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Abstract

It is of central importance to understand, analyze and manage aging-related phenomena and
to apply this information in the systematic utilization and as-necessary extension of the serv-
ice life of components and systems. "Aging" in this context is understood to mean the change
over time of the service-related characteristics and properties of the following nuclear power
plant items:

• the equipment (mechanical components, structures, electrical and I&C systems),
• the computer systems (hardware and software) required for plant operation,
• the plant specifications and documentation.

From this it is obvious that a competent strategy for aging and plant life management must
cover all key-components relevant for safety and availability of the plant. Besides mechanical
components, instrumentation and control devices, and civil engineering structures are to be
considered, regarding both aspects, function and integrity.

"Aging and plant life management" encompasses all organizational and technical measures
with which aging phenomena are recognized and managed by the plant operator, and which
thereby guarantee full utilization of a component or system over its entire service life, or
which must be taken at the proper time to extend service life and guarantee long-term plant
integrity. An adequate strategy allows for taking measures to avoid detrimental effects on
lifetime. Preventive measures can be the change of operation modes to suppress rigid de-
gradation, the change of operating parameters or system engineering methods to optimize
the operation of systems and components, and the replacement of aged component parts,
components, or systems by new ones, made with an improved design or representing an
advanced technique.

The strategy is challenging
• the improvement of availability by optimizing the outage times and the operation,
• the increase of safety and reliability,
• the reduction of man-rem exposure and costs for waste management and amount of waste,
• the optimized early planning of maintenance and backfitting activities,
• the reduction of maintenance costs.

Moreover, many investments can be coupled with an improvement in efficiency, uprating, or a
combination of these.
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The concept works on four levels of different amount of service integration: parts of compo-
nents, components, systems, or whole plants. It has been applied so far to individual compo-
nents and systems in Siemens/KWU plants and in plants of other system suppliers. Ex-
amples are presented in the paper.

Introduction

For safe, reliable and economical nuclear power generation, it is of central importance to un-
derstand, analyze and manage aging-related phenomena and to apply this information in the
systematic utilization and as-necessary extension of the service life of components and sys-
tems. An operator's overall approach to aging and plant life management which also im-
proves performance characteristics can help to optimize plant operating economy.

In view of the deregulation of the power generation industry with its increased competition,
nuclear power plants must today also increasingly provide for or maintain a high level of plant
availability and low power generating costs. This is a difficult challenge even for the newest,
most modern plants, and as plants age they can only remain competitive if a plant operator
adopts a strategic approach which takes into account the various aging-related effects on a
plant-wide basis.

The significance of aging and plant life management for nuclear power plants becomes ap-
parent when looking at their age: By the year 2000 roughly fifty of the world's 434 commercial
nuclear power plants will have been in operation for thirty years or more. According to the
International Atomic Energy Agency, as many as 110 plants will have reached the thirty-year
service mark by the year 2005.

As a result of this aging trend, the U.S. Department of Energy (DOE) has been promoting a
Nuclear Power Plant Aging Research (NPAR) program since the early 1980s to monitor the
behavior of older plants and institute procedures to compensate for the negative effects of
aging. In the early 1990s, these studies showed that plants whose licenses until that time had
been limited to forty years in accordance with the U.S. Atomic Energy Act could be granted
individual "life extensions" to sixty years based on appropriate legislation (the "license re-
newal rule", 10CFR54).

In 1991, a comprehensive aging management program was established for each plant in
Switzerland. In other countries as well there is an increasingly concerted effort to address
and resolve issues which arise with the aging of nuclear plants and the attendant plant life
management as a prerequisite for service life extension.

The German Atomic Energy Act does not directly address the issue of aging-limited plant
operation but embraces the requirement that the effects of service-related faults be ade-
quately controlled at all plants; procedures to deal with the effects of aging are thus an inte-
gral part of the quality assurance program in effect at each plant. As a plant ages- and cer-
tainly in cases in which a plant continues in operation beyond the end of its design service
life - a comprehensive plant aging and plant life management program adopted by the plant
operator is indispensable to remain competitive in the power market but also to comply with
official safety regulations.
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"Aging" and "Aging and Plant Life Management"

"Aging" in this context is understood to mean the change over time of the service-related
characteristics and properties of the following nuclear power plant items:

• the equipment (mechanical components, structures, electrical and I&C systems),
• the computer systems (hardware and software) required for plant operation,
• the plant specifications and documentation.

"Aging and plant life management" encompasses all organizational and technical measures
with which aging phenomena are recognized and managed by the plant operator, and which
thereby guarantee full utilization of a component or system over its entire service life, or
which must be taken at the proper time to extend service life and guarantee long-term plant
integrity. This article focuses on aging and plant life management as it concerns technical
plant items.

