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FOREWORD

As part of the Agency's programme on nuclear safety, periodic
meetings are convened on different current safety issues relating to the
operation of nuclear power plants. These meetings provide a forum for the
exchange of technical information amongst the international community. This
form of international cooperation can make an important contribution tox^ards
assuring nuclear safety, since work and experience in one country may be
relevant to other countries as well.

In October 1985, the Agency convened a one-week Technical Committee
meeting on the Safety Aspects of Unplanned Shutdowns and Trips. The
Technical Committee consisted of 9 experts from the following 8 Member
States : Finland, France, Germany (F.R.), Italy, Japan, Korea (Rep. of),
Sweden, and Yugoslavia. The Committee discussed experiences, studies and
actions taken in the Member States represented in regard to the root causes
of and corrective measures for unplanned shutdowns and trips.
The results of the meeting discussions are presented in this technical
document.

This document should be particularly useful to operating
organizations which bear the primary responsibility for safe plant operation
and which has the foremost interest in finding out and correcting the root
causes of shutdowns. However, the regulators and designers of nuclear power
plants can also derive information valuable for their work.

The Agency greatfully acknowledges the contribution of the experts
which were provided by the Member States for the meeting. It also
appreciates the work of the Consultants- Group which assisted the Agency
Secretariat in developing the working document for the Committee.
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1. INTRODUCTION

The issue of unplanned shutdowns and trips is receiving increased
attention worldwide in view of its importance to plant safety and
availability. There exists significant variation in the number of forced
shutdowns for nuclear power plants of the same type operating worldwide. The
reduction of the frequency of these events will have safety benefits in
terms of reducing the frequency of plant transients and the challenges to
the safety systems, and the risks of possible incidents.

For purposes of this document, an unplanned shutdown or trip (either
automatically or manually initiated) shall be taken to mean any reactor
shutdown or trip for any plant-centered cause other than a planned
refuelling outage. Events such as turbine trips or load reductions which do
not lead to the reactor being subcritical are not taken into account.
Likewise, shutdowns resulting from external events (e.g. hurricanes, grid
instability) are not included since they require different consideration
from internally-induced events. A few unplanned shutdowns may occur at a
plant without an associated failure mechanism (e.g. the regulatory body
could order a shutdown for inspection purposes). However, this document will
only address those unplanned shutdowns with failures or errors.

This report provides an insight into the causes of unplanned
shutdowns experienced in operating nuclear power plants worldwide, the good
practices that have been found effective in minimizing their occurence, and
the measures that have been taken to reduce these events. Specific
information on the experiences, approaches and practices of some countries
in dealing with this issue is presented in Appendix A.

Chapter 2 discusses a proposed classification of root causes of
unplanned shutdowns and a methodology for their investigation which, in
general, will be applicable to a wide population of events. The methodology
presented can also be useful in conducting the necessary reviews following
an automatic trip and prior to restarting the plant. However, additional
items need to be reviewed as part of the startup decision.

A distinction is drawn between a "root cause" and a "direct cause".
Usually, the direct causes of a reactor scram is established from an event
analysis which has the objective of reconstructing the sequence of events



leading to the scram. A more in-depth investigation usually reveals that the
root causes of the event are generally different from the direct causes. As
an added example, equipment failure could be a direct cause of a reactor
trip. However, the reason for the failure is not normally evident at once
and additional investigation is necessary to determine the root cause. The
result of this investigation could then be utilized in devising corrective
actions to prevent or minimize the occurrence of the cause of the event.
For better understanding of root causes of and corrective measures for
unplanned shutdowns and trips, examples are given in Chapters 3 and 4,
respectively.

1.1 INSIGHTS ON SOME MEMBER STATES EXPERIENCES

Several Member States have undertaken initiatives to reduce the
number of unplanned shutdowns and trips. These initiatives include the study
of these shutdowns, identification of their root causes and development of
plans to correct those causes. Programmes have also been established to
analyze automatic trip data for trends and to channel ideas for improvements
back to operating and design organizations.

In Japan, the number of unplanned shutdowns has averaged fewer than
one per year since 1982. In 1984, in particular, with 44 BWRs and 12 PWRs in
operation, the number of unplanned shutdowns per unit per year is 0.14 for
BWRs and 0.25 for PWRs. A practice that has been cited as contributing to
such a good record is the extensive preventive maintenance programme for
both safety-related and balance-of-plant equipment. The program is based on
a mandatory periodic maintenance every 12 months of operation, with the
regulatory body conducting tests/inspections after such maintenance. The
duration of this statutory annual maintenance and inspection is from 2 to 3
months. There are also close, stable relationships among the utilities,
vendors and subcontractors, with maintenance contractors providing a stable
maintenance work force for scheduled maintenance activities.

Training programmes to improve job performance have also been cited
as making significant contribution to reducing human errors. One such
programme is the "family training" foi an entire operation crew led by a
shift supervisor. Another is maintenance worker training in control rod
drive maintenance, non-destructive inspection, fuel replacement
(discontinued since this task has been computerized), pump and valve
dissection and reassembly.
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In the Federal Republic of Germany, where there are 9 PWRs and 7 3WRs
units operational at the end of 1984, the number of unplanned shutdowns
which can be attributed to human error is relatively low due to a high
degree of automation of plant operation for both normal and abnormal
operating modes.

The design of the automatic control system provides for three
different response levels (i.e. operational control, limitation and reactor
protection) and it minimizes the number of interventions and the potential
for human error by operating personnel. For those shutdowns that have
occurred due to design deficiency, the major contributors have been the
secondary side components and systems, the instrumentation and control
system in the conventional part of the plant, and the electrical systems.

In Sweden, where there are 7 BWRs and 3 PWRs operating in 1984, the
average number of trips per plant per year has decreased for BWRs from 4.0
(in 1983) to 2.7 (in 1984) and for PWRs from 6.0 (in 1983) to 3.0 (in 1984).

In some older BWR plants a significant percentage of reactor trips
were due to design deficiency originating from recurring problems in the
turbine or balance-of-plant systems. These problems were predominantly due
to the condensate feedwater preheater and difficulties with feedwater
control during start-up. Several corrective actions were taken which
resulted in a significant reduction of the frequency of start-up transients
and trips ; namely, (1) installation of fast response electronic monitoring
system for preheater level control ; (2) increasing the volume of preheater
tanks to reduce sensitivity to feedwater flow variations, and (3)
improvements in the design of vital control components (pumps, valves) in
the feedwater and steam systems.

In the area of human error due to qualification deficiency, a high
frequency of scrams due to faulty manual switch-over of the intermediate
range monitor (IRM) during start-up has been observed in the past for BWRs.
A good coordination between turbine and reactor operators is necessary
during start-up because an inadequate feedwater flow (high flow or low
temperature) to the reactor vessel will result in a short but fast-rising
neutron spike which often leads to scram if the IRM-switch is not switched
in time to the next higher level/decade. Significant efforts have been made,
through both improved start-up procedures and training, which underlines the
importance of coordinated actions between turbine and reactor operators to



avoid such transients. Also, in the newer plants, the IRM switch-over during
start-up is automatic, thus contributing to the reduction of this kind of
trip.

In the United States of America, U.S. Nuclear Regulatory Commission
(USNRC) data show that for 1984, the 83 plants (29 BWRs and 54 PWRsj with
full power licenses have experienced 492 reactor scrams (trips) for an
average rate of 5.9 trips per unit per year. This represent a 9% decrease
from the 1983 figure of 6.5 trips per unit per year, which is based on 496
trips in 76 plants with full power licenses.

Among the more significant results of the 1984 studies of the USNRC
are the following :

(1) Contrary to the common perception that most reactor trips are
due to problems during start-up, a significant fraction
(approximately one-third) of all trips occur from high power
with attendant high levels of decay heat.

(2) Balance of plant systems caused 59% of the trips above 15%
power and the most dominant were feedwater problems and turbine
problems.

(3) Nearly half of the trips caused directly by human error could
be traced to unlicensed personnel.

Several industry initiatives are in place to reduce reactor trips and
improve performance of plant personnel. The Nuclear Utility Management and
Human Resources Committee (NUMARC) has set a 1985 goal, of no more than
three unplanned automatic scrams while critical, for units that have been in
commercial operation for 3 years or more. The Institute of Nuclear Power
Operations (INFO) has established a program to analyze automatic trip data
for trends and to channel ideas for improvements back to utilities.

In France, the number of unplanned reactor trips per plant per year,
while synchronized to the grid, decreased from 5.4 in 1983 to 4.2 in 1984
and 3.0 in 1985. While critical, the number of unplanned reactor trips per
plant per year increased from 6.0 in 1983 to 7.2 in 1984, but decreased to
4.8 in 1985. There was a marked reduction in the events due to design
deficiency because of modifications and improvements made on plant
equipment. On the other hand, the unplanned trips due to human
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peformance - related root causes (i.e. deficiencies in work control and
information) increased between 1983 and 1984. These human errors have
resulted from non-observance of procedures or the rules of standard practice
and, for the most part, have occurred outside the control room.
Corresponding corrective actions are being implemented.

