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Abstract

For several years, EDF, within the framework of the CIDEM project and in collaboration with
some German Utilities, has undertaken a detailed review of the operating experience both of its own
NPP and of foreign units, in order to improve the performances of future units under design,
particularly the French-German European Pressurized Reactor (EPR) project. This review made it
possible to identify the key issues allowing to decrease the duration of refueling and maintenance
outages. These key issues can be classified in 3 categories: Design; Maintenance and Logistic
Support ; Outage Management. Most key issues in the design field and some in the logistic support
field have been studied and could be integrated into the design of any future PWR unit, as for the EPR
project. Some of them could also be adapted to current plants, provided they are feasible and
profitable. The organization must be tailored to each country, utility or period: it widely depends on
the power production environment, particularly in a deregulation context.

1. INTRODUCTION

The duration of refueling outages is an important factor for the improvement of
availability and maintenance costs of a Nuclear Power Plant, and therefore to ensure its
competitiveness.

For several years, EDF, within the framework of the CIDEM1 project and in
collaboration with some German Utilities, has undertaken a detailed review of the operating
experience both of its own NPP and of foreign units, in order to improve the performances of
future units under design, particularly the French-German EPR project.

This review, made it possible to identify the key issues allowing optimization of the
duration of refueling and maintenance outages.

These key issues can be classified in 3 categories:

- Design
- Maintenance and Logistic Support
- Outage Management

Most of these key issues are directly linked to the design, widely discussed with the EPR
Designer, NPI (Framatome & Siemens). But many fruitful discussions, during the Basic
Design Phase of the project, with German operators involved in the project have made it
possible to emphasize some maintenance and management practices which allows them to
realize refueling and maintenance outage shorter than in France.

1 French acronym for Design Integrating Availability Experience Feedback and Maintenance
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2. KEY ISSUES

2.1. Design

One of the major contribution of EPR studies has been the detailed analysis of the
refueling and maintenance outage very early in the design phase.

This has made it possible to define and to take into account upstream design
requirements allowing a reference duration of 16 days (from breaker to breaker). Then, key
issues which are presented below are applicable to new plant under design. Their application
to current units needs initial studies on their technical feasibility and profitability.

2.1.1. Main phases of the refueling and maintenance outage

The main phases of the outage have been studied in detail and the critical points
concerning the design related to the process, layout and components, directly impacting the
outage duration have been clearly emphasized.

2.1.1.1. Reactor cooling

One of the main objectives is to cool the vessel head as soon as possible to 70 °C,
temperature from which it is possible to prepare the vessel opening.

As an example, the procedure defined for the EPR is described below:

- cooling and depressurizing of the primary circuit carried out automatically,
- cooling from 296°C (hot shutdown condition) to about 120°C (RHR start-up condition)

conducted automatically by the steam generators, with 4 reactor coolant pumps in
service. Cooling starts 5 hours after the control rods drop for a planned outage, and 3
hours after it for a forced outage. During this operation, RHR is conditioned
automatically,

- when the temperature of 120°C is reached, RHR is started,
- cooling from 120°C to 50°C is conducted automatically by RHR. The objective is to

reach the cold shutdown conditions (RCS temperature of 50°C and vessel head
temperature less than 70°C) about 16 hours after the control rods drop,

- cooling after RHR start-up would have to be continued with steam generators and
condenser by-pass as so long as it can operate.

The number of MCP in operation during this phase has to be determined by the
Designer. It depends on the design of the internals. The main requirement to consider is the
time necessary to reach 70°C on the vessel head.

2.1.1.2. Two-phases cooling

A two-phase cooling seems to be a very efficient practice to reach the cold shutdown
conditions. This requires:
- decreasing the minimum pressure for reactor coolant pumps
- increasing the AT value endured by the pressurizer surge line (set at 110°C on many

current units).
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The best way is to decrease the RCS minimum pressure for RCS pump starting
conditions.

Provisions have to be made to avoid all problems of thermal shocks or fatigue in all
spray lines (normal and auxiliary), for any MCP in service arrangement.

The solving of the thermal shock problems has to be proved by the designer.

The authorized cooling gradient for the pressurizer automatically controlled could be
100°C per hour.

2.1.1.3. Purification and gas sweeping

The purification and gas sweeping flow is such that the required radiological conditions
for opening the primary circuit are reached less than 30 hours after the control rods drop
(reactor shutdown).

The duration of the gas sweeping could be about 6 hours (the vacuum system could be
used for this operation).

2.1.1.4. Vessel opening

For this operation, the best way is to use an optimized Multistud Tensioning Machine
(MTM), despite its cost. In this case, a duration of less than 10 hours could be reached.

