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ABSTRACT

The aging of nuclear power plants is one of the most
important issues facing the nuclear industry worldwide.
Aging encompasses all forms of degradation to nuclear
power plant components, systems, and structures that
result from exposure to environmental conditions or from
operational stresses. Both the degradation from aging and
actions taken to address the aging, such as increased
maintenance and testing, can significantly impact human
performance in the plant. Research into the causes and
effects of aging as obtained through the assessment of
operaling experience and testing have raised questions
regarding the adequacy of existing industry standards for
addressing the concerns raised by this research. This
paper discusses these issues, with particular emphasis in
the area of equipment qualification and human perfor-
marnce.

I. INTRODUCTION

The U.S. NRC's hardware oriented engineering
research program for plant aging and degradation moni-
toring has evaluated the susceptibility to aging of systems,
structures, and components (SSCs) important to the safe
operation of nuclear power plants (NPPs). The principal
goals of the program, known as the Nuclear Plant Aging
Research Program (NPAR), are to understand the effects
of age-related degradation in NPPs and to manage them
effectively. Results have been achieved in the area of
electrical, control, and instrumentation (ECI) components
encompassed by IEEE standards. Through the NRC's
NPAR Program, degradation mechanisms and aging man-
agement techniques have been or are being evaluated for
bistables, switches, transmitters, inverters, I&C modules,
cable penetrations, and isolation devices. In addition, the
ECI components associated with systems such as the
Emergency Diesel Generators, Control Rod Drive Sys-
tems, and Emergency Core Cooling Systems have been
addressed for their aging significance. An evaluation of
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the operating experience of these components and sys-
tems, coupled with a determination of the materials of
construction, operating and environmental stresses, and
failure modes, causes, and effects have provided the NRC
with the technical basis required to assure the continued
safe operation of present reactors through the license
renewal period.

An understanding of the aging process has been
achieved in the NPAR Program. Aging is the cumulative
degradation to an SSC from operational and envi-
ronmental mechanisms such as cycling, transients, vibra-
tion, testing, temperature, and humidityn These types of
stresses have resulted in the degradation of certain sub-
components such as electrolytic capacitors, fuses, or power
semiconductors which can effect the operation of various
ECI equipment. Similarly, aging degradation associated
with the mechanical properties of elastomers, connectors,
and fuse holders have also resulted in ECI failures.

To a large degree, mitigation of this degradation is
accomplished through a comprehensive maintenance
program which incorporates predictive and condition
monitoring techniques. Some questions remain, however,
particularly related to the industry’s need to factor aging-
related data into equipment qualification programs and
staffing practices. The latter are associated with the
additional maintenance and testing often required to
manage aging.

I1. DISCUSSION
1. Equipment Qualification

The satisfactory performance of safety related or 1E
electrical equipment uncer accident conditions throughout
a plant’s operating life has been the goal of equipment
qualification standards and regulation. For the most part,
however, emphasis has been placed on equipment located
in harsh environments. Regulation 10 CFR 50.49
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specifically states that the "environmental qualification of
electrical equipment important to safety located in a mild
environment are not included within the scope of this
section”. Based on the NPAR research, this approach may
not be adequate to assure continued safe operation during
the license renewal period.  For example, power
conditioning equipment such as battery chargers and
inverters are the sources of power for the instrumentation
buses, namely the vital ac bus (typically 120 Vac) and the
essential dc bus (typically 125 Vdc). A high reliability for
these components is important to assure that
instrumentation and controls needed for the safe
operation of the plant are available. An assessment of the
operating experience, materials of construction, and
application of this equipment revealed that a large
percentage of failures are due to hardware degradation.
NUREG/CR-4564 [1] reported that components such as
capacitors, thyristors, and fuses are susceptible to aging
and that their failure directly resulted in an outage of the
inverter. In many cases, this also resulted in a plant
transient or scram.

Further study, including testing of a naturally aged
inverter from the decommissioned Shippingport facility
and completion of a comprehensive survey of U.S. utilities,
revealed that means exist for detecting and mitigating the
effects of aging on inverters. In addition to certain design
improvements, methods of maintenance, inspection, and
testing have been identified for use in managing the aging
of inverters in nuclear power planits. Recommendations
from NUREG/CR-5051 {2] in :his area include:

1. Since overheating is an important cause of stress, it is
prudent to periodically monitor the internal cabinet
temperature.

2. Cleaning can also minimize the risk of overheating;
wiping thyristor heat sinks and ventilation flow paths
improves the heat transfer away from temperature
sensitive components.

3. Capacity testing is recommended especially for standby
inverters. This verifies that the inverter can supply
design loads, and permits inspection monitoring
techniques to be applied at rated load.