In Italy, the recurrence of reactor scrams in coincidence with
periodic testing has led to the following two corrective measures :

(1) Better management of the periodic testing program, taking into
account the potential inherent risk. Each test was examined
from the point of view of the risk to induce scram and the
affected tests were programmed, where possible, during shutdown
conditions.

(2) An "analog trip system" is being introduced in the primary
instrumentation, aimed at prolonging the time between two
subsequent calibration verifications, so that the primary
sensors could be affected only during shutdown for refuelling.

2. METHODOLOGY FOR INVESTIGATION AND CLASSIFICATION OF ROOT CAUSES
ANALYSIS

In order to arrive at a good decision on the proper corrective
actions to reduce the number of shutdowns or trips, it is helpful to have a
systematic approach for investigation of the event.

In addition, for analysis of a large population of events and
determining some generic root causes and corrective actions, a system for
classification of these causes will be necessary.

2.1 ROOT CAUSES CLASSIFICATION

A suggested classification of root causes which could allow
international exchange of information is shown in Figure 1. It is similar to
those already adopted by some Member States.

Starting from the event (i.e. unplanned shutdown or trip), it can be
categorized into either of two types of failures caused by the direct
initiator of the event ; namely,
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i. Equipment failure ;
ii. Human error.

"Equipment failures" include system and component failures during
operation and failures resulting from deficiencies during the design,
manufacturing and installation processes. "Human errors" comprise shutdowns
related to or originating from such causes as faulty reaction of personnel
to plant transients, use of inadequate procedures, or poor qualification of
the individual. The human error category encompasses errors made directly by
the plant personnel or caused by deficiencies in information and tools
necessary for operation and those errors occurring during plant maintenance.

If "equipment failure" has been identified as the direct cause of an
event, subsequent investigation could yield a root cause which may be in the
following categories :

i. Design deficiency ;
ii. Manufacturing/installation deficiency ;
iii. Phenomena during plant operation not involving human error.

Design deficiency encompasses the whole field of engineering, i.e.,
components, systems and structures. "Manufacturing/installation deficiency"
comprises all errors in the manufacture and/or installation of components.
Alternatively, the design, manufacturing and installation of the equipment
may all be in order, yet the equipment fails during operation but the
failure is not due to human error. In such cases, the root cause can be
classified into the third category, i.e., phenomena during plant operation
not involving human error. Conversely, equipment failure could occur due to
human error (e.g. deficient maintenance). In this case, further root cause
analysis is necessary and subsequent classification of the cause will be the
same as that for "human error".

Root causes related to human error can be classified into 5
categories ; namely,

i. Work control deficiency ;
ii. Information deficiency ;
iii. Tools deficiency ;
iv. Qualification deficiency ;
v. Others.
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Shutdowns/trips may result from improper actions or omissions by
plant staff which are attributable to inadequate or poor procedures,
deficient verbal command, or deficient planning and scheduling. For such
cases, the root cause of the event will be classified as "work control
deficiency". A shutdown is due to "information deficiency" if plant staff
action or omission was based on deficient information on the status of the
plant, inadequate or incorrect documentation such as specifications,
drawings, diagrams, records, etc. Misinterpretation of information can be
caused by information deficiency but it can also be due to lack of knowledge
or capability by the person who received the information. The latter case,
however, should fall under a different category (see "qualification
deficiency"j and not be classified as "information deficiency".
"Tools deficiency" encompasses hardware devices not properly suited to the
purpose of use. If, for example, maintenance personnel correctly followed
applicable procedures but the work resulted in a shutdown/trip, the event is
due to "tools deficiency", provided the procedures (work control) were
up-to-date.

"Qualification deficiency" considers human error that is due to a
lack of knowledge or training, or due to the limited capability of an
individual to perform the required task. A shutdown/trip shall be due to a
cause classified in the "others" category if the operator failed to perform
correctly, e.g. for reasons of tiredness or lack of attention although he
was well-trained and qualified.

2.2 RECOMMENDATIONS FOR DIRECT AND ROOT CAUSE INVESTIGATION

An event analysis will determine the direct causes of an unplanned
shutdown. Subsequently, on the basis of the data and information collected
during analysis of the event, the root, cause investigation can be performed
to determine the underlying reason, i.e. root cause(s) of the event. An
example of a questionnaire, which could be used for characterizing the event
and collecting data is presented in Appendix B. The information collected
can serve as a basis for root cause determination. However, in some cases,
further analysis will be necessary in order to identify the root cause(s) of
an event. In such investigations, several techniques can be used ; e.g.,
X-ray analysis, ultrasonic tests, destructive or non-destructive tests,
chemistry analysis, etc.
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Regardless of the investigation technique, there are certain
considerations that have to be borne in mind. The event investigation
requires collection of data and information at the plant where the event
occurred. This should include interviewing the people who were directly
involved with the plant shutdown. Information obtained through people who
only heard about it is already screened and often altered.

The investigator has to be knowledgeable with regard to plant
operation. However, to get the truth without too much difficulty, the person
conducting the interviews and analysis should not be an in-line manager of
the interviewees. The investigator could also receive help from a human
factors specialist when evaluating the information and data. The validity
and quality of the collected data is better assured when double checking of
the data is performed.

Very frequently, the root cause of an event could initially be
thought of as either design or manufacturing deficiency when in fact it may
be due to human error. This is due to the fact that usual methods of
reporting do not readily result in human error identification. On the other
hand, since man is a common element in all activities, it is possible to
trace the root causes of all events to human errors, even those which are
categorized as design or manufacturing and/or installation deficiencies.
However, for purposes of this document, the root cause investigations
referred to will concern only the items which are directly relevant to plant
operation.

During the investigation, it may turn out that several root causes
are identified or even initiated the plant shutdown. For instance, steam
generator tube leakage may be determined to be due to stress corrosion
cracking (SCC). This cracking can result from poor heat treatment during
manufacturing and to poor chemistry surveillance during operation.
In addition, it should also be noted that a reactor scram may be caused by
several interacting failures and/or deficiencies in different parts of the
plant.

2.3 POST REACTOR TRIP OR SHUTDOWN REVIEW PRIOR TO START-UP

There are many conditions required to restart a plant after a trip or
shutdown and the information needed for such a decision must be precise and
exhaustive. A key piece of information is an accurate knowledge of the
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cause(s) of the shutdown. The questionnaire presented in Appendix B may help
the plant staff to take into account all considerations instead of quickly
drawing conclusions from partial information. This does not mean it is
mandatory to identify each root cause Ln detail before restarting the plant.
For instance, if the plant shutdown occured because of human error during a
periodic testing, it is possible to restart quickly and to continue in
parallel the in-depth analysis to determine the root cause of this human
error and then take appropriate corrective action to prevent a repeat
occurrence.

3. EXAMPLES OF SOME ROOT CAUSES

For a better understanding of the root causes some examples of each
are provided.

3.1 EQUIPMENT FAILURE DUE TO DESIGN DEFICIENCY

Shutdown of the plant may be due to a "design deficiency" if a system
(e.g. control system) does not fulfill its function during specific phases
of operation. In some of the older plants, for example, a significant
percentage of reactor trips originated from recurring problems with the
balance-of-plant systems. These problems were predominantly due to the
conderisate feedwater preheater and difficulties with feedwater control
during start-up. The reactor trips were in many of these cases due to poor
design of components (e.g. pumps and valves) and control/regulating
equipment (e.g. slow response hydro-pneumatic level monitors).

Other examples of design deficiency include a component designed for
conditions (e.g. pressure - temperature, humidity) which do not match actual
operating conditions ; or materials or parts are improperly selected for a
specific environment or function.

3.2 EQUIPMENT FAILURE DUE TO MANUFACTURING AND/OR INSTALLATION

The category of "manufacturing and/or installation error" encompasses
errors in off-site manufacturing and on-site installation of systems and
components by personnel other than plant staff. An example of manufacturing
error is the use of magnetic material in the construction of some parts of a
generator, resulting in an extensive damage and plant trip. A typical
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installation error is the improper sealing of electrical penetrations
resulting in a flooding of I & C equipment and subsequent shutdown of the
plant.

Reactor trips have occurred, as a consequence of turbine trips, due
to high vibration of the turbine. This vibration may result from imbalance
of the turbine (or part of it), or from improper alignment of the shaft
supports/bearings. Turbine imbalance may occur due to blade failure which,
in turn, may also be due to defects introduced during the manufacturing or
installation processes.

3.3. FAILURES DUE TO UNANTICIPATED PHENOMENA DURING PLANT OPERATION

Random shutdown of plant could be due to spurious action of safety
systems not resulting from equipment failures or human errors. They can be
attributed to various causes such as drift of equipment, aging, electrical
or mechanical noise, etc.

Reactor trips have also occurred from actuation of the reactor
neutron flux measuring system. While such events could not be fully
explained in some cases, a faster than anticipated aging of the neutron
detectors have been noted.

3.4 HUMAN ERROR IN WORK CONTROL

Work control emcompasses such activities as planning and scheduling,
development and identification of appropriate manuals and procedures,
identification of proper tools, and the feedback of information.

Reactor trips have occurred due to planning error, when work on
pressure transmitters of one channel of a reactor protection system was
scheduled during plant operation instead of during shutdown. The work
generated a pressure spike in the reference leg of the other channels and
subsequently tripped the reactor.

