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ABSTRACT

This paper presents a summary of the results of an IAEA Co-ordinated Research Project (CRP) on Management
of Ageing of In-containment Instrumentation and Control (I&C) Cables addressing current practices and
techniques for assessing and managing ageing degradation of cables in real nuclear power plant (NPP)
environments. These practices and techniques include environmental qualification, identification of cables of
concern, condition monitoring, and predictive modelling. The paper shows how they should be integrated within
a plant-specific ageing management programme utilising a systematic ageing management process, which is an
adaptation of Deming's Plan-Do-Check-Act cycle to ageing management.

1. INTRODUCTION

1.1. BACKGROUND

Cables are vital components of I&C systems in NPPs since they link system components, such as transducers,
with the instrumentation and control equipment used to monitor and control the plant. All equipment important to
safety, including I&C cables, therefore need to be qualified to perform their functions both under their normal
operating conditions and under a design basis event (DBE) and post-DBE conditions occurring at any time
during their service (installed) life.

In many countries, qualification of safety-related I&C cables is based on compliance with the international
standard IEC-780 [1] or with national standards. These standards contain testing procedures using accelerated
ageing of cables aimed at demonstrating their ability to survive a DBE after exposure to normal operating
conditions for their planned service life (often 40 years). However, since many of these standards were written, a
better understanding of the degradation behaviour of cable materials has been reached. This has led to the
development of improved methods for assessing and mitigating ageing in cables in NPPs that could supplement
standard qualification tests. Evaluation of the condition of cables using these methods has become important for
verifying that cables are being used within the constraints of their environmental qualification. This additional
evaluation provides greater assurance of the long-term functionality of cables, particularly for cables inside
containment.

An additional safety concern relates to the life extension of existing NPPs beyond the typical design life of 30-40
years. Current economic pressures on utilities to extend plant service life (60 years total being a quoted target)
mean that I&C cables may have to perform safety functions for a time period significantly greater than their initial
design life. Effective ageing assessment and management of I&C cables is therefore required to ensure their
functional capability throughout the plant service life, including any extended life.

In this connection, it is useful to mention that there are currently no practical in-situ electrical tests that can verify
functionality of installed aged cables under DBE and post-DBE conditions. Therefore, the management of cables
ageing requires the evaluation of material condition of cable insulation, which was the focus of the CRP on ageing
management of I&C cables.



1.2. CRP DESCRIPTION

The co-ordinated research programme (CRP) on management of ageing of in-containment I&C cables was initiated
at the first Research Co-ordination Meeting (RCM) held in Vienna in December 1993. The general objective of the
CRP was to identify the dominant ageing mechanisms and to develop an effective strategy for managing ageing
effects caused by these mechanisms.

The CRP was implemented in two phases. Results of the Phase I CRP (1993-1995) were presented in reference [2].
This reference includes a summary of the relevant ageing mechanisms; operating experience for a range of NPP
types; an overview of ageing management methods which are currently in use; description of cable sampling and
laboratory ageing methods and of monitoring and test methods; the capabilities and the limitations of the various
ageing management methods.

The objectives of the Phase II CRP were to resolve the uncertainties in the relationship between cable condition
monitoring techniques and DBE survivability and improve existing initial qualification procedures, and thus to
provide a technical basis for the assessment and management of ageing of in-containment I&C cables based on
the concepts developed in Phase I CRP. Most of the CRP effort was aimed at: the identification of cables of
concern in order to focus limited ageing management resources on a manageable sub-set of the total cable
inventory in plant; and developing a 'tool box' of practical condition monitoring (CM) methods through round-
robin tests (to identify the most suitable CM methods and their limitations for different cable materials and
applications, and to develop test procedures for these methods). The results of the phase II CRP were presented
in reference [3].

