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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD
Nuclear Energy Agency (NEA), is an international committee made up of senior
scientists and engineers. It was set up in 1973 to develop and coordinate the activities
of the Nuclear Energy Agency concerning the technical aspects of the design,
construction and operation of nuclear installations insofar as they affect the safety of
such installations. The Committee’s purpose is to foster international cooperation in
nuclear safety among the OECD Member countries.

The CSNI constitutes a forum for the exchange of technical information and for
collaboration between organizations which can contribute, from their respective
backgrounds in research, development, engineering or regulation, to these activities and
to the definition of its programme of work. It also reviews the state of knowledge on
selected topics of nuclear safety technology and safety assessment, including operating
experience. It initiates and conducts programmes identified by these reviews and
assessments in order to overcome discrepancies, develop improvements and reach
international consensus on technical issues of common interest. It promotes the
coordination of work in different Member Countries including the establishment of
cooperative research projects and results to participating organizations. Full use is also
made of traditional methods of cooperation, such as information exchanges,
establishment of working groups, and organization of conferences and specialist

meetings.

The greater part of the CSNI's current programme of work is concerned with
safety technology of water reactors. The principal areas covered are operating
experience and the human factor, reactor coolant system behaviour, various aspects of
reactor component integrity, the phenomenology of radioactive releases in reactor
accidents and their confinement, containment performance, risk assessment, and severe
accidents. The Committee also studies the safety of the nuclear fuel cycle, conducts
periodic surveys of the reactor safety research programmes and operates an
international mechanism for exchanging reports on safety related nuclear power plant
accidents.

In implementing its programme, the CSNI establishes cooperative mechanisms
with NEA’s Committee of Nuclear Regulatory Activities (CNRA), responsible for the
activities of the Agency concerning the regulation, licensing and inspection of nuclear
installations with regards to safety. It also cooperates with NEA’'s Committee on
Radiation Protection and Public Health and NEA’'s Radioactive Waste Management
Committee on matters of common interest.
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FOREWORD

" This paper presents the results of Task 14 of CSNI Principal Working
Group 5. Following completion of work in Task 11 : “PSA Application to
Technical Specifications”, Task 14 was initiated at the Autumn 1992 meeting of the
Principal Working Group, and given the title “Risk-Based Management of Safety
Systems Reliability”. The agreed objective of the task was to review the possibilities
for using PSA-based insights in the real-time management of safety system
reliability, and to consider:

1 . PSA models responding in real time to actual and planned sub-system
outages (eg the Heysham 2 Essential Systems Status Monitor),

2 Improved Technical Specifications of the traditional type whose parameters
" had been optimised using PSA,

3 . Other approaches (eg the Torness Essential Systems Outage Program).

Phase 1 of the task was the collection of information and Phase 2 was the
collation and reporting of that information. These phases were summarised in an
Interim Report in September 1993. The content of that Interim Report, other than
that which would duplicate the current main report, appears in Appendix A.

The final phase of the task, leading to this report, concentrates on items 1
‘and 3 above, since item 2 was found to be covered adequately in other publications.
The Heysham-2 ESSM and Torness ESOP are the primary examples of risk-based
monitors, exemplifying two different approaches to the same objective. The
benefits and resource requirements of these systems are discussed, as are those of
equivalent future applications to Light Water Reactors.

This report deals with status monitors for power operation. Appendix C notes the
 possibility of the equivalent process for shutdown states, and that topic may be considered
in future CSNI work.

TASK GROUP MEMBERS

PWG 5 members N J Holloway, (AWE, UK) [Task Leader]
R M Andrews (NII, UK)
J I Calvo (CSN, Spain)
J Yllera (CSN, Spain)
H-P Balfanz (TuV, Germany)
B Liwaang (SKI, Sweden)

Contributors A Taylor (Scottish Nuclear, UK)
G R Moir (Nuclear Electric, UK)
M J Dillistone (AEA, UK)
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1 INTRODUCTION
1.1  Scope of this Report

The title of this report, now modified slightly from the original by substituting “availability”
for “reliability”, has presented some problems as some of the words have different implications in
different countries. Therefore it is appropriate to explain the subject and scope of the report in
terms more precise than the brief title(s).

Management of safety systems reliability encompasses far more than is contained in this
report. As the sub-title suggests, the subject of this report is the status monitoring and control of
the current configuration of plant safety systems. At the present level of development, this is
normally simplified further to monitoring the ‘ON/OFF’ availability status of safety systems as
against more complex status attributes such as age, time since last test, availability of repair crews,
etc.

[Note : the report is not concerned with configuration control interpreted as the accurate recording
of current system drawings and the control of system modifications. The “configuration” in the title
refers only to the time-dependent ‘on/off” configuration of safety systems.]

12  Motivation for Risk-Based Configuration Control

As the systems described in this report are relatively novel and few in number, it is
important to understand why such systems have been developed. The following explanations are
based mainly on the two primary examples (see sections 3.1, 3.2) but are considered to apply more
widely.

The reasons for status monitor development can be seen as a combination of several
factors, including:

Increases in Numbers of Safety Systems and Technical Specifications

Recent trends in NPP design and regulation have seen increased numbers of safety systems,
with many plants now having 3 or 4 train systems where older plants had 2 train systems.
The existence of ‘surplus’ trains means that single trains may now fail or be taken out of
service without an immediate violation of the Single Failure Criterion (SFC) or a large
increase in risk. However, outages of several safety systems, no one of which would violate
the SFC or cause a large increase in risk on its own, may in combination cause a large
increase in risk.

While safety systems have increased modestly in number, technical specifications for them
have increased by an order of magnitude or more. These specifications have become quite
cumbersome documents, and thus increasingly difficult to use in real time when operators
are responding to unplanned outages or short term planned outages. It is therefore desirable
to have some more 'user-friendly' means of achieving the objective of technical
specifications - the maintenance of safety systems in pre-defined acceptable states.

6 Printed 1 September 1994
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Increased Flexibility in Applying Technical Specifications

Traditional Technical Specifications are conservatively based and may thus lead to plant
shutdown instructions in conditions where such an expensive action is not really justified by
" the increase in risk. This can then lead to exemption requests and shutdown decisions being
made on very tight timescales - a situation which is uncomfortable for both operator and
regulator. A soundly based status monitoring system will allows such short timescale
decisions to be made accurately according to a pre-determined scheme with a known and
agreed basis. Thus the intent of Technical Specifications may be fulfilled while avoiding the
inflexibility of the traditional specifications and the need for regular ‘exemptions'.