Aging and plant life management is not to be confused with maintenance management, as
the two concepts differ from one another in name and content. Maintenance management is
intended to ensure the reliable, safe operation of a plant system at least until the next inspec-
tion is performed, and attempts to optimize the necessary maintenance resources using a
variety of different maintenance strategies. Aging and plant life management is directed at the
long-term integrity of a component or system. Above all, both strategies must be coordinated
with one other to achieve optimized cost management.

Preventive Plant Life Management through Design and Material Selection

In accordance with the German concept of "Basic Safety", the quality of a component at the
beginning of its service life is defined by its design, materials, and manufacturing and testing
procedures. A balanced consideration of these basic elements will prevent a component from
failing as a result of a manufacturing deficiency. Consistent application of this principle has
led to advances in the manufacturing and processing technologies used for components re-
lated to the safety and availability of nuclear power plants.

In this way, for example, it was possible to optimize component design by reducing the num-
ber of welds, and to reduce the fluence in the core region of the reactor pressure vessel
(RPV) by increasing the size of the water gap between the core and the RPV wall, which in
turn was made possible by the use of forgings which in some cases are extremely heavy.
These modifications not only lowered maintenance costs (e.g., by reducing the time required
for in-service inspections), but also provided a solid foundation for smooth operation and op-
timum plant life management.

How the selection of a suitable material, for example, can affect the service life of a compo-
nent and the operating economy of a plant will be illustrated using the example of steam gen-
erator (SG) tubes in PWR plants of Western design. Each SG contains approximately 4000
U-shaped tubes with a combined length of roughly 85 km and a surface area of around
5400 m2. Because the SG tubes act as a barrier between the radioactive reactor coolant and
the activity-free secondary coolant, it is of critical importance that they retain their leaktight
integrity, and that they therefore be exceptionally resistant to corrosion. In the U.S. and other
countries, SG tubes are made of Inconel 600. While this alloy is completely resistant to trans-
granular stress corrosion cracking due to its high nickel content of some 70 percent, it exhib-
its increased susceptibility to intergranular stress corrosion cracking.
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In the early 1990s, up to eight to ten thousand Inconel 600 tubes per year were being
plugged and the resulting reduction in capacity accepted as a trade-off; and by 1995 ap-
proximately 95,000 corroded tubes had been repaired ("sleeved"). Many SGs fitted with In-
conel 600 tubes have either been replaced in the meantime for economic reasons (Fig. 1) or
will be replaced in the near future (it is expected that a total of 221 SGs will have been re-
placed by the year 2005). On the other hand, the SGs in PWR plants fitted with tubes made
of Incoloy 800, an alloy with a moderate Ni content, have in the meantime accumulated up to
25 years of service without suffering such corrosion damage. That material is not susceptible
to any of the above-mentioned types of corrosion under the given reducing water chemistry
conditions, and was qualified early on in Germany. The success of this inclusive approach in
which the material, the design and the water chemistry are all taken into consideration to en-
able preventive component service life management is reflected in the worldwide SG avail-
ability and repair statistics.

Conceptual Aging and Advanced Safety Philosophy

One of the primary tasks of the nuclear power plant operator is to maintain over the many
years of plant operation the high level of safety and availability required. That standard can
even be improved as new advances in science and technology are harnessed. As the state
of the art in science and technology continues to advance, the technical concept underlying
the design of older nuclear power plants as well as individual technical or system character-
istics may be at variance with present-day advanced standards. These deviations can affect
safety-related functions within the nuclear power plant as well as its availability and perform-
ance. A systematic review of the safety-related plant status is undertaken in many countries
within the scope of periodic safety reviews (PSRs) conducted roughly every ten years. By
means of these reviews the current plant situation is evaluated, the plant is analyzed based
on its existing service record and operating experience, and the plant is compared to the cur-
rent state of the art in science and technology as well as international experience. Conclu-
sions are drawn from deterministic and probabilistic safety analyses regarding any necessary
actions to be taken.

These systematic and plant-specific investigations also compare the accident control con-
cepts and safety philosophies underlying the planning and design of existing nuclear power
plants against the current status of design basis accidents and failure prevention. However,
even before the introduction of PSRs, safety-related nuclear power plant systems and
equipment were continually upgraded to reflect the latest scientific and technological ad-
vances. Some examples of the continual upgrading of plants and the full implementation of
the results of PSR analyses are

• the updated RPV safety analysis to determine resistance to brittle failure within the frame-
work of the pressurized thermal shock (PTS) investigation, which has taken into consid-
eration data gained in large-scale research projects - such as UPTF and PKL - concerning
the behavior of components during postulated primary- and secondary-side loss-of-
coolant accidents. In Germany, complex material and fracture mechanics studies and
analyses were performed in particular for the first-generation nuclear power plants at
Obrigheim and Stade. These investigations have shown that a sufficient safety margin ex-
ists with respect to RPV failure until at least the end of the projected service life of the
plants.