The initial scope of the CRP was limited to those materials and cable types which were considered to be of widest
interest. The programme was therefore initially limited to low voltage (<lkV) I&C cables based on crosslinked
polyethylene (XLPE), ethylene propylene based materials (EPR/EPDM) and ethylene vinyl acetate (EVA).
Because of their similarity in materials and construction, low voltage power cables were also included in the
programme. Since chlorosulphonated polyethylene (CSPE, also known as Hypalon) and polyvinyl chloride (PVC)
are used in many cables in existing NPPs, these materials were also included in the scope of Phase II.

2. SUMMARY OF CRP RESULTS

2.1. CONCLUSIONS OF THE CRP

This section is based on the results of the co-ordinated research programme (CRP), including round-robin testing
of condition monitoring methods, the experience of the CRP participants and the specific information summarised
in the reports on phase I [2] and phase II [3] of the CRP.

a) Practical experience of the performance of most cables in operational NPPs has been good, with only a
limited number of cable types and locations being of concern in most NPPs of the PWR, BWR and
CANDU types. Methods for identifying cables of concern have been discussed in the phase II report
[3]. There are still major concerns over cabling in NPPs where environmental qualification has not been
carried out or is inadequately documented. However, as yet there is no operating experience of the
behaviour of aged cables under DBE conditions. Practical experience of the behaviour of naturally aged
cables under simulated DBE conditions has been limited to a few examples. These include stations where
cable deposits have been installed specifically for this purpose and those where formal on-going
qualification is established.

b) There is a good understanding in the scientific community of the basic degradation mechanisms and the
practical factors which affect ageing degradation, both in plant under normal operating conditions and
during accelerated ageing programmes.

c) The development of cable condition monitoring methods has made considerable progress over the last
few years. There are now a number of techniques which are of practical use in cable ageing management
programmes (AMP). The limitations and reproducibility of these methods are sufficiently understood for
their wider use as part of a tool-box of techniques for ageing management. The round-robin test
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programme carried out in the CRP has provided valuable information on the reproducibility of the more
widely used condition monitoring methods [4].

d) As yet, there is only limited experience of the practical application of condition monitoring (CM)
methods in plant as part of a cable AMP. Visual inspection is currently the most widely used method of
cable CM in use in plant.

e) Although a few test programmes have looked at the correlation of condition indicators with DBE
survivability, this issue has still not been adequately addressed.

f) Maintenance of cables is limited to replacement of heavily aged cables, either by replacement of an entire
cable, or of a short section.

g) A systematic cable ageing management programme, including possible supplementary ageing
management actions is described in section 3. Together with the information on different ageing
management methods and activities described in the phase II report [3], it provides the technical basis
for the assessment and management of ageing of in-containment I&C cables.

2.2. RECOMMENDATIONS OF THE CRP

a) To ensure the required functional capability of cables throughout NPP service life, plant specific cable
AMPs should be implemented using the technical methods described in the CRP report [3]. NPP
operators and regulators should provide application guidance for these technical methods.

b) Plant-specific AMPs could be enhanced by drawing on the wider experience of cable ageing available
worldwide. It would be useful to combine experience, particularly on CM methods, into a database of
international experience, utilising a common format. This would aid in developing baseline data for CM
and identify generic trends.

c) The results of this CRP, particularly from the round-robin testing, have highlighted the need for
standardised procedures and test methods for the most commonly used CM techniques. Such
procedures need to include calibration of the equipment and the test parameters required. This would aid
information exchange internationally.

d) To enable micro-sampling methods for CM to be used in plant, it is necessary to further develop
sampling techniques that are acceptable to both operators and regulators. In conjunction with this, it
may also be necessary to develop qualified repair techniques to use on cables which have been sampled.

e) Development of training materials for NPP operators would aid in dissemination of cable ageing
experience. These materials should cover visual inspection and more formal CM techniques,
interpretation of CM test results and their application to plant conditions.