On-Line Maintenance and Repair

Reactors with on-load refuelling (eg CANDU, RBMK, AGR) require on-line maintenance
of many systems as the time between planned shutdown outages can be two years or more.

Light Water Reactors have traditionally minimised on-line maintenance requiring system
outages, as their operating cycles used to require annual refuelling outages in which most
maintenance work could be done. However, increased fuel bumn-up is lengthening the
period between planned outages to well over a year and is thus increasing the need for
on-line maintenance, some of which requires safety system outages.

Use of PSA for Safety Justification

In the last few years, the number of plants which have performed plant-specific PSAs has
increased dramatically. Within a few more years there will be only a small minority of
nuclear power plants in the world which do not have some substantial PSA component in
their safety justifications.

Since PSAs estimate either risk or a risk-related quantity such as core melt frequency, they
create a possible basis for risk-based controls. In the primary examples for this report, the
PSAs underlying the safety system status controls were used as plant design justification
prior to construction. Thus it was seen to be logical to use the same basis for control as had
been used for the original design and justification.

Most current plants will have ‘backfitted” PSAs, but the principles of using these in deriving
a basis for risk-based control is the same as for the minority of plants where PSA was
performed in the design phase.

Thus we see that there are several trends driving the development and use of status
monitors. These driving forces can be summarised as the desire to maintain safe system status in the
face of increasing system complexity, while using the information and insights included in the plant
safety justification, particularly where this safety justification includes PSA.

7 Printed 1 September 1994

L]




CSNI-RESTRICTED

2 OBJECTIVES OF RISK-BASED CONFIGURATION CONTROL

2.1 General Objectives

The general objectives of operating a nuclear power plant aré to maximise output while
controlling risk to achieve one or both of the following:

Risks should remain below defined limits
Risks should be as low as reasonably achievable (or practicable)

Risk-based control must conform to these general objectives, but in practice it requires

more specific definitions of the risk-related parameters to be controlled and the time-dependent way
in which control should be exercised.

An extensive discussion of options is contained in Ref2, to which the reader is referred. The
following sections summarise some options which Ref 2 discusses at greater length.

2.2 Quantities to be Controlled

The majority of plants do not have full Level-3 risk assessments, so the control of risk in
terms of final probabilities and final health effects is not plausible for this majority. What is needed
are suitable surrogates for risk, related to the Level-1 PSAs now available at many plants, and soon
to be available at the great majority.

221 Core melt frequency

The principal candidate parameter for control is the most obvious - the core melt frequency
(or its nearest available equivalent in the case of the channel type reactors CANDU, AGR,
RBMK). Where plant-specific PSAs deriving core melt frequencies are available, there is no serious
dissent from the idea that the core melt parameter should play a major role - the debate is
concerned with the additional roles of:

Other ‘Level-1’ parameters or criteria (eg single failure criterion) which should be included
in the ‘mix’

Parameters with ‘Level-2 & 3 significance’ to reflect different risks of containment failure
and off-site damage associated with different core melt sequences.

These options are considered in the next two sub-sections.
2.2.2 Level-1 parameters or criteria other than core melt frequency

The inclusion of other parameters or criteria is motivated by the awareness that PSA, even
at its best, suffers from inevitable numerical uncertainties. There is a justified reluctance to place
total reliance on PSA-based numbers in the absence of confirmation by more deterministic insights.
The simplest and most widely accepted deterministic insight in system reliability is the single failure
criterion, which can also be seen as a simple ‘defence in depth’ criterion. Incorporation of a defence
in depth criterion into the ‘mix’ ensures that a situation with few or no defences left in place is not
allowed to exist simply because of some numerical aberration in the probabilistic assessment. Thus,
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in the established systems, the single failure criterion is the popular addition to the core melt
frequency (or equivalent) in the mix of parameters to be controlled.

Furthermore, the absence of a PSA-based core melt frequency estimate need not prevent
the use of status control based on more deterministic risk-related concepts such as the single failure
criterion or “remaining defences” [see Ref.2 section 6.4 for a discussion of this concept]. This
matter is discussed further in section 4.3 on ‘deterministic options’.

223 Level-2 & 3 parameters

The use of parameters beyond those obtainable from Level-1 analysis depends strongly on
the role of such parameters in regulation. Where Level-2 results are routinely incorporated into
regulations, as in the UK [Ref4] then there will be some basis for deriving those results and
comparing them with regulatory criteria. The same basis is then available in principle for risk-based
status monitoring,

In practice, it is likely that a status monitor using Level-2 parameters and criteria would not
perform Level-2 analysis on-line but would use insights from completed Level-2 or Level-3 analysis
to relate core melt and containment system status to expected releases or off-site damage. This
would probably take account of degraded containment systems within the plant systems’ status and
might also ‘weight’ different core melt types according to attributes such as early/late, high/low
pressure etc which are considered to influence the containment performance.

As yet there is no working status monitoring scheme based on Level-2 PSA but some
developments along these lines are in progress at the Sizewell-B reactor in the UK, where Level-2
PSA-based criteria have been used in design and licensing. As noted in section 5.2.2, applications to
contained LWR systems may well have to include some aspects of containment systems availability
and performance if the Single Failure Criterion is not to have an overly restrictive effect when
applied only to core protection systems.

2.3 Transient and Cumulative Controls

It would be both undesirable and unnecessary to operate a plant continuously at the highest
risk level which might be tolerated for a short period. Hence it is desirable to control longer term or
cumulative risks at lower levels than the peak levels allowed for transient risks. These lower levels
should be consistent with applicable annualized risk objectives.

In principle it would be possible to have only a longer term or cumulative risk control, such
as the core melt frequency integrated over a calendar year. However, this is difficult to operate in
practice without some constraints on shorter term transient risks as there is a temptation to
‘borrow’ short term high risk allowances offset against optimistic forecasts of low risks in the
remnant of the ‘risk-accounting period’. Furthermore, risk controls in most countries contain a
concept that there are risk levels too high to tolerate regardless of the commercial benefit.

Therefore, current schemes normally operate in terms of both transient limits and
cumulative targets, with transient limits allowing risks to rise by some orders of magnitude for
defined short times, while cumulative targets are only modest factors higher than the risk
attributable to the ‘ideal’ state with no known safety system outages.

9 Printed 1 September 1994
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In order to achieve the cumulative targets, the time allowed in high risk states must vary
inversely with the nisk. This is normally arranged in order of magnitude bands, with allowed
timescales of days or weeks for marginally increased risk bands to a few hours for the highest
allowed risk bands.