A turbine trip, which subsequently gave rise to a reactor trip,
occurred when an instrumentation and control (I & C) technician
inadvertently discharged the control oil of the turbine control system. The
root cause of the trip was traced to the technician's performing the work
with neither a procedure nor any technical documentation on the equipment.
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3.5 HUMAN ERROR DUE TO INFORMATION DEFICIENCY

Assume that the primary indication of water inventory in the reactor
coolant loops is pressurizer water level and a minor leak, occurs in the
steam space of the pressurizer of a PWR plant. The pressurizer water level
will increase because of drop in the pressure. Plant personnel may not
detect the true cause of the event, namely loss of reactor coolant through
the pressurizer. If the operating practice stipulate securing charging
pumps, including safety injection, in case of increasing pressurizer water
level (in order to prevent overpressurization), then this is a clear case of
misinterpretation of the event. Trips have also occurred, e.g. when a valve
in the reference leg of the instrumentation lines of this recictor protection
system was actuated instead of the one in a sample line, due to insufficient
labelling. Some trips occurred due to poor communication between operating
and maintenance personnel while performing periodic tests.

3.6 HUMAN ERROR DUE TO TOOLS DEFICIENCY

High frequency communications equipment (walkie-talkie radios) were
used during performance of tests or maintenance work on reactor protection
systems, and they have been responsible for generating reactor trips and
safety systems actuation.

3.7 HUMAN ERROR DUE TO QUALIFICATION DEFICIENCY

A common example is a wrong diagnosis by an operator who is unable to
identify the order of importance of alarms generated by an event, and thus
not able to take timely corrective action to prevent a trip.

Another example is a trip caused by an error of maintenance personnel
who are skilled in their particular trade, but unfamiliar with the specific
plant and its systems.

Other examples of qualification deficiency could be (1) an operator
secured both auxiliary feedwater pumps (causing total loss of feedwaterj, on
the belief, based on indicated pump speed, that the main feedwater pump was
still running, when in fact it was coasting down after a trip ; (2)
maintenance personnel did not know how many brushes should be removed at any
given time in preparing for maintenance work in the main generator while the
plant is in operation ; when too many brushes were removed, it caused arcing
and fire.
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3.8 HUMAN ERROR DUE TO OTHER CAUSES

This category will encompass those events for which no root cause can
be clearly identified. An example could be a trip which was caused by a
knowledgeable, well-trained operator of a twin unit plant, who racked out a
reactor coolant pump in the operating unit instead of the shutdown unit. The
equipment was correctly labelled and well-separated.

4. EXAMPLES OF CORRECTIVE MEASURES AND GOOD PRACTICES

A study of the distribution of root causes in each category
identified for the whole population of unplanned shutdowns will help in
focusing where effort should be concentrated to find the generic causes of
these events. At the same time, detailed analysis of root causes of each
unplanned shutdown may be required to develop corrective actions to prevent
its recurrence.

Since one of the major root causes of unplanned shutdowns is design
deficiency in conventional systems, many improvements have been made in the
balance-of-plant systems, such as increased redundancy in turbine protection
systems, improvement in the generator auxiliary system, and steam generator
level control systems. Particularly improvements were made on the turbine
control systems in order to reduce turbine trips (which may cause reactor
trips). The response time of the turbine control systems has been improved
by delaying turbine trip signals and smoothening the pressure signal through
integration.

Poor feedwater system performance has been identified as a consistent
cause of scrams at many PWR plants. Design changes to control systems, flow
instrumentation and feedwater regulating valves have been effective in
reducing these problems. Also, readjustment of steam generator water level
indicators have avoided scrams during rise to full power.

The feedwater control problem has been addressed in terms of
technical improvements and operator training. These include :

(I) Modification of the level control system to simplify the task
of the operator and improvement of the switching and measuring
systems of the control loop at very low power, as well as
eliminate spurious signals ;
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(2) Improvement of the reliability of the feedwater control
valves ; and

(3) Improvement of the operator training in feedwater control, as
well as operator awareness campaigns aimed to sensitize
operating personnel to the problem. In one Member State, the
hydraulic control system of the feedwater pump has also been
improved by installing art accumulator, in order to avoid a
feedwater pump trip during the switchover of oil pumps.

Increasing the number of signals required for initiation of a scram
has prevented reactor scrams during plant operation caused by personnel
error and by equipment failure during surveillance testing and maintenance.

In the electrical switchboard and specifically the d.c. control
circuits, some modifications have improved their reliability. In particular,
the replacement of electrical bulbs by luminescent diodes on all signal
lights and annunciators avoids the danger of lack of information or
shortcircuits during bulb-changing operations.

For specific periodic tests presenting a high potential risk of
reactor scram, an automatic testing device has been developed in some
countries, particularly to test all the reactor protection systems. This
will significantly reduce the reactor trips.

Improvements were also made to the trip system (analog trip system),
aimed at prolonging the required time between calibration verifications, to
equal the time between two subsequent refuelling shutdowns.

Extensive preventive maintenance during scheduled periods has proven
to be effective in preventing the occurrence of unplanned shutdowns.
However, it has also resulted in reduced plant availability factor. In view
of this, a review of the preventive maintenance program would be necessary
to optimize it. In particular, any expected increase in the level of plant
safety should be weighed against increased radiation doses and loss of plant
availability.

An example of a good practice is to test the reactor protection logic
by placing it in a bypass mode as opposed to the trip mode.
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The major areas in which improvements have reduced shutdowns
occurring during surveillance testing include detailed scheduling of tests,
continuous communication between I & C and operations personnel, thorough
surveillance procedures and methods, improved equipment design and better
labelling.

In the human error field, the corrective actions have been focused on
the following aspects :

(1) Improvement of procedures - In some Member States a guide to
write procedures for surveillance and periodic testing has been
issued, following a survey and inquiries from plant staff of
different sites ;

(2) Improvement in scheduling and planning of periodic tests ;

(3) Sensitizing operators to risks - In one Member State,
designated plant personnel who are well aware of the risks, are
to be put in charge of organizing the periodic tests on a daily
basis ; changes made to control panels to improve operator
recognition include better labelling, color coding, mimic
buses, switch covers, and variations of control switch size or
shape ; operator aids such as Safety Parameter Display System
(SPDb; are also further expected to prevent cognitive errors by
operators ;

(4) Improvement of room and equipment labelling to reduce the risks
due to confusion or misinformation ;

(5) Improvement of training programmes and techniques, especially
for maintenance personnel and field operators (i.e. those who
work outside the control room) ; event analysis have shown that
more human errors occur "in the field" than inside the control
room ; thus, personnel in direct contact with equipment need
additional training to familiarize themselves with the working
environment, the different plant systems and their
interrelationships, and restrictions in the operation and
maintenance of equipment designed to prevent unintentional
trips during plant operation.

21



During the plant lifetime, equipment failures will decrease due to
modifications and experience gained in the maintenance programme. Thus, as
the plant matures, human errors become the dominant contributor to unplanned
outages. In this regard, the development of corrective actions to reduce
failures due to human error has to be a management goal.
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APPENDIX A

NATIONAL EXPERIENCES AND PRACTICES

A.I FINLAND

A.1.1 BACKGROUND INFORMATION

Finland has four nuclear power units in commercial operation, two
PWRs in Loviisa and two BWRs in Olkiluoto. They produce about 35% - 40% of
the total electricity production in the country.

The Loviisa units (Lo 1, Lo 2) are Soviet designed VVER-440 reactors
with a net capacity of 440 MWe. They are owned and operated by Imatra Power
Company (IVO). Loviisa 1 was connected to the grid for the first time in
February 1977 and Loviisa 2 in November 1980.

The Olkiluoto units (TVO I and TVO II) are Asea-Atom 660 MWe BWRs.
They are owned and operated by Industrial Power Company Ltd (TVO). TVO I was
connected to the grid for the first time in September 1978 and TVO II in
February 1980. The net capacity is now 710 MWe after uprating modifications
which were done during the refuelling outages in 1984.

A.1.2 GENERAL SYNOPSIS OF CAUSES OF UNPLANNED SHUTDOWNS

This section presents a summary of all reactor trips and unplanned
outages that occurred at the Finnish nuclear power units during the period
January 1, 1981 to December 31, 1984. Thus the summary does not contain
planned outages of the Loviisa units for maintenance and testing.

In Table A.1.1, the number of reactor trips and unplanned outages is
given. This table shows that only 35% of all reactor trips occurred while
the unit was synchronized to the grid and the remaining reactor trips (65%)
occurred while the unit was not producing electricity. The majority of the
latter reactor trips were caused by human errors during restarting the unit
after refuelling outages.

The table also shows that the average number of unplanned reactor
trips and outages at TVO I and II is greater than at Loviisa 1 and 2. Two
reasons could explain this difference. Because the Loviisa units are of PWR
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TABLE A.1.1

SUMMARY OF REACTOR TRIPS AND UNPLANNED OUTAGES AT FINNISH NUCLEAR POWER
UNITS FOR 1981-1984

A.I Number
reactor

of unplanned
trips while the

unit was synchronized

A. 2

to the

Number
reactor

grid

of unplanned
trips while the

unit was synchronized

A. 3

B.

