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Abstract. With the long term operation of nuclear power plants, decisions to replace or repair should be
optimized from an economical, human resource and safety point of view. In that frame, the operation requires a
continuous inspection and testing of systems in order to detect degradations and failures at an early stage.
Nevertheless, in spite of the fact that such assiduous vigilance ensures safety, it is not optimized in terms of man
power and maintenance costs. Preventive strategies show the same types of drawbacks. On top of that, these
maintenance procedures rely on process measurements which accuracy, availability and reliability cannot always
be ensured.
The present paper introduces a new approach to the maintenance management of ageing installations and
suggests a method that overcomes the actual drawbacks. The Reconciliation and Validation of data (DVR) is an
advanced and innovative technology that relies on process data statistics, thermodynamic and on-site process
knowledge. Benefits of real-time applications are also presented.

1. Introduction
With the life extension of nuclear power plants, a specific attention should be given to equipments and
installations for which an increasing failure rate is observed. Indeed on one hand, their mean times to
failure are reduced while on the other hand, repair or maintenance allows their rejuvenation to a
certain extend. The same applies for process measurement devices which degradation usually follows
a similar failing behaviour. As such, a close monitoring of their performance is necessary in order to
detect when and how the conditional predictive maintenance is to be conducted. But such procedure
loops on itself, i.e. the performance of the ageing equipments and installations is monitored based on
the available information, namely process measurements, which on their turn are also subjected to the
ageing of their measuring devices. The overall situation could then be reduced to the first obstacle: the
lack of reliable information for taking the most appropriate decisions. A same scenario applies to
unrepairable components for which the anticipation of failure is of prime importance in order to avoid
undesirable impacts on operation.
1.1. Optimization of maintenance strategy
The preventive maintenance is divided into two categories: the systematic and the conditional ones.
The first strategy of systematic maintenance focuses on guarantying safety with comfortable margins
while the time and costs optimization are of lesser importance. The second preventive strategy consists
in orienting the decisions based on the observations of the plant and take actions when necessary.
While such procedure is intended to optimize maintenance and repair costs, it is often not the case as
illustrated by the following examples:
 In case of unreliable, faulty or inaccurate information, a problem can be left unidentified up to
the moment it substantially affects the operation and even then, the pinpointing of the problem
roots might not be obvious;
 In case information indicates the emergence of a problem, some time elapses in between the
awareness of the existence of a problem and its complete localization as it is often the case
when investigations are conducted based on raw data and return on experience.
The optimization of a maintenance strategy inevitably goes through the enhancement of information
reliability, availability and accuracy.
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1.2. Enhancement of plant picture through reliable information
The first available information to operators for providing diagnosis on the status of the plant is the raw
process data. When tackling those measurements, the first step is to ensure their representativeness
with regards to the current situation. However, occasional and specific verifications of measurement
reliability are often preferred to their continuous follow-up, entailing a possible inaccurate picture of
the plant. The observation of such erroneous measurements can either lead to passing by an existing
problem as already mentioned, to focusing on abnormal surveillances which, after their reliability
verification reveal to be regular or to spending some time after the awareness of an emergence
confirming data trustworthiness through manual cross-checking of data around the concerned section.
The pursued objectives for data enhancement is of twofold: firstly, ensuring a continuous availability
of trustworthy plant information on which, one can rely for inspection, maintenance and diagnosis,
and secondly, optimizing the procedure in terms of time and costs, including losses entailed by a too
late identification of a problem. As such, an access to a real-time and automated procedure, as
delivered by the VALI software application, would fulfil the above requirements. FIG. 1 illustrates the
innovative strategy of leaving apart the observation of raw measurements and tackling reconciled data
instead. The Data Validation and Reconciliation technology is described in the next paragraph.

FIG. 1. Moving from the observations of raw data to the observations of reliable and most
accurate data using the VALI reconciliation software

2. Data Validation and Reconciliation (DVR): the way to real-time and automated
strategy
2.1. Theoretical background
The Validation and Reconciliation of process data consists in an advanced data coherency treatment.
The basic idea is to link the plant n measurements
1, … ,
together using mass and energy
equations that are fully embedded in the VALI software (including thermodynamics), as well as
constraints such as performance or user’s equations. All measurements are defined together with their
respective standard deviation and confidence interval, assuming a random error normal distribution.