3. SYSTEMATIC AGEING MANAGEMENT PROGRAMME (AMP)

3.1. DESCRIPTION

The information presented in the CRP report suggests that long-term exposure to radiation and thermal
conditions, which could lead to embrittlement of electrical insulation of I&C cables, continues to be a safety and,
possibly, an economic concern for NPPs. All cables need to be functional during normal operational conditions
over the lifetime of the plant. For some cables, which are safety-related, there is an additional requirement to
operate satisfactorily during postulated accident conditions or DBEs. The cost and safety significance will be
related to the severity of the operating environments and the type of polymers used in the cable. In general, only
a limited number of cables within a NPP are likely to be of concern.
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Equipment qualification (EQ) testing and analysis of I&C cables provide a basis for assuring the required
functionality of cables in a NPP. However, accelerated ageing models are not highly precise for extending high
rate ageing to long service lives in NPPs. Operational experience to date indicates that the qualification margins
included in EQ testing are sufficient to offset uncertainties in accelerated ageing for most cables within NPPs.
However, there is no operational experience that includes DBE and no formally qualified NPPs have reached the
end of plant life. There is also particular concern for those cables in hot-spot areas and for those NPP where
current EQ is unavailable or insufficiently documented. Some form of confirmation of cable condition is desirable
as plants age to assure function under both normal and accident conditions. Therefore, a systematic cable ageing
management programme (AMP) is needed at all nuclear power plants.

The phase II report [3] deals with important elements that could be included in a cable ageing management
programme whose objective is to maintain the electrical functionality of the cables at a NPP throughout their
service life. It is not expected that all of these elements would be required in any one AMP, but they provide
alternatives that can be adapted to the specific needs of an individual NPP.

This section describes how these elements are integrated within a plant specific cable ageing management
programme utilising a systematic ageing management process which is an adaptation of Deming's Plan-Do-
Check-Act cycle to ageing management (Figure 1). Such an AMP should be developed and implemented in
accordance with guidance prepared by an interdisciplinary cable ageing management team organised at a
corporate or owners group level. For guidance on the organisational aspects of a plant ageing management
programme and interdisciplinary ageing management teams one should refer to IAEA Safety Report
"Implementation and Review of Nuclear Power Plant Ageing Management Programme" [5].

The functionality of I&C cables, which are important to safety, under normal and accident conditions is primarily
assured through cable-specific equipment qualification (EQ) programmes. While EQ provides a reasonable basis
for long-term use of cables in NPP, uncertainties in the local cable environments and in the accuracy of
accelerated ageing models for long-term prediction suggest that additional ageing management actions,
supplementary to the initial EQ, may be prudent, particularly for cases of plant life extension. These
supplementary ageing management actions could include periodic replacement of cables in adverse
environments, monitoring of environments, condition monitoring and on-going qualification.

As shown in Figure 1, an understanding of cable ageing, including cable applications, cable ageing degradation
mechanisms, and the effects of the degradation on the ability of the cable to function, is the fundamental basis of
an ageing management programme.

To maintain cable functionality, the age related degradation of the cables must be no more severe than that
simulated in the accelerated ageing test or analysis in the EQ programme. Effective ageing degradation control is
achieved through a systematic ageing management process consisting of the following ageing management
tasks. These are based on an understanding of cable ageing, which includes identifying localised hot-spots
where radiation and/or thermal conditions may lead to more rapid degradation and determining worst case cable
applications that may need supplementary ageing management actions.

a) Operating cables in ambient environments that are aimed at minimising the rate of degradation (managing
ageing mechanisms)

b) Performing condition monitoring, on-going qualification and/or predictive modelling activities (detecting
and assessing ageing effects)

c) Replacing degraded cables (managing ageing effects).

A cable AMP reflects the level of understanding of the cable ageing, the available technology, the
regulatory/licencing requirements, and plant life management considerations/objectives. Timely feedback of
operating experience, root cause analysis and associated corrective actions are essential for improvement in the
understanding of cable ageing and the effectiveness of the ageing management programme. The main features of
a cable AMP, including the roles and interfaces of relevant programmes and activities in the ageing management
process are shown in Figure 1 and briefly discussed below.