The Rod Cluster Control Assemblies (RCCA) can be disconnected in less than 6 hours
with a special tool.

2.1.1.5. Fuel unloading

To simplify the handling devices for the core unloading, a good practice is to realize a
total core unloading operation at each outage.

New Technologies for Fuel Handling Machine allow a core unloading rate of 6 fuel
assemblies per hour, at least.

The fuel handling machine underwater test activities, before core loading, which are on
the critical path, have to be optimized and could be realized in 2 hours.

2.1.1.6. Design of cooling systems

Reactor Cavity and Spent Fuel Pit Cooling System, Component Cooling System and
Essential Service Water System have to be carefully designed in accordance with the fast RCS
cooling procedure and fuel unloading rate to allow handling of the first fuel assembly very
soon after the reactor trip. As an example, for the EPR project, the first and the last fuel
elements are respectively handled 71 hours and 111 hours after reactor trip.
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2.1.1.7. Safety trains

The number and the architecture of safety trains have a strong impact on the outage
progress and, more generally, on the maintenance of the plant.

Within the framework of of the EPR project, very detailed comparison of the French
(1300MW series) and German (Konvoi series) current units have shown the interest of a
4x50% safety train design.

This option adds a considerable bonus to performance in several ways.

- Firstly it allows preventive maintenance of a certain number of safety equipment during
power operation, thus reducing the amount of maintenance to be carried out during
shutdown.
Likewise, this system of four independent and physically separated trains, thanks to the
redundancy it gives, allows carrying out preventive maintenance on the entire safety
train as soon as the reactor pool is filled prior to unloading. Engineered-safety train
maintenance is never, because of this, on the shutdown critical path.
What is more, the fact that a complete train can be taken out of service at the beginning
early and furthermore for a sufficiently long length of time, involves only one acceptable
tag-out whilst of course fully satisfying safety requirements (one whole train) in a wide
field of application which only has a small number of isolation devices to lock-out in
fail-safe position. This way of working has the advantage of reducing operating teams
workload in matters of intervention tag-out equipment. It is vital not to underestimate
this load insofar as the length of shutdowns is becoming very short.
Another result, also, of this four independent train structure, for four-loop reactors, is
that the safety equipment is smaller than the corresponding machinery of a two-train
structure. This gives the obvious advantage of a saving in intervention time during the
outage if a maintenance policy of replacement for rotating equipment is adopted; as the
servicing of the equipment replaced is carried out in workshops when the plant is
operating at power.

Electrical interconnections between trains

Electrical interconnections between certain train switchboards could also be provided.
These allow:

- undertaking preventive maintenance of DC batteries and diesels, in operation
during outages, doing preventive maintenance on electrical switchboards which cannot
be switched off when the plant is operating at power.

2.1.1.8. Steam generators inspection

In many countries, regulation requires all tube bundles must be controlled once, at least,
during each 8 or 10 year operating period.

To reduce the inspection duration, some dispositions could be adopted, such as:

- manholes opening and closing works are robotized,
- steam generators are designed with nozzle dams installed by robots,
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- plugs have to be installed at the nozzle level before the works begin, to avoid falling
into the loops of foreign material.

- all the 4 steam generators are controlled in parallel and simultaneously with the use of
improved robots

2.1.1.9. Low level nozzle works

The duration of these works must be as short as possible. With optimized practices, they
could not exceed 60 hours.

2.1.1.10. Core refueling

The loading rate could be the same as for the unloading, i.e. 6 fuel assemblies per hour
at least, To take into account the difficulties which may occur during the loading of some
strongly bent assemblies, some additional devices to the Fuel Handling Machine such as
shoehorn or dummy fuel element could be used.

An optimized core mapping is possible in less then 3 hours.

2.1.1.11. From end of loading to vessel head seal installation

During this phase, some decontamination works (vessel flange cleaning, pool draining
and cleaning) have to be performed on the critical path of the outage. These works should be
easily optimized and robotized.

2.1.1.12. From vessel head installation to reactor cooling system closing

During this period, most of activities is on the critical path. With the use of the MTM,
this phase could be completed in less than 12 hours.

2.1.1.13. Venting and filling of the reactor cooling system

The most efficient way to vent and to fill the RCS is to use a vacuum system.

2.1.1.14. From start up to hot shutdown state

When possible, the start up could be conducted in a two-phase process, RHR shutdown
but available as soon as the reactor coolant pumps start. This process allows a full heating
capacity of the pumps.

The conditioning of the main steam system up to the turbine stop valves and of the
reactor coolant system can be achieved.