C.

to the

Number
reactor
A.I and

Number
outages

Number

grid

of unplanned
trips (sum of
A.2)

of unplanned

of unplanned
reactor trips and outages
(sum of A. 3 and B)

Unit

Loi
Lo2
TVO I
TVO II

Total

Unit

Loi
Lo2
TVO I
TVO II

Total

Unit

Loi
Lo2
TVO I
TVO II

Total

Unit

Loi
Lo2
TVO I
TVO II

Total

Unit

Loi
Lo2
TVO I
TVO II

1981
_

1
2
1

4

1981
_

1
-
—

1

1981
_
2
2
1

5

1981

2
3
3
5
13

1981
2
5
5
6

1982
_

1
1
—

2

1982
_
-
1
2

3

1982
_
1
2
2

5

1982

4
1
1
2

8

1982

4
2
3
4

1983
_

1
-
1
2

1983
_
-
4
4
8

1983
_
1
4
5
10

1983

1
1
1
3
6

1983
1
2
5
8

1984
_
-
-
1
1

1984
_
-
2
3
5

1984
_
-i
L.

4
6

1984
_
1
-
3
4

1984
_
1
2
7

Total
_
3
o
J

3
9

Total
_
1
7
9
17

Total
—
4
10
12

26

Total

7
6
5
13

31

Total

7
10
15
25

Total 18 13 16 10 57
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type, their transient behaviour gives the operators more time to take
measures to prevent unit trips. Normally, transients at TVO I and II are
very rapid. Each Loviisa unit has two turbo-generator sets ; therefore an
unplanned outage or a trip of one turbine or generator usually does not
totally interrupt electricity production, which is the case for the TVO I
and II units .

All individual unplanned outages and trips previously mentioned were
investigated in order to determine their root causes. This investigation
involved a review of event reports and monthly operation reports from the
plant and discussions with plant personnel. The results of the analysis are
given in Figures A.1.1 and A.1.2.

Figure A.1.1 shows that in Finnish PWR units only 18% of all reactor
trips and outages were caused by "human error". About 57% of "equipment
failures" associated with reactor trips and outages were caused by
"phenomena during plant operation not involving human error" while "design
deficiency" constitutes 29% of "equipment failures".

In Finnish BWR units (see Figure A.1.2) the percentage of "human
error" associated with reactor trips and outages was about 40%. "Equipment
failures" were mainly caused by "phenomena during plant operation not
involving human error" (56%) and "design deficiency" (36%).

A.1.3 CONTRIBUTORS TO THE MAJOR CAUSES OF UNPLANNED SHUTDOWNS

PVJR

a. Design deficiency

The major contributors were the main circulation pumps,

b. Manufacturing and/or installation error

No major contributor,

c. Phenomena during plant operation not involving human error

The major contributors were valves in the primary circuit
purification system.
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BWR

a. Design deficiency

The major contributors were systems and components of the turbine
plant. During the first operating years, problems have been caused by the
generator, especially the rotor.

b. Manufacturing and/or installation deficiency

The major contributor was the lack of reliability of various
components. The origin of these random failures may often remain unexplained.

c. Phenomena during plant operation not involving human error

The raain contributors were various seal leakages,

d. Work control deficiency

No dominant contributor,

e. Information deficiency

No dominant contributor.

f. Tools deficiency

The major contributor was deficiency in procedures,

g. Qualification deficiency

The major contributor was inappropriate timing of actions,

h. Others

No dominant contributor.

27



A.1.4 DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UNPLANNED SHUTDOWNS

a. Equipment aspects

At Loviisa 1 and 2, the frequency of unplanned outages and reactor
trips has been very low. The major contributor has been thermal stress
problems in the seal and lid construction of the main circulation pumps.
After modifications, the number of failures has been further reduced.

At the TVO I and II units, a number of unplanned outages and reactor
trips have been caused by "design deficiency". Some important modifications
and improvements have been done in this area. For example :

i. Modifications of the rotor in the main generator ;

ii. Implementation of automatic start-up logic for condensate,
feedwater and main seawater pumps in the event of unsuccessful
establishment of house loading operation after loss of electrical
load ;

iii. Adjustments performed in turbine and reactor plant protection
and control systems especially during plant start-up and
commissioning tests. These have reduced the number of turbine
plant disturbances and inadvertent trips and scrams ; and

iv. Improvement of battery-backed AC systems in order to assure
continuous supply for some relays, measuring computer, etc.

In the area of "phenomena during plant operation not involving human
error", improvements in preventive maintenance programme have been made.
Since there are four subdivisions (4 x 50%), preventive maintenance in one
subdivision of the safety systems at a time is allowed during plant
operation. This kind of well-planned maintenance done by the company's own
personnel without time schedule stress is expected to give a high quality
and thus reduce the number of unplanned shutdowns.

b. Human aspects

Training may be one of the most effective ways to reduce unplanned
trips caused by human errors. Training on plant transients and operational
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disturbances has been included in annual review courses for control room
operators. Some transients are also included in the simulator training
programme for control room personnel. Improvements of the control room
instrumentation have been done in order to aid the operator to do this, job
without errors.

In order to reduce the reactor trip frequency during the unit
restart, some plant modifications and/or improvements of periodic testing
procedures may be needed.
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A.2 FRANCE

A.2.1 BACKGROUND INFORMATION

In 1983, Electricité de France (EDF) the French nationalized utility
operated 27 PWR units, each with a power of 900 MWe. Taking into account the
date of synchronization to the grid of the last units, the main
characteristics of this set of plants are the following :

Average age
Average number of plants in operation
Cumulative operating experience
Cumulative number of refuelling

3 years
24.7 units
87 reactor - years
47

These plants can be further categorized into the following three
generation groups :

- Fessenheim/Bugey
- First standardized generation
(CP1 group)

- Second standardized generation
(CF2 group)

Aver. no. of units

6 units

15 units

3.7 units

Aver. Age

5.3 years

2.5 years

1.5 years

In 1984, the number of operating units has increased to 31, and their
main characteristics have changed slightly :

Average age
Average number of plants in operation
Cumulative operating experience
Cumulative number of refuelling

: 3.3 years
: 28.8 units
: 111 reactor - years
: 70

In terms of categorization into the three generations, the 1984
profile is as follows :

Fessenheim/Bugey
First standardized generation
(CP1 group)
Second standardized generation
(CP2 group)

Aver, no. of units

6 units

16.4 units

6.4 units

Aver. Age

6.6 years

3.5 years

1.7 years
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A.2.2 GENERAL SYNOPSIS OF CAUSES OF UNPLANNED TRIPS

The distribution of the type of failures and the root causes of the
trips changed between 1983 and 1984. In 1983, equipment failures accounted
for 46% of the total, while human error constituted 54%. In 1984, the
equipment failure component was reduced to 41%, due to modifications and
improvements made on plant equipment. On the other hand, the percentage due
to human error has increased.

A.2.3 CONTRIBUTORS TO THE MAJOR CAUSES OF UNPLANNED SHUTDOWNS

a. Design deficiency and manufacturing and/or installation deficiency

The observed failures in this category have been caused by either
equipment deterioration or poor performance. The main contributors were :

i. The balance of plant (BOP) components ;

ii. Passive components of systems (e.g. piping, seals) ; and

iii. Instrumentation & control (e.g. data processing) components.

b. Work control deficiency, information deficiency and qualification
deficiency

The deficiencies that have been observed involved mainly human errors
occuring in the course of execution of tasks in operation, maintenance and
periodic testing. Errors have resulted due to non-observance of procedures
or the rules of standard practice. They have occured, for the most part,
outside the control room.

A.2.4 DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UNPLANNED SHUTDOWNS

On the basis of the analysis of the unscheduled shutdowns for their
root causes, corrective measures have been taken. Some illustrative examples
are given below.

a. Design aspects

i. Improvement in the vibration -, corrosion - and erosion -
resistance of the lubricating oil and water cooling system
components of the turbine and main generator ;
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ii. Improvement in the main generator auxiliary system (such as
improvements in the oil-hydrogen sealing device and in the
dessicant station for generator hydrogen, permanent venting of
the lubrication cooling system, and opening to the atmosphere
the stator cooling tank) ;

iii. Improvement of steam generator level control, including review
of protection set points for low-low and high-high levels ; and

iv. Improvement in the removal of condensate from the moisture
separator and reheaters during transient operating conditions.

b. Manufacturing and/or installation aspects

i. More stringent screening of equipment on receipt, prior to
acceptance ;

ii. Implementation of fatigue tests on components ; and

iii. Improvement of preventive maintenance programme,

c. Work control aspects

i. Improvement of emergency operating procedures and periodic
testing procedures.
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A.3 GERMANY, Federal Republic of

A.3.1 BACKGROUND INFORMATION

The period taken into account for evaluation of the root causes for
unplanned shutdowns of NPP's comprises the operating cycles 1982 through
1984. During this time the German utilities commercially operated 7 PWR and
4 BWR units. The main characteristics of which are the following :

PWR units

1 unit (2-loop-plant) with approx. 350 MWe output
1 unit (4-loop-plant) with approx. 660 MWe output
1 unit (3-loop-plant) with approx. 900 MWe output
1 unit (4-loop-plant) with approx. 1200 MWe output
3 units (4-loop-plant) with approx. 1300 MWe output

Average age : 7.5 years
Cumulative operating experience : 52 reactor years

(Note: 2 additional units of 1300 MWe, 4-loops went into operation
during 1984 and therefore were not taken into consideration).