3.1.1. Understanding cable ageing

Understanding cable ageing is the key to effective management of cable ageing, i.e., it is the key to:



a) co-ordinating ageing management activities within a systematic AMP
b) managing ageing mechanisms through prudent operating procedures and practices
c) detecting and assessing ageing effects through effective inspection, monitoring, and assessment

methods
d) managing ageing effects using proven maintenance methods.

This understanding consists of a knowledge of cable materials and material properties; cable service conditions
(including normal and DBE conditions); hot-spot locations; significant ageing mechanisms; suitable condition
indicators and the data needed for assessment of cable ageing; the consequences of cable failure. The
understanding of cable ageing is derived from a combination of cable baseline data, operating and maintenance
histories, and external experience. It should be periodically updated to provide a sound basis for continuous
improvement of the AMP.

Cable baseline data consists of the performance requirements, the design basis (including standards, regulatory
requirements and environmental conditions), the manufacturer's data (including materials data), and EQ results
and analyses. The cable operating history includes the radiation and temperature monitoring records and any
operational upsets such as overloads. The cable maintenance history includes installation date, results of
condition monitoring, and any repairs or replacements. Retrievable up-to-date records of this information are
needed for making comparisons with relevant external experience. This experience consists of the operating and
maintenance experience of cables of similar design, materials of construction, and manufacture; cables operated
with similar operating histories, even if the cable designs are different; and relevant research results. External
experience can also be used when considering the most appropriate condition monitoring methods and predictive
models.

3.1.2. Co-ordination of cable AMP

Existing programmes relating to the management of cable ageing include operations, surveillance and
maintenance programmes, operating experience feedback, research and development, and technical support
programmes. Experience shows that ageing management effectiveness can be improved by coordinating relevant
programmes and activities within an ageing management programme, utilising the systematic ageing management
process. Safety authorities increasingly require licencees to implement such ageing management programmes for
selected systems, structures and components (SSCs) important to safety. The co-ordination of a cable ageing
management programme includes the documentation of applicable regulatory requirements and safety criteria, and
of relevant programmes and activities and their respective roles in the ageing management process, as well as a
description of mechanisms used for programme coordination and continuous improvement.

Improvement or optimisation of the ageing management programme is based on current understanding of cable
ageing, advances in cable ageing research, and improvements in cable condition monitoring techniques and their
application.

3.1.3. Cable operation and use
NPP operation has a significant influence on the rate of degradation of plant SSCs. Exposure of cables to
elevated operating conditions (e.g. temperature, radiation) could lead to premature degradation. Since operating
practices influence cable operating conditions, NPP operations staff have an important role within the ageing
management programme to minimise age related degradation of cables. They can do this by maintaining
operating conditions within operational limits that are prescribed to avoid accelerated ageing and premature
degradation of cable components during operation. Examples of such operating practices are:

a) Maintaining plant heating, ventilation and air conditioning in a state that keeps plant environments
within prescribed (design basis) conditions.

b) Correcting steam, water, oil etc. leaks that impinge on cables, to limit their effects on ageing (and taking
corrective actions as needed).

c) Identifying thermal and radiation hot-spots for evaluation under the cable ageing management
programme.

d) Performing monitoring of thermal and radiation environments, especially in areas with more severe
conditions.
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e) Maintaining thermal insulation on high temperature lines and equipment adjacent to cables.

3.1.4. Cable inspection, monitoring and assessment

Cable inspection and monitoring activities are designed to detect and characterise significant degradation of
cable insulation before the functional capability of the cable is compromised. Together with an understanding of
the cable ageing, environmental monitoring records, and the results of cable inspections, condition monitoring
and on-going qualification provide a basis for decisions regarding the timing of potential cable replacement.