24 Absolute and Relative Risks

A matter requiring careful consideration is whether to express increased risk in absolute or
relative terms. Absolute risk bands operate in terms of absolute core melt frequency, as illustrated
in Table 6.3 of Ref.2. Relative risk bands are expressed relative to the baseline core melt frequency
of a the specific plant, representing the ‘ideal’ safety system status. The two approaches each have
advantages and disadvantages, ie:

Absolute risk bands, if set to allow older and higher risk plants to operate, may be very
relaxed for modern lower risk plants, thus failing to impose the ALARA principle on the
lower risk plants.

Relative risk bands may impose more heavily on the operability of low risk plants, in
principle preventing lower risk power generation at one plant while higher risk generation is
being allowed by the same relative rules at another plant. This is clearly undesirable at the
macroscopic level. Furthermore, relative risk bands may discourage attempts to reduce a
plant's baseline risks, as this would also reduce the transient relative risk allowances in
proportion and might thus impede operability.

A resolution of this difficulty might be achieved by using absolute risk bands, but different
bands for new and old plant, based on the different “safety goals” applied to new and old plant.
Thus, the risks bands for an old plant could be expressed relative to old plant core melt frequency
targets (eg 1E-4/yr) and the risk bands for new plants relative to new plant core melt frequency
targets (eg 1E-5/yr). This would exert similar ‘pressure’ on operations of both new and old plants
but would not discourage any plant from reducing its baseline core melt frequency, as such a
reduction would not affect the transient risk allowances.

3 EXAMPLES OF ESTABLISHED SYSTEMS

Although there are several computer based systems operating in a risk-based configuration
control mode, the two primary examples, both from the UK, are the only systems to have been
established for some years in a ‘licensed’ context, whereby their operations are included in
operating rules agreed with the Licensing Authority. The UK lead in this particular field is largely
attributable to the agreement in the 1970's between the Licensing Authority and Utilities that PSA
guidelines could be used for the design and safety justification of nuclear power plants. PSA is now
a major part of the regulatory framework in the UK and PSA-based criteria are incorporated into
the regulator's safety assessment principles [Ref 4].

These two systems, although based on nearly identical plants and PSAs, illustrate two
distinct approaches, one based on real-time PSA calculations and the other based on prior listings
of allowed states. Both systems are installed on Advanced Gas-Cooled Reactors. Appendix B
provides some basic information about these reactors and about the post-trip cooling requirements
and systems whose status is monitored.
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3.1 Heysham-2 Essential Systems Status Monitor
3.1.1 System purpose

Heysham 2 has two Mark II Advanced Gas-cooled Reactors (AGRs), each of which has
two diverse post-trip cooling systems. Each system has four redundant, physically segregated
trains, with many possibilities for interconnection. The Essential Systems Status Monitor (ESSM)
at Heysham 2 is an on-line computerised system, which assists operators in the planning of outages
for componerts associated with post-trip cooling systems, and in their response to unplanned
outages of such components [Ref5.5,6].

Heysham 2 was designed with a ‘target’ frequency of 1E-6 per reactor year for accidents
potentially leading to an uncontrolled release of activity. The design outcome closely approached
this target, with a baseline frequency of 1.4E-6 for failure of post-trip cooling. New reliability
estimates baszd on operating experience are now being used to update the baseline frequency,
which may then fall below 1E-6.

The operating philosophy is to control outages so as not to increase the long-term average
frequency of uncontrolled release”” above roughly twice the baseline frequency. Outages are also
subject to a number of deterministic criteria concerning the plant’s ability to respond to internal and
external hazards and to cool the reactor following any single credible failure.

["” An uncontrolled release is conservatively interpreted as an accident beyond the design basis
of the reactor and safety systems, and this in turn is interpreted as failure to achieve defined
success criteria, explained in Appendix B. Failure to meet the success criteria is presumed to be a
core damage accident for the purposes of risk-based control. The analysis of loss of post-trip
cooling is conservative in some of its success criteria and in that it does not allow for long term

recovery of failed functions in the mary hours available between loss of cooling and fuel melting. ]
3.1.2 Underlying PSA model

The ESSM is based on a level 1 PSA which contains ‘large fault tree’ models for all
relevant initiating events covered in the Station Safety Report (48 in all). The fault trees cover the
safety systems (listed in Table 1) associated with post-trip cooling. The fault tree unavailability data
can be updated on-line to reflect changes in recently measured safety system unavailability, changes
in basic unavailability data, and also system reconfigurations. The system’s ability to accommodate
reconfigurations is considered particularly important.

Table 1: Systems Modelled by the ESSM

Post-trip sequencing equipment Pressure support system
Start/standby boiler feed system Emergency boiler feed system
Essential electrical system : Decay heat boiler feed system
Reactor seawater system Inlet guide vane system

Gas circulators Circulator auxiliaries cooling system

Circulator auxiliaries diverse cooling system

Printed 1 September 1994
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3.1.3 System operation

Following a change in safety system availability status, the new status is input to the ESSM
which then performs several calculations:

1 A comparison of the new status with the Single Failure Criterion

2 A re-run of the PSA fault trees, calculating the new frequency for ‘beyond design
basis’ accidents. This frequency is the sum of contributions from each of 48

3 An identification of the relevant ‘Backstop Rules’ allowing continued operation.
The nature of the backstop rules is discussed below (section 3.1.4).

On the basis of these calculations the ESSM first tells the operator whether the new state of
the plant violates the deterministic criteria. Then, on the basis of the deterministic criteria and the
new accident frequency and its ratio (‘outage factor’) to the baseline frequency, it tells the operator
which of three maintenance categories the plant is in. The categories are:

a) Normal Maintenance - the outage factor is less than 10 and the single failure
criterion is not violated

b) Urgent Maintenance - the outage factor is between 10 and 100 and the single
failure criterion is not violated

c) Immediate Remedial Action - the outage factor exceeds 100 or the single failure
criterion is violated.

In practice, the boundary between Urgent Maintenance and Immediate Remedial Action is
usually determined by the single failure criterion® rather than the outage factor.

The plant is allowed to operate indefinitely in Normal Maintenance. The operator is not
allowed to take the plant deliberately into Urgent Maintenance, but if the plant enters this state
following an unplanned outage the operator has 36 hours to return the plant to the Normal
Maintenance state or else he must shut it down.

The system is used on-line in the control room, and must be used whenever a component
associated with post-trip cooling becomes unavailable. Changes to the system’s knowledge of plant
state can only be made from the control room by an authorised person, but partial use of the system
is possible from the Planning Office, whose terminals can be used in ‘Planning Mode’ to answer
‘what if’ questions and allow future safety system outages to be planned. The planning mode
program obtains the current plant state from the main program but it cannot write any data to it.