BWR units

1 unit with approx. 650 MWe output
1 unit with approx. 800 MWe output
2 units with approx. 900 MWe output

Average age : 7.2 year
Cumulative operating experience : 29 reactor years

(Note : 3 additional units of 1300 MWe went into operation during
1984 and therefore were not taken into consideration).

A.3.2 GENERAL SYNOPSIS OF UNPLANNED SHUTDOWNS

Figures A.3.1 and A.3.2 present the breakdown into root causes, of
unplanned trips and shutdowns in German PWR and BWR plants, respectively.
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The shutdowns due to "human error" and "manufacture & installation
deficiency" are relatively few due to the following reasons :

i. Design of automatic control systems to have three levels of
response ("defense in depth") ; namely, operational control,
limitation and reactor protection. The resulting high degree of
automation of plant operation (both in normal and abnormal
operating modes) minimizes the number of interventions by the
operating personnel and therefore also the potential of human
errors ; and

ii. Extensive and detailed quality control measures during
engineering, manufacturing, assembling and commissioning of
components and systems.

A.3.3 CONTRIBUTORS TO THE MAJOR CAUSES OF UNPLANNED SHUTDOWNS

PWR

a. Design deficiency

The major contributors were secondary-side components and systems,
and instrumentation & control in the conventional part of the plant.

b. Manufacturing & installation error

No major contributor,

c. Phenomena during plant operation not involving human error

The major contributors were mechanical seals and electronic modules,

d. Work control deficiency

The major contributors have been adjustment of setpoints in I & C
systems, and testing and repairs during operation.

e. Information deficiency

No contributor.
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f. Tools deficiency

No contributor,

g. Qualification deficiency

The major contributor was improper application of testing and
maintenance procedures.

h. Others

Shutdowns have resulted due to fitness deficiency during testing and
maintenance.

BWR

a. Design deficiency

The major contributors were the secondary-side components and
systems, and the electrical systems.

b. Manufacturing & installation error

The major contributor was the instrumentation and control systems.

c. Phenomena during plant operation not involving human error

The major contributors were secondary-side components and systems,
especially the turbine, condenser and generator.

d. Work control deficiency

The inadequate quality of procedures was responsible for improper
reaction of personnel (e.g. in the adjustment of setpoints in control
systems).

e. Information deficiency

The major contributor was in the field of instrumentation.
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f. Tools deficiency

No contributor,

g. Qualification deficiency

The major contributors were the lack of training for testing
conditions and non-consideration of procedures by personnel.

h. Others

Shutdowns have resulted due to fitness deficiency of operating
personnel.

A.3.4 DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UNPLANNED SHUTDOWNS

A distinction between PWR and BWR is not necessary because the major
contributors are nearly the same for both types.

a. Design aspects

Improvements were made in the following areas :

i. Material properties, e.g. corrosion resistance ;

ii. Components performance, e.g. with respect to vibration ;

iii. Turbine/condenser auxiliary systems, e.g. control oil supply ;

iv. Generator auxiliary systems, e.g. generator cooling ; and

v. Reactor power control systems, e.g. limit settings.

b. Manufacturing and/or installation aspects

Improvement in quality control of I & C installations has been
effected.
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c. Measures against failures due to phenomena during plant operation not
involving human error

Improvements have been made in the following areas :

i. Design of seals ; and

ii. Control of setpoint adjustment,

d. Work control aspects

Improvements were made in the following :

i. Documentation and procedures for repair of components ;

ii. Preventive maintenance programme ; and

iii. Operating and test procedures,

e. Information aspects

Improvement in instrumentation and respective interlocks has been
instituted.

f. Tools deficiency aspects

No improvements were necessary,

g. Qualification aspects

The following measures were taken :

i. Improvement of operator training and technical training for
special tasks such as testing of components and systems or
component assembly ; and

ii. Intensification of simulator training for operating personnel.
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A.4 ITALY

A.4.1 BACKGROUND INFORMATION

Caorso NPP is an 860 MWe General Electric BWR-MARK II, which went
into commercial operation in 1981. The operating rules of the plant require
two levels of analysis after a reactor scram :

i. Short term analysis by the operating personnel, before plant
restart, to establish the immediate cause of the scram and to be
able to resume the operation of the plant in safe condition ;

ii. Long term analysis in the context of the pattern and trend
studies conducted on all operating data and performed with
inputs from the operating and maintenance staff. This analysis
is aimed at detecting possible degradation of some parts of the
plant and devising corrective actions.

As a first step a "scratn report" must be prepared, in which the cause
of the scram, the plant status, the description of the scram, the immediate
corrective actions are described. Four different causes are reported ;
namely, component failure, personnel error, protection system actuation,
others.

The second step is normally the determination of the root cause of
the scram, taking into consideration a re-analysis of similar previous
events. An "event report" is then stored in a computerized data bank, in
accordance with Technical Guide No. 11 of the Safety Authority. The events
in the data bank can be searched on a selective basis and analyzed using
multivariate selection techniques. Every six months a written report on the
entire operating experience is sent to the Safety Authority for independent
evaluation.

A.4.2 GENERAL SYNOPSIS OF CAUSES OF UNPLANNED SHUTDOWNS

Eighty-four reactor scrams occured at the Caorso plant from start-up
to the end of 1984 ; 59 scrams during the start-up phase (1978-1980) and 25
during commercial operation. Table A.4.1 summarizes the trend per year ;
manual shutdowns for refuelling are not considered.
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The large number of scrams during the start-up phase, particularly in
the first year, can either be regarded as early failures or be attributed to
poor familiarization with the plant operating personnel. Most of the scrams
after the first commercial operation, occurred at over 2!3% of the rated
power. The number of scrams per year has been decreasing, which is an
indication of the positive results of the corrective actions undertaken
a'.'ter each scram.

Fig. A.4.1 summarizes the distribution of the unplanned shutdowns
since commercial operation, based on the root cause analysis and in
accordance with the classification presented in the main part of this
document. The limited data (referring only to one plant) makes it difficult
to perform a statistical analysis ; however, equipment failures, design '
deficiencies and qualification deficiencies appear to be the most dominant
areas. Equipment failures are not related to a specific system or
component ; several shutdowns were caused by failures in control systems,
while others originated from malfunction of the reactor "mode switch.

A large number of transients in the primary circuit leading to
scrapis, originated in the ba]ance-of-plant, mainly due to feedwater
preheaters both in the high and the low pressure sections.

Sometimes neutron flux oscillations occured at low core flow, resulting in
reactor scrams due to hi-hi Average Power Range Monitor (APRM) flux.

Moreover, a large number of shutdowns occured during periodic tests.
Two key problems were identified ; namely,

i. Memory lapse by operating or maintenance personnel (sometimes
the 1/2 scram was not restored on a division, before initiating
the test on the other division; ;

ii. Hydraulic transients, caused by the rapid actuation of valves on
instrumentation lines, during the restoration to service of
primary instrumentation. These transients propagated to the
reference leg of instruments on different divisions, causing
reactor scram. The probJem was regarded as design deficiency ;
consequently, modifications were made to the plant
instrumentation.
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A.4.3 DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UNPLANNED
SHUTDOWNS

Special care was taken to properly set-up the control circuits of
the primary and conventional parts of the plant (mainly pressure controls)
to avoid propagation of transients that could result in reactor scrams.
Additionally, specific instructions were given to the operators to deal with
the possibility of the balance-of-plant inducing thermo-hydraulic transients
in the primary circuit, during start-up or change of power.

As neutron flux instability occured at low core flow, this part of
the power map (i.e. low power and low core flow) was excluded from operation
and a specific study was started, aimed at finding a solution to the
problem. A possible measure under consideration is a "selected rod
insertion" in the event of a recirculator pump trip.

As most reactor scram occured during periodic tests, many efforts
were made to limit the tests performed in operation. A specific
computer-based program was set-up aimed to better manage all the periodic
tests.

A general modification was also started in all the primary
instrumentation, with the introduction of an "analog trip system", aimed at
prolonging the time between two subsequent calibration verifications, so
that the primary sensors which are, connected to the process fluid, could be
affected only during refuelling shutdowns. Finally, personnel training
specifically addressed scram reduction practices, through the discussion of
the analyses of scrams that have occured.
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A, 5 JAPAN

A.5.1 BACKGROUND INFORMATION

At the end of 1984, Japan had 27 operating nuclear power plants
consisting of 3 general types : gas cooled reactor (GCR)-l, boiling water
reactor (BWR) - 14, and pressurized water reactor (PWR) - 12. The oldest
plant, a gas-cooled reactor, became operational in 1966.

GCR BWR PWR

Number of plants 1 14 12
Cumulative operating
experience (years)

Average age (years)
18
18

106.5
7.6

97
8.1

A.5.2 GENERAL SYNOPSIS OF CAUSES OF UNPLANNED SHUTDOWNS

A listing of the number of plant shutdowns experienced from 1981 to
1984 in Japan, broken down into the 3 reactor types, is shown in table
A.5.1. This table lists the total number of automatic scrams and manual
shutdowns experienced per year by all units of a given reactor type, as well
as the average shutdown per unit per year. It can be seen from this table
that during this four year period, the GCR has suffered only one automatic
scram (in 1983) and two manual shutdowns. For the BWRs and PWRs, the
unplanned shutdowns per unit were steady during 1981 through 1983, and then
the number decreased in 1984.