Similar types of recommendations have been reported
for circuit breakers, relays, batteries, and other ECI
equipment located in mild environments. Often these
recommendations exceed the periodic sub-component
replacement requirements typically resulting from
environmental qualification testing and analysis. To
effectively manage the aging of this equipment requires
extending the normal maintenance and testing program.
This philosophy applies to operation of the plant over its
entire life, including the license renewal term.

2. Human Performance Issues Related to Plant Aging
and License Renewal

2.1 Impact of Aging on Human Performance

Both the age-related degradation of equipment and
the resultant activities to mitigate such aging can have
significant effects on human performance. Without
effective programs to combat age-related degradation,
there will be increased operator activities to monitor
equipment, increased corrective maintenance activities as
equipment fails, increased general cleanup and
housekeeping due to added leakage and maintenance, and
additional operator burden during plant transients due to
the equipment degradation and failures. Most of the
aging facilities however, are in the midst of establishing
programs to address and mitigate this age-related
degradation. But these very programs are often quite
demanding on the existing plant staff, both in the short
term to complete the program, and then in the longer
term to implement the developed solutions to the aging
phenomena.

Some specific examples will be discussed here. The
aging evaluations and analyses themselves can be labor
intensive both on the people performing the analyses and
on other plant personnel needed to provide data on
failures, maintenance, and test results to the analysts (e.g.,
Yankee Rowe Pressure Vessel). Inspection and
monitoring programs for aging equipment can potentially
be labor intensive in the specification, procurement and
installation of monitoring equipment, the development of
procedures, the collection of data, and the evaluation of
the data. This also creates more information for operators
to be cognizant of and to evaluate as they operate the
plant. An example of this is the recommended monthly
inspection of reactor trip breakers (3], and improved CCW
system inspection activities [4].

A common mitigative action for aging is added testing
to verify continued operability.  Examples include,
signature testing of MOVs [5], and Time Domain
Reflective (TDR) Testing of Cables [6]. These actions
require procedures to be written, tests be performed and
results evaluated. During the performance of testing,
equipment may be temporarily unavailable, causing
operators to enter Technical Specification Action
Statements and giving the operators fewer options in
transient situations. Another mitigative action is increased
maintenance. This also requires procedures be written,
maintenance be performed and post-maintenance testing
completed. An example here is maintenance on air
compressor filters in instrument air systems [7]. While
components are undergoing maintenance (either pre-
ventive or corrective) they are again unavailable to the



opera.ors - adding to their burden in tracking plant status
and in responding to events.

Another strategy is selective equipment replacement.
In addition to the already noted requirements for
specifications, procurement, procedures, installation, and
testing, we now also must retrain the operating staff to
operate the new equipment. Some examples of
recommended modifications to mitigate aging are:
counters to reactor trip breakers to monitor number of
cycles to determine maintenance cycles [3], and the
addition of fans to inverter enclosures to prolong life [2].
Capacitors of inverters were determined to need periodic
replacement to avoid failure [2]. Another good example
involving both modification and replacement is in the
control room and 1&C area, where decades-old analog
equipment is being replaced by digital equipment.
Computer - generated displays and monitors are also
being added. This creates a hybrid control room with
various combinations of new and old technology. This
raises issues of 1&C testing and maintenance and control
room operator training and performance. It is an area of
current concern to NRC, and guidance for equipment
designs in this area does not currently exist for nuclear
power plants. Some of these changes are to improve the
control room design, but others are due to unavailability
of replacement/spare parts for the older equipment. This
new equipment must be integrated into the operational
scheme of the control room, and as a result many ques-
tions should be addressed; such as: How should the
equipment be selected? What are the criteria for the
advanced human-systems interface? How will operator’s
tasks change? Will the operators overall role change (e.g.
more automated systems)? What is the impact on
training? How should equipment be phased in? Should
the NRC be involved in review of the equipment to be
changed out? Poor integration of the new equipment will
result in poor operator performance.

Thus, we can see that both plant aging and programs
initiated to combat age-related degradation can

significantly impact human performance at NPPs.

2.2 Workforce Effects

As NPPs age there are several issues which impact
the staff or workforce of the plant. As discussed in
Section 3.2, there are clearly a multitude of potential new
programs and activities possible to address aging issues.
These programs could vary and result in increases in staff
sizes and in reorganizations to address the areas of new
emphasis (e.g., inspection and monitoring of aging
equipment). Some engineering staffs have already been
supplemented to perform the various aging studies and
analyses. These changes in staff size and composition also

affect the organization and management of the plant,
which must respond to such major changes.