• refurbishment of main steam and feedwater lines in BWR plants with pipes and fittings
made of highly ductile materials in accordance with optimized design specifications and
advanced manufacturing processes following introduction of the "Basic Safety" concept.
Such conversions have frequently been coupled with the introduction of theieak-before-
break" concept for high-energy, safety-related piping sections and the associated break
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preclusion philosophy which is based on a broad-based consideration of existing redun-
dant safety features. The use of hardware-based solutions to handle piping fractures can
thereby be limited, the accessibility of the piping improved and thus the complexity of
testing procedures and the radiation exposure of personnel reduced.

• the backfitting of nuclear power plants with new safety systems to provide an increased
level of plant safety in the event of serious accidents. One example which represents
many such activities in operational nuclear power plants involves the 24-year-old Borssele
nuclear plant in The Netherlands, which was backfitted with the most advanced safety-
related systems based on a safety analysis conducted in 1992. The objectives of the
backfit included further improvement of reactor cooling even in the event of improbable
accident situations. Most of the activities associated with the backfitting program were
performed during a plant outage lasting a mere five months (see article on page 18) The
plant operator was extremely pleased with the technology, the job performance and com-
pliance with the tight time schedule and budget, and awarded Siemens/KWU a commen-
dation for a "world-class" job.

W E R reactors have been the focus of particular attention over the past several years. The
Kozloduy 1 plant in Bulgaria became the object of greatest concern for the experts after con-
servative engineering judgement presumed that resistance to brittle failure of the RPV weld,
which is exposed to the greatest neutron bombardment, could not be entirely guaranteed in
the case of a PTS event. As a result, the plant operator decided in mid-1996 to take samples
of the weld material and make the material available for testing to determine its condition, as
had been successfully done in the case of the nuclear power plants Greifswald 1 and 2 in
eastern Germany, Kozloduy 2 in Bulgaria, and Novovoronesh 3 and 4 in Russia. The results
of these tests were used to provide a sufficiently precise assessment of the current condition
of the material. That in turn showed that safe operation of the component was possible at
least until such time as further material tests on the sample will provide a reliable prediction of
how the material will behave over the next ten to fifteen years. This process thus contributed
greatly toward the safety of the plant, and provided a solid basis for determining the remain-
ing service life of the RPV, and thus for plant life management of the entire plant.

A Plant-Wide Concept for Aging and Plant Life Management Based on Materials
Engineering

Aging and wear are the mechanisms which limit the service life of a plant item or component.
Both have their origin in the microstructural processes which occur inside the material, and at
the material/fluid and material/material interfaces. They are triggered during operation by
factors such as temperature, mechanical load, neutron irradiation, corrosion and friction. It is
obvious, then, that materials engineering plays a large part in effective and economical plant
life management. The mechanisms responsible for the processes of aging and wear must be
understood in order to define and qualify suitable corrective and preventive actions. Among
other things, this task requires precise knowledge of the aging processes on the one hand
and life-limiting situations on the other.

Fig. 2 gives an overview of the most important aging and wear mechanisms which must be
dealt with in the case of nuclear power plant components, as well as their possible conse-
quences, which must be managed to a degree sufficient to avoid life-limiting situations (such
as reduction of wall thicknesses to below permissible minimum values, attainment of the al-
lowable fatigue usage, exceeding of the permissible nil-ductility transition temperature shift as
a result of neutron irradiation, and loss of operability). Of particular importance are the effects
of neutron irradiation in the beltline area of the RPV as well as the variety of different types of
corrosion.
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An economically and technically effective procedure must consider the plant as a whole. An
overall approach, with the major individual technical aspects indicated, is shown in Fig. 3 in
the form of a feedback loop. Beginning with the preparation of a realistic, technical analysis of
the current status of selected components, systems and plant items, the in-service inspection
concept can be optimized, missing data can be measured or determined, any necessary op-
erating mode modifications can be made, and the current safety margin with respect to safety
or failure criteria can be specified for any point during plant operation up to the end of its
useful service life.