It is important to know the accuracy, sensitivity, reliability and adequacy of the condition monitoring techniques
and predictive ageing models. Some insights regarding accuracy and repeatability of CM techniques are
contained in the discussion of the round robin testing contained in reference [3]. The importance of
standardisation and definition of test methods is also described there.

The main safety function of the I&C cables is to link the components of I&C systems, such as transducers, with
the instrumentation and control equipment used to monitor and control the plant. While electrical function
assessment is important for verifying that no gross deterioration or damage has occurred in the cable circuit,
electrical function testing is insensitive to the detection of ageing degradation of most types of cable insulation.
Therefore, in addition to initial EQ, supplementary ageing management actions (e.g. environmental monitoring,
CM, on-going qualification, predictive modelling or periodic replacement at conservative intervals) may be
needed to effectively manage cable ageing.

3.1.5. Cable maintenance
Essentially the only maintenance activity directly applicable to cables is replacement when significant ageing is
observed. When ageing occurs too rapidly, relocation of the cable, modification of the environment or use of a
different type of cable should be considered.

3.2. USER PERSPECTIVES ON IMPLEMENTING AN AMP

The purpose of this section is to present the perspectives of potential users, i.e. NPP owners/operators and
regulators, on the practical aspects of application of the ageing management methods for I&C cables that were
developed and documented by the CRP participants, who were, in general, researchers [3]. The user perspectives,
which were discussed at a Technical Committee Meeting in Vienna from 8 to 11 May 2000, are written in the form
of general guidance.

To ensure electrical functionality of I&C cables throughout plant service life, it is desirable to implement a
systematic ageing management programme (AMP). Such an AMP can be used for both cables important to safety
and those important to production. The methods and practices described in reference [3] should be used as
complementary elements of the AMP, as appropriate for a particular plant. An established cable EQ programme
can form the basis of an AMP for cables important to safety.

The EQ methodology is accepted by both plant owners/operators and regulators and the EQ process is generally
considered adequate due to conservative assumptions and methods. Research has identified possible
uncertainties, particularly with the accelerated ageing phase of EQ testing which could result in overestimated (or
underestimated) qualified life values. This may require unanticipated cable replacements in "hot spot" locations.
Conservative EQ assumptions about plant ageing conditions may be able to compensate for some of these
uncertainties.

The benefits of a systematic cable AMP include:

• provides increased confidence of the electrical functionality of cables under all service conditions,
including DBE and post-DBE conditions;

• provides assurance of design life and facilitates life extension considerations;
• facilitates preparation and assessment of a licence renewal application.
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The key attributes of a cable AMP are briefly outlined below. More detailed practical guidance on each of these
key points is given in reference [3].

3.2.1. Key attributes of a cable AMP

There are several key attributes which are fundamental to successful cable ageing management. Any effective
cable AMP, from the simplest to the most complex, should include the following attributes:

Knowledge of actual plant environments- to be able to apply a cable AMP, it is important that the environmental
conditions, particularly temperature and radiation, are known for the cable positions within the plant. Without this
specific data, it is not possible to assess ageing degradation of cables with reasonable assurance.

Knowledge of cable materials - it is necessary to know what specific polymeric materials are used as the
insulation and jacket within the cables in plant. It is not sufficient to just know the generic type. This is because
the ageing degradation of cable materials is influenced by the specific formulation (additives, fillers etc.) used for
insulation and jacket.

Visual inspection / Condition monitoring - formalised inspection of cables using visual and tactile methods
provides valuable information on the current state of degradation of cable materials. This provides a practical
method of condition monitoring for NPP operators. It may be necessary to supplement visual inspection with
more sophisticated condition monitoring methods for the few cables of most concern.

EQ programme balance between conservatism and uncertainties - environmental qualification provides the basis
for a cable AMP, demonstrating the cable's ability to function satisfactorily during its service life and during an
accident, where required. The conservatisms built into the EQ testing process will need to be balanced against the
uncertainties inherent in the test method in deciding on the extent of ageing management actions required in a
cable AMP.