2.1.1.15. Tests before synchronization

It should be possible to realize reactor protection system tests without any influence on
the critical path.
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2.1.1.16. Power increasing

This phase has very important influence on the availability.

A very important point concerns the In-core Instrumentation and the Flux Map
Acquisition System. The solution adopted for the EPR is the Aeroball System which presents
some advantages such as:

- no bottom vessel head penetration,
- short stabilization period before flux map acquisition (few hours)
- proven technology.

Another issue is to remove the flux map at low power and to realize a flux map at an
intermediate power level (50-70%) before a complete flux map at 100% power, after a long
stabilization period. The suppression of the low power flux map needs to develop a procedure
to verify that the fuel loading is correct before installation of the vessel internals.

With such dispositions, operation at full load is possible within 24 hours following the
unit synchronization to the grid.

The last important point during this phase is the Technical Specification limiting the
power increasing rate to 3% per hour due to the Pellet Clad Interaction phenomenon, currently
encountered in many countries (USA, France, etc.). This issue is not directly linked to the
plant design but more to the fuel. Relaxation of this constraint could save more than 10 hours.

2.1.2. Other issues

2.1.2.1. Workshops, handling and storage area

For the control of outage duration, it is very important to have some surfaces available
such as workshops and handling or storage areas in the vicinity of the equipment hatch.

As an example, a hot workshop could be installed in front of the equipment hatch. This
allows increasing the working area for:

storage of the Multi-Stud Tensioning Machine,
- cleaning and control of the vessel studs,
- storage of the vessel dummy head,
- handling of large components,
- etc.

The containment could be extended to the limits of the workshop when the RCS is
depressurized and the hatch opened. This extension avoids several openings of the hatch
during the outage.

This workshop allows the opening of the equipment hatch when RCS temperature is
under 100°C and RCS is depressurized.

172



When the equipment hatch is open (primary circuit depressurized), the containment
function is extended to the workshop limit assisted by a ventilated anti-contamination system.
This device should resolve any radioactive release outside the containment in case of fuel
element drop during core unloading.

A complementary hot workshop could also be designed for the following purposes:

- total maintenance of main coolant pumps and motors,
- maintenance of valves (from the containment),
- maintenance of pumps, for example RHR pumps,
- maintenance of valve drives and motors,
- maintenance of tools stored inside the containment during power operation.

2.1.2.2. Equipment hatch handling

In order to ease the burden of the polar crane, a specific equipment hatch handling
should be provided to allow opening and a normal closing in 2 hours and a rapid closing in 30
minutes. If the design of the hatch needs a leaktightness test, it would not exceed 2 hours.

2.1.2.3. Accessibility to the containment during power operation

It should be interesting to have access to the Reactor Building during power operation,
some days before the outage (about 10 days) and after startup (about 5 days), to prepare the
refueling and maintenance outage, to close work sites after startup and to carry out, if
necessary, limited interventions.

For this purpose, the basic EPR concept provides a cover over the entire pool of the
Reactor Building by very thick concrete slabs which thus ensure effective biological
protection. The specific arrangements chosen concern also ventilation systems (Reactor
Building ventilation in open circuit as in Konvoi series) and guarantee satisfactory
intervention conditions for personnel.

Main operations carried out inside the containment boundary before shutdown concern
commissioning and requalification of the Reactor Building polar crane, the "valves check
round" in the accessible part as a whole, and preventive maintenance of the part of Reactor
Building ventilation (filtration and dome ventilation) which must remain in operation during
shutdown. The expected gain in outage time is 2 to 3 days.

2.1.2.4. Polar crane

Maintenance and testing of the polar crane could be possible without any effect on the
critical path, according to the regulations. In case of accessibility to the Reactor Building
before deconnection, this test would be realized just before unit shutdown.

2.1.2.5. Piping control

These controls can be automatized with the use of displacement sensors and remote
control devices.
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2.1.3. Effect on outage duration

The design options presented above have a significant influence on outage duration.

Their implementation for the EPR project have allowed a reduction from 31 to 16 days
(from breaker to breaker) of the duration of the refueling and maintenance outage, compared
with the 1997 reference outage of EDFs current 1300 MW series. The loading to 100% phase
is reduced from 4 to 1 day. This evaluation has been made

The Figure 1 gives the gain for each phase of the outage.

Duration
(Hours)

Loading to 100%

Startup & synchronization

I I Core loading & RCS closing

• Works

D Vessel opening & Core unloading

EDF's 1300MW series* EPR Project*

* 1997 reference durations

FIG.l. Refuelling and maintenance outage. Comparison EPR - EDF 1300 MW'series.