' Itmay seem odd that the Single Failure Criterion (SFC) plays such an important part in a system with 4- or 8-
fold redundancy. This is certainly not due to regular outages of 3 or 7 trains but is due to the inclusion in the 48
initiating events of some very severe events which themselves take out several trains. Events of this type include
seismic events which take out all non-seismically qualified components and fires breaching one fire barrier which
take out two quadrants of safety systems. For these events the redundancy is already halved at the start and the
SFC becomes a limiting factor.

12 Printed 1 September 1994




CSNI-RESTRICTED

ESSM OPERATION

.
3

Figure 1

SUOJUIquad

SSMOS WSS3

SIdSS
sojie) Wd/WD
S0/ iy

~Ejep
[EONOISHH

J0Sindid

S|shjeue S}insa)

Jueid abeng

39|Ape
wawaoe)da)

lueld

Juswadejdas
ueyd
10} Sjapow

30jApe
Kobopo
[euoiesadg

T

Paxij uim
$3Je0WI09 pUB

¥S| Sajewuns

WSS3

adjApe
Juowiade|dal
\ueid

Lv o msgonomom

- - -
- wr wmws = a--

SUOJjeU|quIod
Jawaoedas
Jueid

10} S[apow
S3AJ0S NSS3

=)

30|Ape
Juawabupyu)
uoHonsy|
Bunesado

- -

- -

SI9POW

uopanAsY|
o . W,
. WajsAS '} $a0BJNO jugy
washs 4
s s_w ol I soupounssa| [] sawe ety

Ayiige|(eae wajshs
10v Bujuieway

JUSLISSASSE SNOjAGLd

snjejs ajns bujjessdo
-0
fejdsip Juaurwidg

Asepunog WSS3 feutblig

sAe|dsip Lo ewOjU|

e S|UBWISSISSY IJIS]11GRA0I]

«at— SJUBLISSISSY IYISIUIWIARQ ~om

sfedsig
uojeLLOJU|
{euolippyY

UojRes 181
9|iEWAYIS
eld

apo9 Jueld
-£q pasejud

sabigyno Jueid

Printed 1 September 1994

13




CSNI-RESTRICTED

In addition to the assessment of a current or planned plant state, the ESSM has the facility
to advise the operator on returning systems to service in order to get out of a ‘higher’ and back to a
‘lower’ state, or to correct a violation of a deterministic criteria. It presents a list of the single
systems or minimal combinations of systems which will, on restoration, achieve the return to the
Urgent or Normal state. Fig. 1 illustrates the overall sequence of ESSM operations.

3.14 Backstop rules and software safety

The ESSM is a complex piece of software whose output ‘advice' has obviously important
safety implications. An error in the software could cause the system to declare safe a conﬁguratxon
with a very high risk. This problem could be overcome by:

a) Qualifying the software to a ‘safety-critical’ QA status
or
b) Providing a diverse safeguard against the above type of error

Option (a) is difficult for a complex program such as the ESSM, so option (b) has been
chosen, and this involves the ‘backstop rules’.

The backstop rules are a set of rules which are arranged so that satisfaction of any one of
them gives an assurance that risk is below a pre-defined limit, approximately equivalent to the
upper limit for Urgent Maintenance. Whenever the ESSM operates and declares a configuration
not to be in the ‘Immediate Remedial Action’ category it also declares the backstop rules which it
considers to be satisfied. Satisfaction of a backstop rule is also an assurance that relevant Single
Failure Criteria are not violated.

After each ESSM “operation’ the operator must select one of the declared backstop rules
(it does not matter which) and verify manually that the safety system configuration satisfies that
rule. If it does not, after the ESSM has indicated that it did so, the ESSM is considered “failed’ and
the operator has to revert to manual inspection and assessment of the system configuration against
the backstop rules. Failure to show that a backstop rule is satisfied implies the ‘Immediate Remedial
Action’ status. The occurrence of such a situation would prompt an inquiry into the ESSM
operation, which would be suspended. This situation has not occurred in several years of operation.

Backstop rules are expressed in statements of maximal sets of safety systems which can be
unavailable (ie known to be in outage). They are few in number and the ESSM operator is expected
to be sufficiently familiar with them that the relevant checks can be conducted within a few minutes.
Examples of the backstop rules are given in Table 2.

The backstop rules were an important part of the safety case for initial use of the system,
but they decline in importance as experience with the system is accumulated. The reasons for this
are two-fold:

The system reliability becomes progressively proven by experience
The operators get to know which configurations are high risk and which are not, so that
they become quite adept at ‘second guessing’ the ESSM advice. This human capability

provides a further safeguard against computer aberrations, reducing the reliance on the
backstop rules.
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Table 2 Examples of ESSM Backstop Rules
QUADRANT HEADERED MAJOR PLANT
Diesels PTSE Circ. Pairs

Rule 1 1IX+2Y 2Y, 2Y, 2Y, 1,

Rule 2 IX+1Y 1X,+1Y 1X+1Y 1X+1Y 1,

Rule 3 IX+1Y IX+2S+1Y 1Y 1Y I,

Rule 8 2X 2X, 2X, 1X 1o

Notes

Each rule refers to permitted maximum outages. Only one rule needs to be satisfied by the actual
outage combination. The ESSM suggests the rule(s) which should be checked.

See Appendix B for explanations of X,Y, quadrant, headered, major plant, and their functions.

The subscript , indicates that the outage is only permitted in the train associated with the same
quadrant(s) as the outage(s) in the left hand column.

The backstop rules would not prevent computer errors which under-estimated risks of
‘allowed’ states, thus assigning the states to normal maintenance rather than urgent maintenance.
This type of error is not immediately dangerous but could lead to excessive cumulative risk. The
safeguards are the above mentioned operator awareness of which computer outputs are reasonable,
and the backward look calculations of risk, which can be done as a separate off-line exercise and
which would soon detect any increasing risk trend due to systematic on-line under-estimation of
outage factors.

As a result of the effectiveness of the backstop rules and other diverse safeguards against
ESSM errors, the ESSM itself does not require ‘safety-critical’ status.

3.1.5 Experience of use

The system has been in operation since before startup of the station in 1988. Outage factors
are calculated each year by a backward-look re-calculation of the PSA for each different
configuration and its duration. Fig 2 illustrates a graph of accident frequency vs time over a year.

