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Fuel performance modelling and 
uncertainties

• The nature of fuel performance modelling
– Modelling of temperature, plastic/elastic 

deformation, creep, fission gasses, 
internal pressure, oxidation etc. 

– Complicate system of interlinked and non-
linear models with feedback effects

– Three types of input
• Why do we need calibration?

– Empirical constants needs to be calibrated 
against physical observations

– This is the process where we derive:
• The best possible model constants
• Uncertainties for subsequent 

analyses
• Challenges in calibration

– Limited amount of data, often integral type
– One simulation takes seconds to minutes 

to execute
– Models are less than perfect 
– Nominal information about inputs
– Hidden sources of uncertainty
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Calibration in the past and in the 
future

• Calibration in the industry 
– For best-estimate models, at the 

best the sum of the squared 
residuals are minimized

– The subsequent uncertainty 
derivation is often ad-hoc

– Some more advanced 
techniques

• What is the new paradigm?
– Increasing focus on realistic 

models with uncertainties
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The golden combination of MCMC 
and Gaussian Processes

• MCMC (Markov Chain Monte 
Carlo)
– Samples from the model 

parameters given observed 
data

– Often thousands of 
samples are needed for the 
chain to converge

• Gaussian processes
– Meta model in lieu of the 

simulation tool
– The only purpose: to make 

the MCMC practical
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Standard Bayesian calibration, 
not enough?

• Standard calibration will 
underestimate 
uncertainties when:
– Models are inadequate 
– There are nuisance 

parameters
– Other unknown 

sources of uncertainty
• It can also lead to biased 

estimates
– Regression dilution is 

a good example
One-sided 95/95 predication 
intervals should straddle the 
equality line for 95% of the data 
points on average. Which they 
are not.
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What has been done out there? 
What have we done so far?

• Numerous papers in different fields
– Touches on specific topics 

(nuisance, model inadequacy 
etc.)

– No “complete” efficient 
framework

– Collected literature will be used 
as a basis for future research

• Diploma work already conducted!
– by Joakim Nyman
– Cladding oxidation and 

hydrogen uptake
– Pernot and Cailliez paper

• used as a basis 
• (as well as previous work by 

Westinghouse and Uppsala 
University) P. Pernot och F. Cailliez, ”A critical review of statistical 

calibration/prediction models handling data 
inconsistency and model inadequacy”, AIChE Journal, 
2016. 6



Diploma work objectives
• The idea was to lump all unknown 

sources of uncertainty (USU) to one 
place

• Two concepts were investigated, 
referred to as:
– MLO - Prediction correction 

(with minor uncertainty inflation)
– Margin - Uncertainty inflation

• The work was divided in two major 
work packages:
– Calibration of the oxide model –

• Pool-side measurements
– Joint calibration of cladding 

oxidation and hydrogen pick-up
• Destructive measurements

P. Pernot och F. Cailliez, ”A critical review of statistical 
calibration/prediction models handling data 
inconsistency and model inadequacy”, AIChE Journal, 
2016. 7



Oxide model - Calibration 
results 

• Similar amount of USU 
were derived
– For both MLO and the 

Margin formulation
– Similar prediction 

intervals 
• Margin formulation is 

preferable for the industry:
– The uncertainty is put on 

the model parameters
– Compatible with existing 

analysis methodologies
95/95 one-sided prediction limits generated 
with Margin formulation. 8
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A more detailed comparison
• Plotting the uncertainties, 

propagated to the output
– We can see that the 

two methods are 
indeed resulting in 
similar quantifications 
of the USUs 

9



Joint calibration of cladding 
oxidation and hydrogen pick-up

• The margin formulations is defined for one dimensional 
outputs
– A generalization was done for multiple dimensions

• Unfortunately, unsatisfactory and unexpected results were 
obtained
– E.g. in terms of: 

• The derived correlation between the pick-up fraction 
and the oxide rate parameter

• The derived prediction intervals
• Potential reasons 

– Non-linear behavior
– Error in implementation
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Upcoming research
• Goals for the Autumn of 2020 

– Further develop the work done in the 
pre-study.

– Understand why the pre-study was less 
successful in the multivariate case.

– Methodology:
• Artificial testbed to investigate the 

problem further.
• Methods can be evaluated in 

depth in a controlled environment.
– Verify if non-linearity is a problem and if 

so, solve for the non-linear setting.
– Another goal is treating at least one 

important nuisance parameter. 
• E.g. LHGR uncertainty to reduce 

the observed USU.
• It is here we believe that we could 

gain margin by reducing double 
counting effects.

• Next:
– Apply working methods to a code and 

real data.
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To summarize, CaNel
In a nutshell (so far)

• Predictive   models   with   well-founded uncertainty 
estimates

– Efficient use of the fuel 
– Reliable quantification of margins

• Challenges in calibration of fuel performance codes:
– Interlinked phenomenological models
– Integral, biased and sparse calibration-data
– Various types of input uncertainties
– Computationally costly executions
– Inadequate models

• In this project we go beyond traditionally least square 
techniques!

– Exploration and evaluation of state-of-the art 
statistical and deterministic calibration techniques, 
e.g.:

• Expectation-maximization algorithm
• Markov Chain Monte Carlo (MCMC)
• Gaussian processes 
• …

– Defining a calibration framework to address:
• Unrecognized systematic uncertainties
• Model inadequacy
• Nuisance parameter marginalization

• Diploma work  already completed. 
– J. Nyman, Joint Calibration of a Cladding Oxidation 

and a Hydrogen Pick-up Model for Westinghouse 
Electric Sweden AB. 2020.
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