2.2. Maintenance and logistic support

2.2.1. On-line maintenance

Performing on-line maintenance has significant advantages:

- to reduce the maintenance works burden during outages by spreading out the workload
on the whole operating period,

- to reduce the outage duration by 2 to 3 days
the safety systems, especially the cooling chains are longer available in outage, when
they are really needed.

In any case, depending on the number of safety trains, probabilistic studies are needed to
assess the Allowed Outage Times for on-line maintenance.
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2.2.2. Standard exchange concept

This concept, which consists in replacing some components by serviced or new ones
instead of maintaining them "in-situ" allows the operator to decrease works duration during
outage, to reduce workers radiation exposure and to spread out the work load of the
maintenance team over the plant operation period.

However, the impact of such as strategy on the supply, storage and management of parts
has to be carefully evaluated, especially from the economic point of view.

2.2.3. Optimization of logistic support

Many utilities have already implemented a RCM approach to optimize maintenance
works. It becomes more and more evident that an optimization must be also extended to the
logistic support elements optimization.

This covers optimization of:

- maintenance plan
- spare parts,
- human resources and skills (sizing of teams, training ...)
- facilities (warehouses, workshops, offices)
- outsourcing.
- special tools (handling or dismantling devices, data acquisition ...)

2.2.4. Information management system

A computerized and integrated Information Management System makes computer
resources available to all the users and contributes to the management of all activities.

It allows preparation of files from standard facts, implementation of automatic
processing and management of complex tasks.

The main function of such a system are:

- maintenance works management (work orders, work permits, tagging),
- spare parts management,
- ensuring operating experience feedback (recording of events, elaboration of reliability

data, failure analysis...) which can be used as the starting-point for specific studies
(PRA, availability studies...) and for modification or improvement applications.

- allowing budget preparation and follow-up.

The computer system for maintenance allows optimizing organization and maintenance
activity and cost control.
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2.3. Outage management

On this topic, 2 main aspects must be considered:

- outage planning
- organization

2.3.1. Outage planning

Precise and detailed preparation is one of the major issues to control duration and cost
of an outage: operation, maintenance and inspection and control activities have to be
meticulously planned. This planning phase must consider the general operation policy defined
for the plant, including fuel cycle length, grid needs, regulatory constraints, maintenance
requirements. A long term planning (10 years) could be a good practice to take into account
all these aspects allowing operators to optimize outage positioning and scheduling, work load,
internal and external resources and design modifications or improvement.

Another important issue is to prevent outage extension as far as possible. For this
purpose, the use of computerized tools allowing simulation of the outage progress and
emphasis on very critical tasks which could induce extension and which have to be carefully
prepared, particularly from the logistic support standpoint. EDF is currently developing such a
tool, based on Monte-Carlo methodology.

2.3.2. Organization

Good practices from utilities are often difficult to adapt to others, mainly due to marked
differences of size, experience, organization or culture.

However, it is possible to list the best practices which seem to be particularly efficient to
control and reduce outage duration and costs, and sufficiently general to be applicable in any
plant or country.

Some of them could be highlighted:

- optimization of resources (internal and external) implemented during outages, in
particular the size of teams and a well adapted outsourcing contract policy,

- definition and implementation of an outstanding organization for tag-in and tag-out
activities to avoid the risk of outage extension (3 shifts, large teams),
well planned test and requalification activities,

- development of an "outage culture" involving all the hierarchy levels of the plant.

The permanent presence on the site of representatives of the Safety Authorities is an
other issue, which should favorably influence safety , outage duration and cost. An additional
presence of Safety Representatives within the control and test team during outage period,
should allow immediate validation of these control & test without delays. This practice is
currently performed in some countries such as Germany or Finland.
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3. ECONOMICAL ASPECT

All the key issues highlighted above, particularly those in the design field, have a cost.
Detailed studies, taking into account all the components of the kW.h cost (investment,
availability, O&M costs, fuel cost) are needed to determine the most economical solution.

For a NPP under design, the best way is to choose solutions leading to short outage,
provided these choices are realistic regarding the investment costs. Actually, the interest of
every utility is to operate units with intrinsic high capability factor, even if, depending on the
electricity market, these units are not systematically requested.

However, it appears that the shortest outage duration could lead to high O&M cost
(increased outsourcing for example) and it could not be necessarily the best solution. This
outage duration should be continuously adapted to the market conditions, more and more
deregulated.

4. CONCLUSION

Most key issues in the design field and in the logistic support field have been studied
and could be integrated into the design of any future PWR unit, as for the EPR project. Some
of them could also be adapted to current plants, provided they are feasible and profitable. The
organization must be tailored to each country, utility or period: it widely depends on the
power production environment, particularly in a deregulation context.
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