Figures A.5.1 and A.5.2 present the breakdown into root causes, of
the unplanned shutdowns in Japanese PWR and BWR plants, respectively.

A.5.3 CONTRIBUTORS TO THE MAJOR CAUSES OF UNPLANNED SHUTDOWNS

a. Design deficiency

The percentage of this category is very low. This category includes
(1) improper assumption of operating condition for the equipment ; and (2)
improper system design.
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b. Manufacturing & installation Deficiency

This category accounts for 27.6 percent. One-third of them is due to
welding deficiency. Other contributors to this category include deficiencies
in manufacturing, processing, installing, assembling and adjusting of the
components.

c. Phenomena during plant operation not involving human error

This category holds the largest: part of all the root causes. It
accounts for 36.2 percent. The failures due to the deterioration of a part
of the components are the most predominant cases. Othei cases include
component failures due to intrusion of foreign materials, erosion or wear.

d. Work control deficiency

The majority of this type of human error occured due to deficiencies
in manuals that guide work. These deficiencies include (1) lack of detail
about operation or post-maintenance checking ; and (2) use of improper
figures in the manual.

e. Qualification deficiency

The majority of this type of human error occured due to lack of
knowledge or training for the maintenance workers on tightening of bolts,
etc. Other cases occured due to incorrect work of maintenance personnel or
insufficient proficiency of operation personnel.

A. 5.4. DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UNPLANNED SHUTDOWNS

In the past, the major contributor to unplanned shutdowns in BWR
plants was the steam turbine and generator. Improvements in turbine
protection systems to prevent turbine trip by spurious signal have helped
eliminate these shutdowns. Typical examples are shown below :

(1) . Increased redundancy in turbine trip circuit
. Reactor water level high trip criteria changed

from "2 out of 2" to "1 out of 2" twice
. Moisture separator level high
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. Main Oil Pump (M.O.P.) discharge pressure low

. Electro-Hydraulic Control (EHC) oil pressure low

. Loss of stator cooling water

. Turbine exhaust hood tern, high

. Thrust bearing abnormal trip criteria changed
from "1 out of 1" to "2 out of 3"

. Turbine vibration high trip criteria changed
from 1 out of N to 2 out of N, where N means number
of turbine bearings

(2) Application of time delay circuit in trip circuits for reactor water
level high, MOP discharge pressure low and EHC oil pressure low.

A.5.4.1 Measures to reduce unplanned shutdown by equipment failures

Preventive maintenance and test/inspection by the regulatory body
after preventive maintenance is done periodically every 12 months of
operation. Time required for this periodic maintenance and test is 2 to 3
months. This periodic maintenance is mandatory.

Recently, the extent and frequency of the preventive maintenance
programme has been reviewed due to the recognition that such extensive
maintenance may not have contributed to safety and reliability as compared
with the high expense and loss of plant availability.

A.5.4.2 Good practices to reduce human errors

The crew concept of training is strongly emphasized in the plant
operation area. Practice for the crew is done periodically at the simulator.
The shift supervisor has responsibility for planning and conducting training
for personnel on his shift.

New employees spend the first 11 months of employment in plant
auxiliary operator training. This gives them a chance to learn plant systems
at the same time. Following this 11 months training period, trainees are
assigned to plant sections.

Good practices to reduce equipment failures caused by personnel
errors in the course of turnover of a portion of plant systems for
maintenance.
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Shift supervisors' and operators review and approve the isolation plan
prepared by the maintenance section. Isolation is done and tags are placed
by shift operators. Power sources for the valves used for isolation are
taken out. Then the portion of the plant is transferred from the shift
supervisor to the maintenance section manager.

After maintenance and testing, the maintenance section returns the
plant system to its original line up within the isolation boundary, then the
maintenance section manager transfers the system to the shift supervisor.
The latter returns it from isolation, and puts it back into service.

A.5.5 ROOT CAUSE FINDING IN JAPAN

Action taken after scram is usually as follox^s :

1st step : To identify initiating event and to identify areas of the plant
where initiating event occurs and to identify affected area.
At the same time to identify immediate cause of the initiating
event, that is, to identify failure mode and mechanism in case
of equipment failure, or to identify mode of personnel error.
Sometimes equipment failure may be caused by deficiency of
maintenance work or operation. In that case the mode of
deficiency must be identified.

2nd step : To determine corrective action taken for restart, such as
repair, replacement, etc. in case of equipment failure.

3rd step : To establish corrective action taken to prevent recurrence of
the same or similar type of events.

In the course of the above mentioned investigation, root cause is not
explicitly identified, however implicit identification of root cause is
performed in the process as required.
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A.6 SWEDEN

A. 6.1 BACKGROUND INFORMATION

At the end of 1985, the Swedish nuclear1 power reactors had
accumulated a total of 83 reactor years (BWR: 64 reactor years and
PWR;.19 reactor y.ears). The Swedish nuclear programme is summarized in
Table A.6.1 beïow :

.TABLE A.6.1

OVERVIEW OF THE SWEDlSh NUCLEAR POWER PLANTS

Plant IlWe Commère. NSSS Turbine
Net opération

BWR Oskarshamn 1 440 1972 ASEA-ATOM Stal-Laval
BWR Ringhals 1 750 1975 " GEC (2 turbines)

BWR Oskarshamn 2 600 1975 " BBC.Stal-Laval
BWR Barsebäck l 570 1975 " Stal-Laval
BWR Barsebnck 2 570 1977 " Stal-Laval

BWR Forsmark 1 900 1981 " " (2 turbines)
BWR Forsmark 2 . 900 1981 " " "

BWR Forsmark 3 1060 1985
BWR Oskarshamn 3 1060 1985

PWR Ringhals 2 800 1985 Westinghousc " (2 turbines)
PWR Ringhals 3 915 1981 " " "
PWR Ringhals 4 914 1982 "" " "

The root-cause analysis of scrams at the Swedish nuclear units covers
the time period 1981-1985. Forsmark 3 and Oskarshamn 3 have not been
included in the analysis due to the fact that they reached commercial
operation at the end of 1985.

A.6.2 GENERAL SYNOPSIS OF CAUSES OF UNPLANNED SHUTDOWNS

According to the classification given in the main body of this
document, the root causes of unplanned shutdowns (scrams) at the Swedish
BWR's and PWR's are illustrated in Figures A.6.1 and A.6.2,
respectively.

49



6-r

O

2--

1 --

O
C5
C-j

Design Oaf.

1981 1982 1983 1984 1985

Fig. A.6.1

CAUSES OF UNPLANNED SHUTDOWNS
SWEDEN (PWR)

O<u

S.O-r

4.5--

4.O--

3.5--

3.O--

2.0--

1.5--

.5--

I—.
r*i

1981 1982 1983 1984 1985

Fig. A.6.2

CAUSES OE UNPLANNED SHUTDOWNS
SWEDEN (BWR)

50



A.6.3 CONTRIBUTORS TO THE MAJOR CAUSES OF UNPLANNED SHUTDOWNS

A.6.3.1 Equipment Failure

a. Design deficiency

After implementation, prior to 1981, of corrective actions in the
turbine and balance-of-plant systems of the older BWRs, and the installation
of automatic steam generator level control at low power in the oldest PWR,
design deficiency has not been a major contributor to the shutdown frequency
in the Swedish plants.

b. Manufacturing/installation deficiency

No major contributor,

c. Phenomena during plant operation not involving human error

This root cause category, by far, is the dominant contributor to
unplanned shutdowns for both BWRs and PWRs. Typical examples are provided
below.

BWRs

Failures and deficiencies in the turbine and balance-of-plant
systems have been responsible for most of the unplanned shutdowns. In
general, failures in the turbine pressure control system represent the most
important contributor. Typical cases involve failures of electronic
components in the pressure control logic and inadequate functioning of
pressure governor valves. Also worth mentioning are level control problems
in the feedwater preheater/reheater system and electrical faults, such as
ground faults in generator windings.

PWRs

The rather limited reactor years of operation makes more
subjective the identification of the significant contributors to unplanned
sVutdowns. In this context, the following categories can be mentioned :

i. Malfunctions in the control rod drive system power supply ;
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ii. Failures in the turbine and balance-of-plant systems
encompassing, spurious alarms for high turbine vibrât Lous,
inadequate functioning of the cor.tro1/protection logics due
Lo deficient, electronic components ; and

iii. To some United extent, "level control problems in steam
generators, mostly due to component/instrumentation failures
i ti the feeduater system.

Finally, one should note that all Swedish plants, both PWRs and
B'.'Rs, are designed tor house loading operation from .100% power, liowever,
unsuccessful switch-over to house loading operation, either following grid
disturbances or tests, have contributed to a significant number of unplanned
shutdowns.