Additionally many plants have had a quite stable
workforce in that people have spent large portions of their
career at that plant. This appears to resuit in older plants
with a somewhat older average age worker. These
workers have certainly accumulated valuable knowledge
and plant experience, however, as these plants approach
or pass their original 40 years life span, the question of
the physical age of the workers becomes one that should
also be addressed. Is the overall average age of the NPP
worker increasing significantly and, if so, what impacts
does this have? Do you need a mix of junior and senior
personnel, e.g., senior personnel for experience and
stability, but junior personnel for flexibility, physical skills,
and attentiveness? Do stress and fatigue (commonly
present at NPPs) have to be addressed differently as
workers age, particularly shift workers? Further, as
modifications are made to the plant and retraining
becomes necessary, those who have operated the old
systems for many years may need special training
emphasis, both due to the time spent with the original
systems and because retraining of older persons has been
shown to take longer [8,9]. Also, the types of new skills
required by the workforce (e.g., computer literacy) may
require considerable adaptation and retraining by many
older individuals.

Thus, while plant aging has to date addressed
equipment, we can see that workforce effects (such as
increases in staff, reorganization, management changes,
and aging of the staff) should not be ignored.

2.3 Risk Perspective

The various aging and human performance issues

" discussed above can have a notable effect on plant risk as

analyzed and estimated using Probabilistic Risk
Assessment/Human Risk Assessment (PRA/HRA)
techniques. One significant PRA effect is the potential
decrease in equipment component reliability (or increase
in failure rates) as they age. This has been addressed in
many other studies (e.g., [10] and {11]) and will not be
covered here. The additional effects on equipment
availability and human performance, resulting from the
changes noted above, are discussed here.

Many of the programs to address aging, described
above, result in increases in plant testing, component
maintenance, and equipment replacement. All of these
have the potential to periodically remove equipment from
service, making it unavailable for service should it be
needed in an emergency. This increase in equipment
unavailability will increase risk.



The effects of aging on human performance may aliso
create opportunities for new human errors not currently
modeled in the PRA, or may change the existing errors
already modeled. As an example of new errors, when
equipment is replaced with new and different components
or designs, this creates the possibility for errors which
previously were not considered. One example would be in
the control room, where there is a trend toward more
CRT-based monitors, automated systems, and digital con-
trols. These give the operator a very different perspective
on plant status and change the way CR errors need to be
considered. Some pertinent issues are: higher cognitive
workload for operators, loss of situation awareness, ioss of
vigilance, and actions on computer failure. This is further
discussed in another BNL paper at this conference [12].

Regarding changes to existing types of errors, current
PRAs contain pre-accident and during-accident human
errors, both of which can be affected by age related issues.
There may be more of these types of errors or changes in
the error rates. In the pre-accident time regime of an
aged plant, there is more operator interaction with equip-
ment due to increases in testing and maintenance. As a
result there are more opportunities for the operator to
incorrectly restore the tested (or maintained) equipment
to an operable status upon completion of the work. These
are called "failure to restore" errors.

The during-accident errors are generally further
categorized as procedurally-related errors and recovery
errors, although the distinction is not always clear cut.
Some of the age-related activities are resulting in further
procedural guidance for the operators during transient
activities which would compensate for added equipment
failures caused by aging. This increase in procedural
guidance naturally creates the opportunity for more
operator errors, of the type already modeled in the PRA.

Recovery type errors result from the PRA practice of
giving operators credit for being able, in certain situations,
of recovering or repairing initially-failed equipment.
These are modeled in the PRA as a "failure to recover"
with a certain failure probability (e.g., 0.1). This means
that in 10% of the cases the operator will not recover the
failed component but in 90% of the cases the operator
will recover. Considering an aged plant, equipment may
be more likely to fail catastrophically. If this is the case,
the ability to recover or repair the component will be
severely limited. Additionally, recovery of failed
components during an accident situation will entail
moderate to high stress and may need to be performed
out in the plant with resultant poor environment (high
heat, humidity or radiation levels), poor equipment
accessibility (climbing or stretching), or large manual
forces required (e.g., large sized manual valve override,
increased rust or wear, etc.). If these recovery actions are

to be performed by an older workforce, their overall
likelihood of success should decrease.

Thus, we can see that there are a number of
situations where new error possibilities are created, and
where failure probabilities can increase, resulting in an
increase in the bottomline risk.

3. Conclusion

The results of research completed through the U.S.
NRC's NPAR Program demonstrates that the aging
process is significant for ECI devices, even those located
in mild environments. To maintain the high reliabilities
expected of these devices, nuclear power plant staffs must
expand their existing environmental qualification programs
to address the aging that has occurred and which will be
experienced during the license renewal term. This may
require additional maintenance, testing, and monitoring.

There are many human performance issues that are
raised both by plant aging and by the programs being
proposed to address plant aging. There are also changes
in staff composition for a number of reasons as plant age.
The impact on human performance, both individuaily and
collectively, of proposed solutions to aging should be
carefully considered and addressed. Changes in staff
composition ~an be both part of the problem and part of
the solution and also should be carefully examined.
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