FIG. 2. Plant information used for modeling nuclear power plants
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As such, all information of the primary, secondary and tertiary circuits is mapped in a single network
of information for which a unique picture exists. In doing so, any variable that appears in multiple
relations within the constraints network can be cross-checked through different independent ways. The
system redundancy is used for enhancing the knowledge on those data which are thus reconcilable.
The theoretical foundations of the Data Validation and Reconciliation rely on the following
optimization problem:
∗

min
, ∗

Subjected to the constraints

,

∗

∗

≤
≤

∗

–

0
≤
≤

, and
are the reconciled value, measured value and standard deviation of the i-th measurement
(i = 1,..., n) respectively;
! is the j-th unmeasured variable (j = 1,..., m);
, ∗
0 are the process equality constraints;
,
,
,
are the bounds on the measured and unmeasured variables.
The objective function
∗

"#

–

is the sum of the penalty terms of each individual measurement which represent the corrections to the
raw measurements weighted by their standard deviation (cf. [1]).
The DVR problem targets at minimizing the objective function, i.e. each measurement is corrected as
little as possible using the information redundancy, such that the reconciled values satisfy a set of
system constraints.
Assuming a DVR model which represents the reality at time T, FIG. 3 illustrates two cases of a
measured variable and its reconciled value obtained at time T + t’. It is observed that the uncertainties
of the reconciled values1 are lower or equal to that of the measured value. The uncertainty reduction is
an image of the redundancy level around that measurement and is quantified through the ‘gain’,
defined as
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are the uncertainties of the reconciled and measured values respectively.

A gain higher than 10% indicates the reconcilability of a measurement while a gain of 29% or 42%
stands for an enhancement of the knowledge as if a second or third measurement device was used. For
the two situations of FIG. 3, both measurements are highly reconcilable as their gains are of about
60% (left-hand side) and 70% (right hand-side). However, there is a major difference between both
cases. On the left-hand side the reconciled value lies within the 95% confidence interval, while on the
right-hand side, a bias is clearly observed. The latter case underlines an incoherency with the defined
DVR model that represents the reality at time T. On-site investigations should thus be conducted to
analyze the emergence of the incoherency at time T + t’. Such systematic errors, named gross errors,
will bias the results and should be discarded from the reconciliation process.

1

The computation of the uncertainty of all variables (measured and unmeasured) are completely embedded
in the VALI calculation engine.
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FIG. 3. Measured and reconciled values error distribution without (left) and with (right) errors
bias
2.1.1.

Gross errors elimination

Under the given assumptions the objective function is a random variable that is following a chi-square
distribution. When comparing the value of the objective function "# with a given percentile '( of the
probability density function of a chi-square distribution, one obtains an indication on whether gross
errors exist.
The global error detection criterion is defined as ) * 1, where
"#
)
'(

If ) * 1, then there is a significant suspicion that some measurement errors bias the DVR results.
Once the existence of gross errors has been detected, the system proceeds to their identification and
sequential elimination from the reconciliation process. Based on the fulfillment of the quality criteria,
one can attribute confidence to the reconciled data. For further details, please refer to [2].
2.1.2.

VDI 2048 guidelines

The Association of German Engineers (VDI) has proposed a guideline (VDI 2048) that essentially
describes the DVR technology applied to power plants, as it is illustrated in this article (cf. [3]). It
presents the theoretical foundations of reconciling plant measurements as well as an algorithmic
description of a DVR implementation. VDI 2048 has become the reference for DVR technology, not
only limited to power plant applications (cf. 4, 5]).
2.2. DVR application workflow
VALI is an implementation of DVR technology which has been successfully implemented at various
nuclear power plants. FIG. 4 depicts the VALI DVR workflow. The data coming from the plant and
sent to the VALI process are average on a pre-defined time basis (1). Prior to the reconciliation
process, the data are first filtered to validate their physical meanings with regards to the studied
operating modes (2) then the reconciliation process itself is launched (3). The quality criterion is then
checked (4) and in case suspicious measurements exist, the elimination step is looped until the
achievement of non biased results (5). DVR results are then stored in a data-base for further analysis
and reporting. One will note that any suspicious measurements should be analyzed on-site as it can
indicates for instance a leakage or fooling on an equipment, an abnormal phenomenon or a sensor
drift. In the absence of actions taken on-site to repair the failures, it will be incorporated in the model
itself. Indeed, the model is intended to completely reflect the plant reality at time T considered as the
reference time. In addition, the model automatically handles its reconfiguration for supporting the
different operating steady state modes.
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FIG. 4. DVR VALI workflow