Focused approach on cables of concern - it is not appropriate or practical to apply detailed ageing management
actions to all cables within a NPP. The best approach to cable ageing management is to focus efforts on those
cables which are most likely to be significantly degraded from their service or accident environments, or are of
most importance to safe operation of the plant.

ACKNOWLEDGEMENTS

This work was carried out under the framework of an IAEA co-ordinated research programme (CRP) on
"Management of ageing of in-containment I&C cables". The authors would like to thank the following people
who contributed to the CRP and to the drafting of the technical report:

J Alonso Tecnatom, Spain
A Anandakumuran Ontario Hydro Technologies, Canada
B Bartonicek NRJ Rez, Czech Republic
J S Bora Bhabha Atomic Research Centre, India
F Boutaud EdF, France
F Carlin CIS-Bio, France
P Castaldo Ontario Power Generation Inc., Canada
G Gauthier CEA-IPSN, France
V Hnat NRI Rez, Czech Republic
P M Holzman Star Inc., USA
J Hutchinson EPRI/PSE, USA
AI Kononenko RISI, Russian Federation
H Kudoh JAERI, Japan
R Lofaro Brookhaven National Lab., USA
G Mares Eurotest Sa., Romania
W Michel Siemens, Germany
V Placek NRI Rez, Czech Republic
K Spang Ingemansson Technology, Sweden
D J Stonkus DJS Associates, Canada
M Tavlet CERN, Switzerland



oooo
G Toman
I Vladarau
JL White

EPRI/PSE, USA
Eurotest Sa., Romania
TXU Electric, USA

References

[1] INTERNATIONAL ELECTROTECHNICAL COMMISSION, Qualification of Electrical Items of the Safety
System for Nuclear Power Generating Stations, IEC-780, Geneva (1984)

[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Pilot study on the management of ageing of
instrumentation and control cables, IAEA -TECDOC-932, Vienna (1997).

[3] INTERNATIONAL ATOMIC ENERGY AGENCY, Assessment and management of ageing of major
nuclear power plant components important to safety: In-containment instrumentation and control cables,
Vols. 1 and 2, IAEA-TECDOC-1188, Vienna (2000)

[4] S G BURNAY, Round-robin testing of cable materials (IAEA co-ordinated research programme), AEA
Technology Report AEAT-3631 issue 2, Culham, UK (1999)

[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Implementation and Review of Nuclear Power Plant
Ageing Management Programme, Safety Report Series No. 15, IAEA, Vienna (1999).

PLAN

ACT

Improve AMP

5. Cable maintenance
Managing ageing effects

- Relocation of cables to avoid
hot-spots
- Replacement of degraded

cables
- Install sacrificial cable

sections

2. Co-ordination of cahle AMP
Co-ordinating ageing management
activities

- Surveillance and maintenance
- Operating experience feedback
- Research and development
- Technical support
- Regulatory requirements
- Equipment qualification (EQ)

1. Understanding cable ageing
Key to effective ageing management

- Materials properties
- Operating conditions
- Significant ageing mechanisms
- Hot-spot locations
- Condition indicators
- Consequences of ageing degradation
- Operating experience
- External experience

CHECK

4. Cable inspection, monitoring and

assessments

Detecting and assessing ageing effects

- Condition monitoring of selected cables
- Visual/tactile inspection
- Evaluation against predictive models

Minimise
expected

degradation

DO

3. Cahle operation/use
Manageing ageing mechanisms

- Environmental monitoring
(temperature, radiation)
- Correction of steam, water etc. leaks

affecting cables
- Maintainenance of plant

environment, coolers, thermal
insulation
- Modify environment to reduce

7
Check for

degradation



oooo
Figure 1 Key elements of an I&C cable ageing management programme utilising the systematic ageing

management process.