As a rule, a wide variety of information and data is available in a nuclear power plant, and this
information can of course be processed by the aging and plant life management system in
appropriate form. For future application the computer-based COMSY system (Condition-
Oriented Aging and Plant life Monitoring System) is available to be used for determining the
current plant condition as well as for analyzing components and systems with the objective of
supplementing and updating plant data already acquired during its operation as well as data
such as material properties, results of in-service inspections and visual inspections, and
making this information available through integrated display systems for all future issues. The
process will enable rough and detailed analyses of components and systems with respect to
all relevant fault and aging phenomena (Fig. 4), as well as trend analyses and timely imple-
mentation of preventive and corrective actions (e.g., targeted in-service inspections, repair
and/or replacement). The analysis of possible fault and aging mechanisms will draw on in-
formation taken from the "damage report data base" - a repository of all information concern-
ing deviations and failures in nuclear power plants worldwide which have been investigated
by Siemens, as well as specific information taken from other available sources concerning
pertinent events (e.g., Nucleonics Week, and analyses of operating experience conducted by
the German Technical Association of Operators of Large Power Plants (VGB)). These data
can also be used as the basis for new maintenance and inspection concepts such as reliabil-
ity centered maintenance (RCM), for the application of which a statistical database of possi-
ble failure mechanisms, failure frequencies and trends are an essential prerequisite.

The plant operator's benefits of such an overall approach are multifaceted: In addition to the
results of the periodic safety review and safety status analyses, which provide him with a
largely qualitative and formal assessment of important safety-related plant components, the
operator is furnished with a technical overview of his plant, which is always up to date and
future-oriented with respect to all plant components which affect plant safety, availability and
service life. Detailed analysis of weaknesses in the selected systems and components yields
a precise picture of their actual condition, which in turn enables a reliable forecast of future
behavior and the comprehensive definition of necessary preventive and corrective actions to
be taken during further operation, as well as their timely introduction and implementation fol-
lowing appropriate economic assessment. Cost-benefit analyses can thus be performed on a
reliable technical basis. Changes in technical requirements based on advances in science
and technology can be quantified, and their consequences over the service life of the af-
fected plant items can be assessed. The remaining service life of individual systems and
components can be determined and specified on the basis of current plant data in each case
(e.g., measured transients, material data, water chemistry values), and need no longer be
based on what are usually conservative values. The same applies in the case of integrity and
safety analyses (e.g., leak-before-break analyses in the case of main piping systems).

In-service inspections can be concentrated in those areas where aging is a relevant concern
and - at least insofar as permitted by the pertinent regulatory codes standards - reduced in
scope. In this way, downtimes and inspection periods can be shortened and unscheduled
plant outages due to suddenly occurring failures minimized. Failures which nevertheless oc-
cur can be quickly evaluated on the basis of one-time individual events or systematically oc-
curring events which may recur in the affected plant item or elsewhere. The costs which arise
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from such failures are reduced, and consequential failures are eliminated. The implementa-
tion of necessary modernization programs and upgrades can be technically planned long in
advance and their economic consequences evaluated.

Economic Considerations

The costs associated with the performance of technical and organizational actions in the
course of aging and plant life management are offset by considerable overall economic
benefits. While SG replacement, for example, averages about $US 17 to 22 million per SG
(exclusive of downtime costs and expenses related to decontamination and disposal) or the
refurbishment of austenitic piping systems beset by intergranular corrosion amounts to some
$US 3 to 8 million per plant, the DOE estimates that extending the service life of U.S. plants,
if the greatest possible extension is opted for, saves the U.S. consumer $US 350 billion.

The main costs involved in such actions, and those associated with any extension of plant
service life, do not occur until the end of the depreciation period, which is taken to be roughly
twenty years. Moreover, many investments will be coupled with an improvement in availability
or efficiency, uprating, or a combination of these (for example, steam generator replacement
at the Tihange I plant in Belgium brought an uprating of around 8 percent). The overall eco-
nomic benefit has been verified according to al! economic studies conducted to date, and can
be determined on a plant-by-plant basis. In doing so, investments can be optimized such that
payment of the costs associated exclusively with service life extension can be postponed until
the latest possible time, while costs associated with uprating and better plant economy, on
the other hand, are paid as soon as possible.

The operational reliability of 1st- and 2nd-generation German plants has been established
over many years. As a result of the safety culture practiced in Germany, in which plants are
continually upgraded to reflect the most recent technical developments, the technical prereq-
uisites for subsequent service life extension are unusually favorable. It makes good sense in
terms of both economic considerations and energy policy to keep open the possibility of fu-
ture service life extension through an optimized, overall program of aging and plant life man-
agement. The required financial resources represent an investment for the future - one which
will help to ensure a stable production capacity as well as competitive nuclear power gener-
ating costs.
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Figure 2

Component Integrity
Owerwiew on Life Limiting Mechanisms for LWR-Components
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Figure 4

COMSY (Condition Oriented Aging and Plant Life Monitoring System)
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