3. Industrial benefits
The present section aims at illustrating benefits obtained at various nuclear power plants where a DVR
VALI application is implemented. The DVR results give the operator access to:
 A reliable, most accurate and coherent picture of your plant on which operators can rely on for
evaluating the plant status and conducting trustworthy inspections;
 The evolution in time of specific key performance indicators (KPIs) with their uncertainty for
each equipment to conduct performance monitoring with confidence;
 Any unmeasured variables and other calculation results of interest such as the reactor thermal
power, with the highest accuracy;
 An automatic listing of suspicious measurements that pinpoints the emergence of a problem.
3.1. Reliable and most accurate picture of the plant
In one specific VALI application, a complete heat and mass balance of the plant is computed every 15
minutes, including user’s soft sensors and KPIs together with their uncertainty and where mass and
energy balances are closed at the level of each components as well as the level of the whole plant. The
man power and time is thus greatly reduced while confidence in the picture is settled.
In addition, when conducting any actions that modify the plant process (e.g. maintenance, outage,
retrofit, equipment change, etc.), one need a reliable picture of the plant before and after changes in
order to effectively allocate the plant operation changes to a given modification.
3.2. Automatic detection of inefficiencies
In several VALI on-line applications, the main use is to allow early automatic detection of any
abnormal situations such as component failures, sensor drifting or MW losses. At the emergence of a
problem, the issue is automatically pinpointed to the operator through a dedicated report, allowing the
on-site engineers to investigate and confirm findings. Examples of detection are presented.
3.2.2.1. Inefficiencies detection
An abnormal mass imbalance behaviour was noticed in the section extending from the main feed
water pumps to the steam generators. On-site investigation has confirmed a six time higher recycle
flow rate which entails a significant routing of the flow to the main feed water tank instead of an
effective use at the steam generators, i.e. the secondary efficiency is reduced. The higher flow rate also
induces a higher consumption of the pumps. FIG. 5 illustrates the mean for estimating the recycle flow
by comparing the delta flow in between the main feed water pumps outlet flow and the steam
generators inlet flow in the two situations of an opened and closed recycle valve. The DVR results
findings were then well confirmed by the on-site investigations.
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FIG. 5. Estimation of recycling flow to feed water tank
3.2.2.2. Detection of drifting and biased sensors
An updated list of suspicious measurements is provided on a pre-defined time basis, indicating
drifting, failing or biasing sensors. It extends from erroneous calibration problem (FIG. 6) to the
detection of drifting of the main feed water flow based on the only observation of available
measurements (FIG. 7). The main feed water flow is today monitored through the observation of any
appearance of a gross error on the sensors which indicates the needs to recalibrate the devices.
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FIG. 6. Erroneous DP range selection
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FIG. 7. Main feed water flow drifting detection
3.3. Key performance indicators and accurate computation of soft sensors
Another goal is to compute specific Key Performance Indicators (KPIs) with the highest level of
accuracy. Equipments or user’s KPIs are computed as well as any soft sensors, i.e. any information
that is not physically measured including thermodynamic information can be obtained. FIG. 8
illustrates the monitoring of a heat exchanger through the heat transfer coefficient evolution
throughout the time.
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FIG. 8. Key performance indicators monitoring on heat exchangers
The reactor thermal power is also computed at some sites based on reconciled data. An uncertainty
less than 0.5% is achieved.

4. Conclusion
We have shown that for long term operation of nuclear power plants daily operational decisions have
to be supported by technical means to provide reliable, available and accurate process data. Data
Validation and Reconciliation (DVR) is a technology which is able to provide this high-quality
process information which is clean of any random and systematic measurement errors. DVR is
particularly helpful for ageing power plants where degradations of equipment should be detected as
early as possible to ensure a safe and efficient operation. We have illustrated that DVR can also be
used to bring other benefits such as coherent image of plant operation, calculation of unmeasured
performance indicators and detection of suspicious measurements.
7

REFERENCES
[1]

Joris, P., Kalitventzeff, B, Process measurements analysis and validation, Proc. CEF’87: Use
Comput. Chem. Eng., Italy, 41-46, 1987.

[2]

Azola, E., Chares, R., Closon, H., Tran Quang, A. Nuclear power plant performance
monitoring using data validation and reconciliation (DVR) – Application at the brazilian
Angra 2 PWR plant, Proceedings of ICONE19, Osaka, Japan, May 16–19, 2011.

[3]

VDI-Gesellschaft Energie und Umwelt, VDI Guidelines 2048 - Blatt 1, Uncertainties of
measurements at acceptance tests for energy conversion and power plants – Fundamentals,
www.vdi.de, 2000.

[4]

Martin Horeni, Michael Beckmann, Investigation of Process Optimization Measures in MSWI
Plants with an Online-Balancing Program, In: Xiao, Y et al.: Thermal Treatment and Resource
Utilization of Wastes – Proceedings of the first international conference- Band 1.21.11-23.11,
2005, Peking (CN), S. 187-194

[5]

Kurz, R., Brun, K., Field Performance Testing of Gas Turbine Driven Compressor Sets,
Proceeding of the 28th Turbomachinery Symposium, 1999.

8