A. 6.3.2 Hunan Error

Hunan error is responsible for a total of about 257. of the
shutdowns which have occurred during the years 1981-1985. The proportion is
roughly the same for both 3WRs and I'UKs and does not show any significant
change, i.e. the ratio is relatively constant over the years.

a. Uork control deficiency

This category totally doninal.es the PWR human error contributors
and accounts for about half the human deficiencies In BWRs. In nost
f (.•<.• deficiencies have occurred in c:omic-ctior with periodic testing,
calibration and trouble shooting.

b. Information deficiency

No major contributor,

c. Tools deficiency

No major contributor,

d. Qualification deficiency
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This category represents about half the human errors, or roughly
10% of all the root causes for BUR. These deficiencies have occurred (luring
the execution of periodic testing and Maintenance, mostly outside the
control room, and during operation (improper .switch-over of IRM-decade
during start-up).

A. 6.4 DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UÎTI'LAÏTNED

Corrective measures, identifier! in the analysis performed in
connection with each one of the occurred shutdowns, have been taken to
reduce unplanned shutdowns. Some of these are mentioned below :

i. Improvement and adjustment of sensitive parameters anrq

components in order to increase the success probability for
house loading operation. For example, turbine acceleration
monitors with simpler electronics for the reset function have
been installed.

ii. Improvement of the turbine control system, e.g., change in
the turbine overtemperalurc protection logic to avoid vacuum
quenching in the condenser following turbine trip.

iii. Automatization of the IKM-switch-over during start-up of the
newer BURs.

iv. Improved QA/QC especially for electrical/electronic
instrumentation and components.

v. Improvement of maintenance, test and calibration
procedure/documentation, e.g. in the surveillance program for
nitrogen-activated steam dump valve accumulators.
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A. 7 UNITED STATES OF AMERICA

A. 7.1. BACKGROUND INFORMATION

At the end of 1984, the U.S.A. had 85 nuclear power plants with
full power licenses consisting of three general types : a high-temperature
gas-cooled reactor (HTGR), 30 boiling water reactors (BWR), and 54
pressurized water reactors*(PWR). The oldest plant, a PWR, became
operational 24 years ago, in I960.

HTGR BWR PWR ALL
Number of plants* 1 30 54 85

Cumulative operating
experience (years) 8 299 485 752

Average age (years) 8 10 9.2 9.4

A.7.2 GENERAL SYNOPSIS OF UNPLANNED LUR REACTOR TRIPS

The majority of the data which follows has been taken from recent
studies conducted by the Office for Analysis and Evaluation of Operational
Data (AEOD) of the U.S. Nuclear Regulatory Commission (USNRC), the Institute
of Nuclear Power Operations (INPO), and the IAEA Power Reactor Information
System (PRIS). Due to the manner in which the U.S. reporting criteria is
defined, data on manual shutdowns which do not involve an unplanned
actuation of the reactor protection system are not readily available. Thus,
the terra "trips" has been substituted in this section for "shutdowns". A
trip is defined as any actuation of the reactor protection system which
results in control rod motion. A listing of the number of plant trips for
light water reactors is presented in Table A.7.1.

A comparison between 1983 and 1984 indicates that the national
average trip rate has declined slightly from 6.5 trips per reactor per year
in 1983 (496 trips/76 reactors) to 5.9 trips per reactor per year
(492 trips/83 reactors) in 1984.

*Note: The PWR data base has been reduced from 54 to 53 reactors since the
Three Mile Island-1 reactor did not operate in 1983 or 1984, although
it held a full power license.
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BWR

TABLE A.7.1
NUMBER OF SHUTDOWNS

1983 1984

Number of Units 26
Automatic Trips 118
Manual Trips 28
Automatic Trips/Units/Year 4.54
Manual Trips/Unit/Year 1.08
Total Trips/Unit/Year 5.62

30
140
25
4.66
0.83
5.49

PWR

Number of Units* 50
Automatic Trips 311
Manual Trips 39
Automatic Trips/Units/Year 6.22
Manual Trips/Unit/Year 0.78
Total Trips/Unit/Year 7

53
291
36
5.49
0.67
6.16

TABLE A.7.2

1984 U.S. LWR UNPLANNED TRIPS

NSSS Groups
Number of
Units

Trip Rate Per 1000
Critical Hours
(Power 15%)

Westinghouse:
2-Loop
Early 4-Loop
3-Loop
4-Loop

General Electric:
Combustion Engineering:
Babcock & Wilcox:
Allis Chalmers:

6
2
12
15

29
11
7
1

0.1
0.5
0.9
1.2

0.8
0.6
0.4
0.9
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While there is a tendency to focus on average behavior, the NRC study
indicates that there is a significant variation in trip rates within the
Uestinghouse and GE classes of reactors. Table A.7.2 illustrates the
relative performance in 1984, by NSSS groups, of the U.S. plants.

A.7.3 INFORMATION ON CAUSES OF SCRAMS

The analysis of 1984 scram data indicated the following :

a. Seventy-seven reactor trips had the post trip recovery complicated by
equipment failures or personnel errors unrelated to the cause of the
reactor trip. About 20% of all trips above 15% power had one or more
associated failure or error.

b. Sixty-eight percent of all reactor trips in 1984 occured while the
plant was at a power level above 15%. Furthermore , 31% occurred from
above 95% power. Thus, it appears that a significant fraction,
approximately one-third, of all reactor trips occurred from high
power with attendant high levels of decay heat. This is contrary to
the frequently stated hypothesis that most reactor trips are due to
problems during start-up.

c. Above 15% pox^er, 59% of the disturbances resulting in reactor trips
originated in the following Balance-of-Plant (BOP) systems :
Feedwater - 25%, Turbine - 15%, Condensate - 6%, Main Generator - 6%,
Main Steam - 5%. Below 2% power, faults in the reactor protection
system itself were the dominant source. Between 2% and 15% power,
again the feedwater - 40%, turbine - 18%, and main steam - 13%
combined for 71% of all trips that occured between 2% and 15% power.

d. Hardware failure was the dominant cause of unplanned reactor trips
above 15% power. Cataloging the individual pieces of hardware,
however, reveals a vast array of components and piece parts
responsible for trips. This diversity suggests that it will not be
possible to achieve significant reductions in reactor trips by
focusing on a few "problem components" on an industry-wide basis.
Rather, the solution seems to lie in addressing problems with the
components which dominate at a particular plant, as well as greater
attention to improve hardware condition at each plant.
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e. The largest single class of 'events leading to reactor trip (i.e.,
hardware failure in major BOP systems) is historically and currently
outside regulatory purview. The needed improvement in BOP material
condition is -the responsibility of individual licensees and industry
groups. The reduction of this source of unplanned reactor trips over
time will be a key indication of industry efforts'at self-improvement.

f. Above 15% power, 34 trips could be traced to unlicensed personnel.
Thus, errors by unlicensed personnel account for at least 10% of all
reactor trips above 15% power. Therefore, continued efforts to
improve the performance of unlicensed personnel appear warranted.

g. Below 15% power hardware failures also predominate, but the
contribution from personnel problems (at 46%) is higher than that
above 15% power. Problems in executing the basic procedures necessary
to start-up the facility may be responsible for the greater persnnel
contribution.

h. The proportion of reactor trips associated with planned maintenance,
calibration, and testing activities was about 30%. However, one
should not equate problems arising while performing maintenance,
calibration, and testing with errors by personnel performing these
activities. In particular the root cause of the trip in 37% of the
cases was a hardware failure.

i. Manual steam generator level control problems at low power are a
relatively minor contributor to unplanned reactor trips. Only 23 of
329 total PWR trips were attributed to such problems, amounting to
only 7%.

To provide a correlation between the MRC categorization of scram
causes and the IAKA classification of the root causes of unplanned
shutdowns, the comparison of the two classification methods is given in
Table A.7.3. It will be noted that human error contribution under the KRC

scram analysis is not further broken down into information deficiency, tools
deficiency, qualification deficiency and others. However, scrap's due to
external causes are considered in the KRC analysis but sucb a category is
outside the scope of the IAEA docunc?nt.
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IAEA Report

TABLE A.7.3

COMPARISON OF CLASSIFICATION METHODS

NRC Scram Analysis

Equipment Failure
Design deficiency
Manufacturing.installâtion
Other (no human error)

Design = 2

Hardware failures = 272

Human Error
Work control deficiency Procedures 25

Information deficiency
Tools deficiency
Qualification deficiency
Others

Human error 142

No Category

No Category

No Category

Unknown =18

Not provided = 8

Both hardware and
human error =15

Category Outside Scope Environment = 10
(external causes)

In summary, the categorization of the 492 scrams in 1984 that was
analyzed by the NRC can be reflected as follows :

Scrams

2
272
25
142
_51

492

Design
Hardware (manufacturing/installâtion/others)
Procedures (work control deficiencies)
Human error (information/tools/qualification/others)
Miscellaneous (scrams due to external causes, unknown, both
hardware and human error)
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A. 7.4. DESCRIPTION OF MEASURES TAKEN TO REDUCE OR PREVENT UNPLANNED SHUTDOWNS

a. Equipment Failures

The majority of the equipment problems caused by design,
manufacturing, assembly and installation deficiencies can be corrected by a
more closely controlled QA/QC procedures during these activities. The U.S.A.
is placing additional emphasis in this area.

