the
input uncertainties needed in BEPU analyses
The analyses were carried out with the system-scale safety
analysis code Apros, developed in cooperation of VTT and Fortum
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Applications of BEPU
In the beginning of UBEA, the BEPU approach was applied to a
few safety analyses, with input data from findings of the
OECD/NEA BEMUSE project
LB-LOCA at an APR-1400 power plant
Recalculation of the ISP-50 exercise (DVI-line break at ATLAS)

Main observations from these analyses were:
The simulation runs have to be parallelized to get results in a
reasonable amount of time
All relevant physical parameters in the simulation code have to have
an associated uncertainty coefficient (code development task)
The experimental data may not always be enveloped by the
bounding curves. Know the limitations of the used analysis code!
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Quantification of input
uncertainties

Quantification of input uncertainties (1/2)
The uncertainty distributions for all the input parameters have to
be known in advance before a GRS-type BEPU analysis can be
carried out
For some physical parameters these are readily available from
the manufacturer or can be directly measured
e.g. thickness of fuel rod cladding or channel wall, pump head

Other typically code-related parameters can be directly
quantified by comparing to separate-effect test experimental
data
e.g. single-phase forced convection heat transfer coefficient
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Quantification of input uncertainties (2/2)
Finally, some parameters cannot be determined directly
because they always appear together with other uncertain
parameters
e.g. interfacial heat transfer and friction in two-phase flow

In these cases the uncertainties have to be determined
statistically by performing a large number of simulations of a
large number of experiments, and trying to distribute the code
output uncertainty between the relevant uncertain input
parameters
Sort of an inverse problem

A number of statistical methods for this purpose have been
proposed
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The OECD/NEA PREMIUM Benchmark (1/2)
OECD/NEA arranged the PREMIUM* benchmark as a
successor to the BEMUSE project, starting in February 2012
The aim was to benchmark different methods and approaches that
are used for quantification of input uncertainties, with data from
reflooding experiments

The benchmark consisted of
Identification of influential parameters, and quantification of the
associated uncertainties based on FEBA reflooding experiments
Confirming the results of the uncertainty quantification, by appliying
them in BEPU simulations of PERICLES-2D experiments

The principal methods used by the participants were CIRCE1,
FFTBM2 and traditional “expert judgment”
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* Post-BEMUSE Reflood Model Input Uncertainty Methods
1 Calcul des Incertitudes Relatives aux Corrélations Elémentaires, developed by CEA, France
2 A method based on The Fast-Fourier Transformation Based Method, developed by University of Pisa, Italy
(later known as IPREM – Input Parameter Range Evaluation Methodology)
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The OECD/NEA PREMIUM Benchmark (2/2)
With no previous experience on input uncertainty quantification,
we chose to use both the available methods CIRCE and
FFTBM, and to see how they perform
FFTBM was not able to capture some biases that were known to
exist in the code
CIRCE failed in providing meaningful standard deviations

In the end, the final quantification was made using a
combination of these methods
First the code biases and distribution types were determined using
CIRCE, and then FFTBM was applied in determining the ranges
for the distribution
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VEERA Reflooding experiments (1/2)
The work carried out in UBEA related to the PREMIUM
benchmark was continued by applying the same methods to
data from the VEERA reflooding experiments
An Apros model of the VEERA facility was developed, and its
correct behavior verified by simulating boil-off experiments
The influential parameters were then determined and their
uncertainties quantified
Finally the results of the quantification process were compared to
the results obtained in PREMIUM

The FFTBM method failed to converge with the VEERA data, so
eventually the quantification was based on CIRCE only
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VEERA Reflooding experiments (2/2)
Because of how the VEERA experiments were instrumented, not
all available data could be used for the quantification purposes
Data only up until the time before rewetting was used in the
quantification process

Despite the problems with the data, the results are close to the
values determined with the FEBA experiments
Four out of six influential parameters obtained similar BE values in
both quantification processes
The remaining two parameters are influential mainly in rewetting,
which was excluded from the VEERA quantification, so
discrepancy here is expected

22/04/2015

17

22/04/2015

18

22/04/2015

19

Conclusions

Conclusions
UBEA consisted of
Applications of the BEPU approach in deterministic safety analyses
Quantification of physical model input uncertainties in Apros, and
participation in the OECD/NEA PREMIUM benchmark exercise

More work related to application of the BEPU approach is still
needed
Proper quantification of all uncertain input parameters within Apros
Continuous validation effort, large amount of work needed
Pursued in the SAFIR2018 project COVA

Development of more advanced and/or more suitable methods for
uncertainty quantification
Pursued in the SAFIR2018 project USVA
22/04/2015

21

TECHNOLOGY FOR BUSINESS

