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ABSTRACT 
The Monte Carlo based Bayesian inference model MOCABA is applied to the prediction of reactor operation parameters of a PWR nuclear power plant. 
In this non perturbative framework, high dimensional covariance information describing the uncertainty of microscopic nuclear data is combined 
with measured reactor operation data in order to provide statistically sound, well founded uncertainty estimates of integral parameters, such as the 
boron letdown curve and the burnup dependent reactor power distribution.The performance of this methodology is assessed in a blind test approach, 
where we use measurements of a given reactor cycle to improve the prediction of the subsequent cycle. As it turns out, the resulting improvement of 
the prediction quality is impressive. In particular, the prediction uncertainty of the boron letdown curve, which is of utmost importance for the 
planning of the reactor cycle length, can be reduced by one order of rnagnitude by including the boron concentration measurement information of the 
previous cycle in the analysis. Additionally, we present first results of non-perturbative nuclear data updating and show that predictions obtained 
with the updated libraries are consistent with those induced by Bayesian inference applied directly to the integral observables. 
 

 
 
 
 
 

l.lntroduction 
 

Best estimate plus  uncertainty methodologies allow  for a reli 
able quantification of safety margins for nuclear power plant  oper- 
ation and for the manufacturing, handling, storage and transport of 
nuclear fuel (Antila et al., 2003; D'Auria et al., 2008; lvanov et al., 
2013; lvanova  et al., 2013). This opens up the possibility to elimi 
nate   unnecessary conservatism, which   leads  to  improved plant 
performance through optimized core  design and  greater opera 
tional flexibility and  to reduced fuel management costs. However, 
the  evaluation of statistical confidence bounds for  nuclear safety 
parameters requires a consistent statistical framework to combine 
and  propagate uncertainties in  nuclear data,  technological data, 
and operational data. 

Two   different  approaches  are   currently  used   to   propagate 
nuclear data   uncertainties to  integral  observable uncertainties: 
perturbation theory and  Monte  Cario sampling. 

The  perturbation theory approach has  been  successfully used 
for  more  than  a  half  a  century (Uchasev  et al., 1964;  Gandini, 
1967)  and   has  been  implemented  in  many  different computer 

 
codes. Within this  framework, integral functions of nuclear data 
are  approximated  by  their first  arder series expansions, which 
implies that the  integral observable uncertainties are  expressed 
as  linear transformations of nuclear data  covariances defined by 
the  sensitivities of the  integral observables to  the  nuclear data; 
see  e.g. (Broadhead et  al., 2004). Typically,  the  applied   nuclear 
transport codes have to be upgraded for computing the sensitivity 
coefficients. As a first  arder approximation, this  approach yields 
sufficiently accurate uncertainty estimates only  under the  condi 
tion that  the relevant nuclear data  uncertainties are not too large.  

I n recent  years,  the  Monte  Cario sampling approach has  been 
playing  an increasingly important role in the uncertainty propaga 
tion of nuclear data  to integral observables (Koning and  Rochman, 
2008; Sanz et al., 2008; Zwermann et al., 2010; Buss et al., 2011; 
Williams et al., 2012; Wieselquist et al., 2013). This method con 
sists in random sampling of nuclear data  parameters    optionally 
together with  technological and  operational  parameters  from 
their joint  uncertainty distribution, where each  random sample is 
used   in  a  different computation  of  the  integral  observable  of 

 
  



interest. Finally, uncertainty estimations for the integral observ
ables are obtained from the statistics of Monte Carlo computations.
Since this approach does not rely on perturbation theory, any inac
curacies due to omitting higher order effects can be ruled out a pri
ori. Additionally, the transport codes can be used as so called black
boxes and do not need to be adapted for computing sensitivity
coefficients, typically by implementing adjoint flux computation
capabilities.

A strong point of first order perturbation theory is that it can be
combined with the Generalized Linear Least Squares (GLLS)
method (Cecchini et al., 1965; Humi et al., 1965; Hemment et al.,
1966; Broadhead et al., 2004; De Saint Jean, 2010; Salvatores
et al., 2013) to include measurements of integral observables in
order to improve the knowledge about the nuclear data and, con
sequently, about the integral observables depending on them.

The Monte Carlo approach, in contrast, has in the past been lim
ited by the fact that an equally rigorous framework as the GLLS
method was missing. However, this limitation has been removed
recently by the development of the MOCABA methodology
(Hoefer et al., 2015). As for the GLLS method, MOCABA is based
on a Bayesian model that permits the inclusion of information from
integral measurements to improve the prediction of integral
observables. A major advantage of this approach is that MOCABA
updating can be applied directly to the integral observables with
out taking the detour via nuclear data updating. On the other hand,
since nuclear data can be seen as just a special case of an integral
observable, MOCABA can also be used for non perturbative nuclear
data updating, which may be an attractive alternative to the GLLS
approach for the generation of adjusted nuclear data libraries
(Salvatores et al., 2014). Mathematically, MOCABA can be seen as
a non perturbative generalization of the GLLS framework, which
is shown by the fact that applying first order perturbation theory
to the MOCABA model yields the well known GLLS formulas
(Hoefer et al., 2015).