Preventive maintenance programmes during plant operation can
significantly reduce the number of equipment failures. Additional study in
this area is being conducted.

An evaluation of various feedwater system failures produces some
actions to improve the feedwater control system which include :

i. Improved automatic control at low power ;

ii. Improved man-machine interface for manual control at low power ;

iii. Improved reliability of steam driven feedpump speed control and
control oil supply system ;

iv. Improved feedwater level control system to permit continued
operation with loss of one main feedpump ;

v. Relaxation on narrow operating margins caused by overly
conservative trip setpoints ;

vi. Improved sensor validation functions in control system
instrumentation ;

vii. Improved man-machine interface for testing ; and

viii.Improved means of connecting air lines to valve operators.

Some U.S.A. utilities have already found means to provide one or more
of these improvements.
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b. Human Error

Although the human error categories appear to be the most difficult
to solve, many significant advances have been made. The U.S.A. development
and adoption of symptom-based emergency operation procedures, supplemented
by action flow charts greatly aids the operator in selecting the right
procedures and taking appropriate action. The subsequent use of these
procedures in full-scope simulators ensures their accuracy and provides
operator hands-on-training.

Improved means for providing assurance of compliance with procedures
by verification that steps were not omitted or transposed either by direct
feedback to the person performing the task or second party verification by
independent means (not just a repeat of the procedure checklist) can reduce
the probability of failure to follow procedures.

The training accreditation program is well underway in the U.S.A. and
the results are encouraging. The impact of training is to train and the
qualify the individual to do the tasks which he needs to do in the course of
carrying out his job. This involves a continuous cycle of training, testing
and qualification. Training and testing should not stop once a person is
designated qualified.

The extensive investment by most U.S.A. utilities in full-scale,
plant specific simulators is providing the control room operator the same
hands-on experience that mechanics and various technicians have gained in
training in laboratories and workshops.

Improved selection criteria to ensure a closer match between the job
performance requirements and the person's inate capabilities, and improved
training should reduce the problems caused by improper or inadvertant
actions.

c. Activities to Reduce Reactor Trips

Additional measures have been instituted by the different vendor
owners groups in the U.S.A. with the goal of reducing the number of trips
per plant. While these owners groups have different names and detailed means
for conducting the trip reduction activities, they have a common general
approach which recommends :
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i. Preparing a trip assessment report to document every reactor trip
and distributing this report to all utility participants and the
NSSS vendor ; and

ii. Incorporating the information in these reports into a common data
base and periodically having this data base reviewed by both the
NSSS vendor and a group of utility operation personnel to
identify recurring or shared problems, and to prepare recommended
corrective actions for consideration by the members of the owners
group.

This approach greatly expands the available experience base and
assures that scram reduction efforts will be applied based on the evaluated
experiences of many different utilities.
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APPENDIX B

EXAMPLE QUESTIONNAIRE FOR EVENT INVESTIGATION

UNIT NAME
UNIT TYPE
EVENT DESIGNATION
EVENT DATE
EVENT HOUR
INITIAL STATUS OF THE UNIT
FINAL STATUS
UNAVAILABILITY DURATION

EVENT CONSEQUENCES

1 . Production-related
2 . Production interruption
3 . Production reduction
4 . Production delay
5 . Others
6 . Nuclear safety-related
7 . Radioactive releases

to the environment
8 . Personnel irradiaton
9 . Personnel contamination
10 . Others

11 . Industrial safety-related
12 . Fatality
13 . Injury
14 . Others

YES

0

0
0
0
0

0
0
0
0

0
0
0
0

NO

0
0
0
0
0

REMARK

0
0
0
0

0
0
0
0

EVENT RESULTS

15 . Automatic shutdown 0
(as a result of)

16 . Successful house loading 0
17 . House loading + turbine trip 0
18 . Turbine trip + reactor shutdown 0
19 . Reactor shutdown + turbine trip 0
20 . Safety injection + reactor shutdown 0
21 . Others 0

22 . Manual shutdown 0
(required by)

23 . Procedure or specification 0
24 . Need for repairing equipment 0
25 . Safety authority 0
26 . Operating organization 0
27 . Grid considerations (load

dispatching; 0
28 . Others 0

0
0
0
0
0
0

0
0
0
0
0
0
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EVENT RESULTS YES NO REMARK

29 . Without shutdown
(happened or discovered during)

30 . Operation
31 . Maintenance
32 . Inspection
33 . Periodic testing
34 . Other

0
0
0
0
0

0
0
0
0
0

FAILURE TYPE

35 . Equipment Failure (if no go to 91; 0
36 . Equipment deterioration 0
37 . Performance deficiency 0

0
0
0

COMPONENTS INVOLVED

38
31
40
41
42
43
44
45

. Instrumentation and Control Components
. Sensors
. Connections
. Data processing

. Hardware

. Software
. Actuators
. Others

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

46 . Systems Components
47 . Active components
4P . Valve
49 . Pump
50 . Motor
51 . Turbine
52 « Generator
53 . Others
54 . Passive components
55 • Pipe
56 • Tank
57 . Filter
58 • Others

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

FUNCTIONS AFFECTED BY THE EQUIPMENT FAILURE

59 . Safety Functions
60 . Main safety function, i.e.

"containment function"
61 . Safety sub-functions
62 . Power transfer (heat removal;
63 . Power control (reactivity)

64 . Safety sources
65 . Electrical supply off-site
66 . Electrical supply on-site
67 . Cooling water (heat sink)
68 . Compressed air

0
0
0
0

0
0
0
0
0

0
0
0
0

0
0
0
0
0
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FUNCTIONS AFFECTED BY THE,EQUIPMENT FAILURE - YES NO REMARK

69 . Production Systems 0 0
70 . Nuclear steam supply system 0 0
71 . Turbo generator 0 0
72 . Auxiliaries • . ,0 0
73 . Waste treatment,system 0 0
74 . Others • 0 0

ROOT CAUSES OF THE EQUIPMENT FAILURE

75 . Design Deficiency 0 0
76 . System Design . , ..0 C
77 . Component Design 0 0
78 . Material Selection 0 0
79 . Others 0 0

80 . Manufacturing and/or Installation
Deficiency 0 0

81 . Insufficient quality control 0 0
82 . Poor reliability 0 0
83 . Others 0 0

84 . Phenomena during plant operation
not involving human error 0 0

85 . Poor performance 0 0
86 . Aging 0 0
87 . Environmental impact .0 0
88 . Drifts 0 0
89 . Random failure
90 . Others 0 0

FAILURE TYPE YES NO REMARK

91 . Human error 0 0
92 . Having led immediately to the event 0 0
93 . Plant regulations violation 0 • 0
94 . Worker judgement deficiency

(wrong diagnosis) 0 0

ACTIVITIES PERFORMED WHEN ERROR OCCURRED

95 . Operation 0 0
9 6 . Load changes 0 0
97 . Equipment removal from or return to

operation 0 0
98 . Operationally specified action 0 0
99 . Others 0 0

100 . Maintenance
.101 . Equipment inspection (preventive) ' • 0 '0
102 . Equipment repair (corrective) 0 0
103 . Others • 0 G
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ACTIVITIES PERFORMED WHEN ERROR OCCURRED YES NO REMARK

104 . Periodic Testing 0
105 . Equipment removal from operation 0
106 . Equipment testing 0
107 . Others (e.g. equipment return

to service) 0
108 . Others 0

0
0
0

0
0

TASKS PERFORMED WHEN ERROR OCCURRED

109 . Execution Tasks
110 . In the control room
111 . In the plant about equipment
112 . Others

0
0
0
0

113 . Preparation Tasks 0
114 . Preparation of procedure 0
115 . Preparation of in-field checklist 0
116 . Others 0

0
0
0
0

0
0
0
0

NATURE OF THE HUMAN ERROR

117 . Omission
118 . Confusion
119 . Inappropriate Action
120 . Inappropriate Timing
121 . Others

0
0
0
0
0

0
0
0
0
0

ROOT CAUSES OF THE HUMAN DEFICIENCY YES NO

122 . Work Control Deficiency
(Procedures, Planning, etc.) 0 0

123 . Inadequate procedures 0 0
124 . Inadequate preventive maintenance

programme 0 0
125 . Poor testing programme 0 0
126 . Poor surveillance programme 0 0
127 . Information Deficiency 0 0
128 . Inappropriate indicators 0 0
129 . Inadequate technical documents 0 0
130 . Inadequate as-built drawings 0 0
131 . Inadequate documentation of plant

modification and backfitting 0 0
132 . Inappropriate administrative

documents 0 0

133 . Tools Deficiency 0 0
134 . Inappropriate tools 0 0
135 . Inappropriate remote control 0 0
136 . Poor adjustment (I & C components) 0 0
137 . Poor assembly 0 0

REMARK
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ROOT CAUSES OF THE HUMAN DEFICIENCY YES NO REMARK

138 . Qualification Deficiency 0 0
13° . Inappropriate training programme 0 0
140 . Inadequate teaching 0 0
141 . Insufficient learning 0 0

Others
142 . Inappropriate personal action 0 0
143 . Memory deficiency 0 0
144 . Stress condition 0 0
145 . Wrong conclusion 0 0
146 . Others 0 0
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