The on-going cumulative results are normally available with a delay of a few weeks and this
delay can be reduced if necessary. The average outage factor (actualiideal accident frequency) has
remained within the station’s target of “roughly 2”.
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Figure 2 : Plot of Heysham 2 Time-Dependent Risk (Qutage Factor)
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Operational benefits claimed for the system are:

1 A simplification of the operating instructions for planning plant maintenance
ii Increased flexibility in planning plant unavailability for maintenance

iti Increased flexibility in restoring plant to service

iv The capability of accommodating large, highly redundant, interconnecting systems
in a comprehensive manner.

Because safety systems failures are relatively rare, the use of the ESSM for maintenance
planning, checking that a planned outage is allowed within ‘normal operation’, is far more frequent
than the use in response to an unplanned outage.

On the basis of the positive experience to date, the station remains committed to the use
and development of the ESSM.

3.1.6 System technical details

The system runs on a Honeywell DPS-6 computer at Heysham, with access to the system
via terminals in the control room, planning office and computer room. Its software is divided into
two modules, one of which (the preprocessor) converts plant data stored in files into a coded form
for the other, interactive module. The preprocessor is required only when plant data is to be
changed. The software is portable, and has been configured to run on a Digital MicroVAX, an
IBM mainframe and SUN workstations. On the DPS-6 the system performs a complete
reassessment of the plant in less than 3 minutes, and on a SUN SPARC station in less than 60
seconds. The fault tree re-calculation, a major limiting factor in the mid-80's when the system was
designed, is no longer limiting, and there is scope to add further features to the development
models.

3.1.7 System developments

The system currently (1994) in use in the control room has an old-fashioned black-and-
white text based interface, with minimal possibilities for display variations or operator interaction.
Off-line developments are improving the display interfaces, including graphical displays of the
safety systems and their on/off status [Fig 3], distinguishing systems which have themselves failed
from those whose support systems have failed

System developments to provide further useful advice to operators and maintenance
managers are already available. One particular type of advice utilises the ‘Birbaum Importance’ of
components, indicating the increase in risk which would arise from the failures of these
components. Components with a high importance value can then be ‘protected’ by increased
surveillance and avoidance of any planned maintenance actions on them. Such protective actions
can improve both safety and production availability by reducing the probability of failures which
would create temporary high risk and prompt plant shutdown.

A more detailed discussion of recent ESSM developments, based on Version 4.0 of the
code, is given in Refs.7,8.
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Figure 3 : Graphical Interface in ESSM Development Code

l Current operation : nommal Normal operation j[ic:oo ls-sep.-]mj
{__Probebilistic_YES][ Deterministic YES]{_10i text NO ][ Autotext | OFF ][ Cument mode : ACTUAL ]
[ Operation ” Asscsst Advise —“ Status “ Planning “ Utilities IL History 1UOI texth Exit j
L Essential Systems Status Monitor V4.0 1&0T(houts) ]Lzss —” Assessedjl_‘lZ:SG 15-Sep-1993 j

@emting rules status ][&ﬁsﬁed ][ Hours left j[ 293 —” Action bﬂL 20:36 27-Sep-1993 j

HEAD DHB AR COOLED SYSTEM 0Q
_36 7BX
TANK
T
J 1 [se67ax
[3637AX1 oo
band VENT [3637A2] ere
- _ b o T
T Satsfied TANK T —1J
P Faited 365 7AX J 1 [zes7ex]
¢ 363 78X1 [0
36378X2) >
re: BB s 7BXJ T —
GEECI2 \J 366 7CX
GEEDI2 N
GEEnTz e e {363 7Cx1]
n2 ol'o
G CONDENSER
otents I N <>a<>H
oeEnz A _ —LF
g:z&‘: 365 70X ﬂl:ﬁ@&“ﬂ)’( l
Seeuiroes & 363 7DX1 =
cecoe 7 36370X2| OO
] Avallable {3
220 Maintenance %
SR Failure
PPN ot used

CONTROL SCREEN FOR
DECAY HEAT BOILER AIR COOLED SYSTEM

(FROM WHICH THE AVAILABILITY STATUS OF PLANT ITEMS CAN BE CHANGED)

Plant items entered as unavsilable ( ‘gadget’ shaded) :-
365 7AX DH Condenser cooling water pump 7A
363 78X1 DHBAC Tower Fan 7B1

Plant items/systems made unavailable due to support system unavailability
{symbols shaded):-

365 7AX DH Condenser cooling water pump 7A
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Note: In the case of 365 7AX the sbove information immedistely informs the operator that
repairing/maintaining the pump itself will not make it available as a supporting system to the item is also
unavailable.
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3.2 Tormess Essential Systems Outage Program
3.2.1 System purpose

Torness has two Mark II Advanced Gas-cooled Reactors and ‘is the twin station to
Heysham-2. Its Essential Systems Outage Program (ESOP) has a similar purpose to that of the
ESSM at Heysham, ie it is an on-line computerised system used by operators to monitor and plan
outages of components associated with post-trip cooling systems [Refs.9,10). '

Outage policy at Tomess is similar to that at Heysham. The long-term average outage
factor is to be kept below 2.3, and as at Heysham all outages must satisfy various deterministic
criteria including a single failure criterion.

The status terminology at Tomess differs from that at Heysham although the practical
meanings of the states is effectively identical:

Status Heysham Terminology Tomess Terminology
Outage factor < 10 Normal Mainteqance Normal Operation
10<Outage factor<100 Urgent Maintenance Restricted Operation
Outage factor>100 Immediate Remedial Controlled Shutdown
or SFC violated Action

The terminology for the ratio of current risk to baseline risk with all systems available is
also different, being called the “outage factor” at Heysham and the “full plant ratio” at Torness. The
meanings are identical and the term outage factor is used below. [Some implications of the Union
between England and Scotland are still ‘under development’.]

3.1.2 Underlying model

The Tomess PSA is almost identical to the Heysham-2 PSA but the indirect way in which it
is used in the ESOP is quite different from the direct use in the ESSM.

The ESOP relies on a large pre-calculated database of allowable plant states, and does not
re-evaluate PSA fault trees after every change in safety system availability. As at Heysham,
acceptable states are those which meet the deterministic criteria and for which the outage factor is
less than 100, based on the PSA model. The allowed states are subdivided into Normal Operation
states (outage factor less than 10) and Restricted Operation states (outage factor greater than 10),
with any states not in either category requiring a controlled shutdown, though amenable to some
rapid re-appraisal provided thatthe SFC is not violated.