In this work, the performance of Monte Carlo based Bayesian
inference is tested for application in reactor physics. The question
we address is what we can learn from previous reactor measure
ments for the prediction of future reactor cycles. As a test case,
we consider two consecutive burnup cycles of a Spanish PWR
nuclear power plant, denoted as Cycle A and Cycle B, where we
attempt to predict Cycle B based on measurements of Cycle A. Here
we focus on two reactor observables: the boron letdown curve,
representing the critical boron concentration in the reactor as a
function of burnup, and the reactor power distribution defined
by the power values of the individual fuel assemblies in the reactor
core. For the propagation of nuclear data uncertainties to the con
sidered reactor observables, random samples of ENDF/B VII.1
nuclear data files (Chadwick et al., 2011) are generated with the
aid of the NUDUNA Monte Carlo code (Buss et al., 2011), which
are then converted to random libraries for core simulations with
the extensively validated SEANAP PWR analysis system (Ahnert
and Aragonés, 1985; Ahnert et al., 1999). The prior uncertainty dis
tributions of the boron concentration and the assembly wise
power distribution are obtained from a statistical evaluation of
the SEANAP results calculated with the different random libraries.
Subsequently, the MOCABA updating procedure is used to improve
the prior predictions of the reactor observables of Cycle B by
including measurements of Cycle A. The predictive power of this
approach is verified by comparing the predicted reactor observ
ables of Cycle B to the actual measured values. Finally, we compare
the predictions from direct integral observable updating to those
obtained via MOCABA updating of the SEANAP nuclear data library.

The main objective of our analyses is to verify the usefulness of
the MOCABA framework applied to full reactor core simulations
from the point of view of its ability to improve reactor cycle
predictions.
The paper is structured as follows. In Section 2, we give a brief
introduction to the SEANAP core analysis system, the NUDUNA
nuclear data Monte Carlo code and the MOCABA updating scheme,
and we describe how they are combined in our reactor uncertainty
analysis. In Section 3 we apply this methodology to the PWR test
case described above. After a discussion of the results, we end with
conclusions and outlook.
2. Description of the NUDUNA/ MOCABA methodology applied
to SEANAP core analysis

The procedure we use for reactor cycle prediction is divided in
three steps:

� Generation of random nuclear data libraries with the aid of the
NUDUNA Monte Carlo code,

� Performing SEANAP burnup simulations for Cycles A and B for
each of the random library inputs,

� MOCABA updating of the prediction of Cycle B using measure
ments of Cycle A.

In the following, the codes involved in this procedure are
described, together with the applied methodology.
2.1. SEANAP: PWR core analysis

SEANAP is a system for the simulation and analysis of PWR
cores, developed at Universidad Politécnica de Madrid (Ahnert
and Aragonés, 1985; Ahnert et al., 1999). It consists of a chain of
concatenated codes covering the different tasks needed to perform
PWR core simulations, and it has been used for the simulation of
many cycles of Spanish PWRs for the last 25 years, with good
agreement between the simulated and the measured values. This
system can calculate a wide variety of parameters: boron concen
tration, peak factors, axial offset, reactivity coefficients, power per
fuel assembly, among many others. The deviations between the
simulated and measured values are analyzed in Ahnert et al.
(1988) and are below 20 ppm for the boron concentration and
below 5% for the power distribution. The SEANAP system is a fast
simulation tool that allows the computation of many different
observables at the core level. Hence, it is well suited to analyze
the impact of uncertainties in the basic nuclear data on global core
parameters.

The main components of this system are presented in Fig. 1. The
MARIA subsystem consists of the PREWIM, WIMS D4 and POSWIM
codes. The PREWIM code generates the input files required by
WIMS D4 for all the fuel assemblies, covering the parameter space
of the local physical variables, using a cylindricalized model of the
square PWR assembly, which provides an efficient treatment of the
PWR fuel assembly. The WIMS D4 lattice code (Ahnert, 1980;
Halsall, 1980) calculates the PWR fuel assembly in the annular
cluster geometry by SN neutron transport calculation using a 69
energy group nuclear data library. As a result, the cross sections
for each fuel assembly are obtained, homogenized at the assembly
level and at the pin level.

COBAYA 2 is a 2D two group pin by pin diffusion code, with a
fine mesh finite difference method. Its purpose is to compute
nodal discontinuity factors and hot pin to node average power
ratios, at some reference conditions, that are used in the SIMULA
core simulator. SIMULA is a 3D nodal code, using four nodes per
fuel assembly, an axial mesh of 34 nodes and simplified closed
channel thermal hydraulics. The solver is a linear discontinuous
finite difference scheme for synthetic coarse mesh few group dif
fusion calculation (Aragonés and Ahnert, 1986). It uses the nodal
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