The ‘outage tables’ amount to about 200 pages when printed and each page represents
many different system outage combinations within an overall patten. Examples of two pages, one
in each action category, are given in Figs.4a,b. Each Table corresponds to many different system
outage combinations.
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Figure 4a : ESOP Outage Table Example - Normal Operation
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ESOP Outage Table Example - Restricted Operat
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The outage tables were initially developed by considering only five fault sequences which
enveloped the worst-case post-trip cooling modes. Once the event trees for these sequences were
established, fault-tree analysis was used to develop and refine the list of acceptable outage states.
The final set of some 200 tables was then verified against a wide variety of fault sequences.

All the outage tables are incorporated into a document entitled “Operating Rule 5 : Reactor
Heat Removal”. In the UK such a document, and any change to it, must be formally agreed by the
regulator. Thus the outage tables, once agreed by the regulator, represent the PSA as the formally
agreed basis for the system. In the UK, the agreement is made on the grounds of the PSA
calculations and the Single Failure Criterion, but in principle such a set of tables could be agreed on
quite different grounds, not necessarily involving PSA. As would be expected, the operator must
perform a substantial amount of work to convince the regulator that the proposed Tables are the
appropriate ones. The revision of the tables to respond to plant design or system reliability changes
may also be a substantial task, depending on the magnitude of the changes.

3.2.3 System operation

The outage tables are held on a database within ESOP, together with information on the
current plant state. An authorised operator enters the current plant state and the ESOP responds
with:

1 A classification of the state iﬁto normal operation, restricted operation, or
controlled shutdown. These three states are equivalent in risk levels and
implications to the three states of the Heysham ESSM.

2 A statement of the Tables for the first two above stated class which are satisfied by
the plant state. '

[At Tomness the plant may run for up to three days under Restricted Operation before it
must shut down. If there are no Tables satisfied, then immediate remedial action is implied.]

The operator must then verify, using hard copies of the tables, that the plant state does
indeed satisfy at least one of the suggested Tables for the assessed state. This process is the
equivalent of the backstop rule check in using the ESSM, but is a direct check on the computer
output rather than a ‘backstop” check.

The system is used in ‘planning mode’ to assess the acceptability of future proposed plant
states. It also has the ‘return to service’ facility, which advises which out-of-service components
should be returned to service first to restore an allowed state or to return from a Restricted to a
Normal state as quickly as possible. The system logs all plant changes so that the actual risk
experienced by the plant can be calculated retrospectively off-line and monitored against the
cumulative risk targets.

Figs.5a-c show a typical sequence of screens used to update the safety system availability
status. Operators and maintenance planners use the same screens but only authorised operators can
change the data on the actual plant state.
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Figure Sa : ESOP Menu Screen : Top Level

:[ssus 1

| AMEND |DATE 1C34/STH/L76/2.1.5

MENU 3 OPTION 1

ESSENTIAL SYSTEM OUTAGES - REACTOR 2

1 Llog a change of state of the Essential Systems
2 Log a single change of state

3  1Inspect the State of the Essential Systems

4 Check if a single reinsctatement is beneficial
5 Check routines (no change to logged state)

6 Essential Systems Availabilicy

7 Check if a single loss is detrimental

E Exit from this menu

Enter selection and press RETURN

TITLE:

DESCRIPTION:

INPUT:

OUTPUT:

Log a change of state of the Essential Systems.

This is used to record any change of state of the essential plant.
The outage model retained by the system will be changed and the
change logged. There must be actual changes of state. To view
possible effects of changes the check routines if option S must be
used.

This option calls up Menu & Group Option which allows the user to
select areas where the changes are to be logged. Changes made
must be confirmed by the user.

User inputs 1-6 to select area where change of state is to be
logged.

Forms l-6 where user may log changes to existing outages.
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Figure 5b : ESOP Menu Screen : System Level

:ISSUE 1 | AMEND |DATE [C34/STM/L76/2.1.5

OUTPUT FROM MENU 3 OPTION 1

ESSENTIAL SYSTEM OUTAGES - REACTOR 2
GROUP CHOICE

1 X Quadrant Systems

2 X Header Systems

3 Y Quadrant Systems

4 Y Header Systems

S €07 Plant/Electrical/Auxiliary Boilers
6 ALL

E Exit from this menu.

Enter selection and press RETURN. S/D Live Plant Data
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Figure Sc : ESOP Menu Screen : Train Level
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In the rare case that a Controlled Shutdown situation occurs, it is open to the operator, if
he judges the state to be reasonably safe although it does not conform to a Table, to perform a
quick PSA code run to assess the risk of the state. This can only be done for states which do not
violate the Single Failure Criterion. A PSA code LINKITT is run within a few hours and, if it
confirms that the outage factor is less than 100 and that no relevant SFC is violated, rules apply as
for Restricted states. This procedure, which is rarely needed, allows for the fact that the Tables
cannot account for every possible state with an outage factor less than 100. The same procedure
can be applied to justify a planned outage remaining in Normal Operation even if a suitable Table
match cannot be found. In the planning mode the LINKITT calculations must of course be done
before the state is brought about.

There are as yet no examples of station operations being based on LINKITT results.
Although there have been a few entries to states which required immediate action and which might
have been justified by LINKITT runs, systems were in practice restored to service on a shorter
timescale than that required for the LINKITT based decisions.

One useful type of advice available from a status monitor in the planning mode is based on
answers to the following types of question:

"If system NN is taken out of service, are there any single safety system failures which
could then bring the plant into a non-allowed status ? If the answer is “Yes”, is there a
system MM already out which can be restored before system NN is taken out, to avoid this
potential problem ?"

This type of advice, which is a relatively simple extension of the original capabilities,
enables operators to avoid planned outage states which, while acceptably safe in themselves, are
sensitive to further failures. This can improve both safety and availability. Because the ESOP
system has a very simple table matching calculation to perform, the investigation of a number of
possible restoration options, necessary to answer questions as above, can still be done in a time
which is effectively negligible from the operator's viewpoint.

3.2.4 Software safety

The main ESOP calculation is a very simple one for a computer. Although the outage
tables are large, the computer simply has to check the current state against the Tables, to determine
whether or not there is a match.

It would therefore be much more plausible to verify the ESOP software as appropriate for a

~ “‘safety-critical’ role than to do the same for the much more complex ESSM software. However, at

present this is not done and the manual check of the plant state against a Table acts as the diverse
check, avoiding the need for safety-critical status of the software.

3.2.5 : Experience of use
The system has been in operation since reactor startup in March 1988. Outage statistics
have been published each year (see Fig.6 for an example). Average outage factors have been held

within the target of 2.3. They are calculated by a backward looking calculation as done at
Heysham.
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Plot of Torness Time-Dependent Risk (Outage Factor)

Figure 6
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During one typical year (1990) there were a total of 1039 changes to post-trip cooling plant
state at power on both reactors, and a total of 156 hours was spent in the Restricted state in over
18 occasions. On every occasion the operator was able to return the plant to Normal Operation
well within the 3 day permitted period. The longest period in Restricted was 32 hours, and the
highest instantaneous outage factor was 13.

Of the 18 Restricted states entered, it was subsequently found that 15 of them were not in
fact high risk states (ie they had outage factors less than 10), but did not satisfy any of the Normal
Operation tables. As mentioned in section 3.2.3, station operating procedures allow the operator to
accept a plant state which does not satisfy any outage table, provided it has been justified in
advance, both numerically and in terms of single failure criterion. This procedure has only been
invoked once, and was not needed in any of the above cases because all 15 satisfied one or more
Restricted tables. The experience of 15 states with pessimistic assessments due to lack of
representation in Tables entered was considered operationally acceptable by the station as over
1000 states had been entered in the period.

As with the Heysham ESSM, after some experience the operators become quite adept at
‘second guessing’ the computer. They also become adept at manual selection of a Table which will
be satisfied by a given outage combination, enabling quite rapid manual verification to be done even
if the computer system goes down. This experience provides an additional assurance against
aberrations in the software.

3.2.6 System technical details

The system runs on the station's administration computer, on either of two processors
which have shadowed discs and terminals connected by an Ethernet network. A shortened version
of the search program is also available on a stand-alone micro-computer in case the main system
should fail, but to date it has not had to be used.

Although the preparatory work for this type of system may be extensive, the computer
system itself remains relatively simple and presents no difficulties for present day computers,
mainframe or desktop.

3.2.7 System developments

Because the ESOP software is relatively straightforward it has been possible to minimise
the gap between the on-line and development versions. Thus the on-line version has a reasonably
user-friendly and modern menu-driven interface and the planning mode has the useful ‘what if
questions revealing sensitivity to further failures (see 3.1.7 above). There is thus no present plan for
major system developments.

3.3  Other Examples
Appendix A discusses some other examples and approaches to status monitoring, but, at
the time of writing this report the authors were not aware of other examples in 'fully licensed'

operation comparable to that of the two examples above.

There are several ‘Living PSA’ codes and projects which could in principle form the basis
of a system like the ESSM, which re-calculates a plant PSA on-line in response to actual and
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planned changes. Living PSA capabilities and prospects have been discussed extensively elsewhere
in CSNI PWGS projects, particularly at a series of Workshops on Living PSA [Refs.9,10]. The
development of Living PSA codes into status monitors is discussed further in section 5.2.1.

4 OPTIONS FOR RISK-BASED CONFIGURATION CONTROL

On the basis of the experience with the two primary examples, and the different
requirements which might apply to further applications, the following sections discuss some options
for risk-based configuration control. The intention is to explore the range of options available,
recognising that approaches to safety and licensing are different in different countries, affecting the
posstbilities for using systems in a licensed context.

4.1 On-Line PSA Options

For those operators and regulators prepared to trust a plant-specific PSA sufficiently to _
allow it into the control room, the on-line PSA option, typified by the ESSM, is the most obvious
one. The plant PSA model can be re-calculated for each new or planned configuration, and
combinations of risk-based and deterministic insights can be derived within minutes, using
essentially the same PSA model that has already been discussed (and if necessary agreed) between
operator and regulator.

A PSA-based model can provide insights such as temporary AOT allowances based on
risk, and a variety of advice about restoration to service or avoidance of outages rendering the plant
‘sensitive’ to further failures.

Mixing in deterministic requirements such as the Single Failure Criterion presents no
problem for those not wishing to trust entirely to PSA insights

Reliance on software integrity can be limited by the use of “backstop rules” which force
operators to perform manual checks. These manual checks prevent excessively risky states being
allowed because of some computer error and thus reduce or remove the need for safety-critical
software.

However, this is not the recommended option for “those of little faith” in what the PSA is
calculating. As with the use of any reasonably reliable computer system, regular use tends to
engender an attitude of “the computer is always right”, and this tends to reduce the operators’
reliance on backup schemes such as backstop rules or other checks against non-PSA based criteria.
This is only acceptable if it is believed by both users and regulators that the computer is at least
nearly always right.

It used to be the case that revision of PSA models to take account of plant hardware
changes was a difficult process, discouraging users from on-line use. However, modern living PSA
code technology has largely overcome this problem, so that the models for ESSM-type systems can
be updated to keep up with the pace of hardware changes. They can also easily update system
reliability data to keep up with measurements in plants where these parameters are measured. The
process of updating the PSA model is of course one which must be subject to careful control if the
model is to play an important role in status monitoring.
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4.2 Off-Line PSA Options

The off-line PSA option recognises the ability of PSA to provide insights into safety but
stops short of allowing it to operate directly in the control room. The PSA-based insights may be
subjected to intense, and if need be, leisurely scrutiny before being translated into specifications of
allowed states of the plant. There are no one minute on-line PSA calculations in this approach to
the use of PSA for configuration control.

As with the on-line use, deterministic criteria such as the Single Failure Criterion can be
worked into the scheme as required.

The major advantage of this type of scheme in some countries is that the licensing process
for the system does not depend directly on the status of PSA in the licensing scheme. What is
licensed is a set of allowed states written down and agreed in advance, not a PSA model with a
backup scheme to prevent aberrations. Even though the original reasons for some of the content of
the agreed allowed states may have been PSA results, once agreed they acquire a licensed status of
their own, in principle decoupled from the original PSA.

The disadvantages of this approach are the minor one that the allowed states cannot be
made as fully comprehensive as the PSA model and the more important one that it is difficult to
update the scheme in response to plant hardware or reliability changes. Such an update may involve
re-calculation of many Tables and a new round of detailed scrutiny and agreement between
operator and regulator. Although in principle this problem may be soluble just as the corresponding
problem has been solved in Living PSA codes, there has as yet been little effort put into finding a
standard solution. The only working example (Torness ESOP) has not had to face the problem of
major plant hardware changes and is considered unlikely to do so in the near future.

4.3  Deterministic Options

The ‘Allowed States’ approach could in principle have a basis quite distinct from PSA. A
simple, though hardly adequate, approach could be based on the Single Failure Criterion alone,
applied to a specified set of fault sequences. More reasonably, single and double failure criteria or
requirements of specified ‘Lines of Defence’ might apply according to the initiating fault frequency.

The precise basis does not really matter for this discussion as long as it is logical and can be
agreed in advance between operator and regulator.

44  Mixed Options

In the current licensing regimes applying to OECD countries, ‘mixed options’,
incorporating both deterministic and PSA-based insights seem the most plausible for the near
future. The balance of the mixture, and the choice of direct (on-line PSA) or indirect (Allowed
States) approach would be determined by the degree of trust placed in PSA by operator and
regulator, and also by the formality or informality of the regulatory process.

Low degrees of trust in PSA and more formal regulatory processes should push the balance
towards a deterministic basis and an ‘Allowed States' approach. A higher degree of trust in PSA,

coupled with a less formal regulatory system, would push the balance towards an on-line PSA
based system.
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However, whatever the regulatory regime, the use of one or other of the possible options
provides an additional assurance of plant conformity with agreed status limits and a corresponding
assurance against excessive risk ‘spikes’ caused by temporary departures of safety system outage
combinations from normality.

5 RESOURCE REQUIREMENTS
5.1 Requirements for the Example Systems

The two established systems at Heysham-2 and Tomess AGRs required substantial
development of the concepts as well as development of the final systems, and it is difficult to
separate out the two development processes. In particular, the initial concept and associated
software developments are process which consumed a lot of effort but which do not need to be
repeated, even for applications to different reactor systems

As with any PSA-based system the PSA itself is a pre-requisite and its development
resource requirement is larger than that for the subsequent ESSM or ESOP application.

On the basis of informal estimates of effort required for the recently developed ESSM and
ESOP systems, the following estimates (in man-years for effort and £ for hardware costs) have
been made, assuming the pre-existence of a plant-specific PSA with system models at or below the
train and super-component levels:

Process ESSM (V4.0) ESOP
Preliminary PSA model

conversions (including

development of ESOP 3-6 months 18 months
Allowed Tables)

Software development Several years (V4) 6 months

(to current application)

Software development Negligible Negligible
(further applications) (with current (with current

interfaces) interfaces)
Model installation Included in Included in
(FT/data/etc) PSA conversion PSA conversion
Hardware costs (£) 4K 3K

(minimal one user system)

In the current applications, particularly that of the ESOP, the installed system goes well
beyond a minimal single user system. At Torness the system is available in planning mode through
the station computer network to a wide distribution of users. The computers to which it is
distributed have other applications.
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The cost of the PSA code LINKITT, which is used in conjunction with ESOP, is not
included in the above as a PSA code is normally required for the original PSA in any case.

There is no experience of major changes to the new AGR plants or PSA models. In
principle, the fully computerised ESSM scheme is more amenable to changes than the ESOP
Tables, which were developed ‘by hand’. Further software developments would be needed if the
ESOP Tables were to be amenable to revision by computer in response to system changes.

52  Requirements for LWR Applications
521 Computer code developments

Several modern PSA codes, even those running on standard desktop computers, have the
capability to maintain a PSA model and to re-calculate it quickly in response to a changed
configuration. In normal use, there is no need for responses within minutes and current codes are
set up to enable changes and re-calculations to be performed on a timescale of tens of minutes or
hours.

The following minor modifications are likely to be sufficient to enable the best current PSA
codes to adapt to the ESSM style of operation:

1 Truncation of fault trees at the major component level, which is the level at which
component outage information should be entered in a status monitor application.
Many Level-1 PSA fault trees go below the major component level and the
truncation to that level will reduce the size of the fault trees and speed up fault tree
calculations.

2 Development of an interface which will speed the input of major component outage
data. Most current PSA codes are not set up for outage status input but the
development of such an interface is not difficult.

3 Development of a routine to check for the single failure criterion (or any other
deterministic criterion which is required). The SFC check is a relatively trivial
computing task as it can be done on the basis of looking for single component cut
sets in the fault tree output.

4 Development of a simple output interface which presents the output in terms of
instructions to the operator rather than in terms which the PSA analyst normally
requires. This is again a relatively trivial computing task.

Completion of the re-calculations within a minute or so may still be beyond the capability of
an ordinary PC unless some short cuts are used, such as cut set modification rather than complete
ET/FT re-calculation. If simplification is not desirable, a modest increase in processing power
should suffice to reduce timescales to those appropriate to a status monitor. A maximum response
time of three minutes was considered appropriate for the ESSM when first developed, and the
recent versions respond in a shorter time.

Thus, the minimum developments required to enable current computer based PSA models
to be adapted to status monitor use are reasonably straightforward and amount only to peripheral
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programs attached to the main PSA codes. Further developments would of course be required to
add features such as ‘return to service’ and ‘sensitivity to further failure’ advice but these can be
based on quite straightforward manipulations of cut sets.

It is concluded that the software development required to convert standard computerised
PSA models into status monitors should be fairly straightforward developments of peripheral
programs. A modest increase in processor power should enable response timescales to be reduced
to the few minutes required for status monitor operations.

5.2.2 Implications of AGR/LWR differences

There is no difference in principle when applying status monitoring to different reactor
types. However, the differences between AGR and LWR safety systems and approaches to on-line
maintenance may have some practical implications for the operations of status monitors.

AGR safety is based almost entirely in the prevention of severe core damage whereas LWR
safety is based on both prevention of core damage and containment of damaged core emissions.
Furthermore, AGRs are built for on-line maintenance of safety systems, so that regular safety
system outages are a routine matter allowed for in the design by the provision of additional
redundancy.

As a result, the two approaches can be characterised roughly as follows;

AGR systems : Highly redundant safety systems, with 4, and sometimes 8 trains. Coolant
circulation and heat removal functions required. Single trains of each system routinely taken
out for maintenance. No containment function backing up the core damage prevention
functions.

LWR systems : Lower redundancy of systems for each function. Coolant inventory and
heat removal functions required. Containment provides an additional safety feature should
the preventive functions fail.

The lower redundancy of LWR core protection systems implies a greater sensitivity of the
core melt frequency to single component outages, and also a greater sensitivity to the Single Failure
Criterion. LWRs with two train safety systems would immediately violate the SFC on one
component outage and this could not in practice be regarded as a case for ‘Immediate Remedial
Action’ as in the AGR case.

In practice, the evaluation of such a situation might depend on the state of the containment
systems. With containment systems in their ‘ideal’ status the violation of the SFC in core protection
systems could be tolerated more readily when containment systems were not also prejudiced by
outages. Deterministic relationships of this type would need to be considered carefully in the
developing the basis for status evaluation as the simplistic unconditional use of the SFC could lead
to an impractical system.

Despite the differences between AGR and LWR, the advantages of regulating safety system
status according to agreed risk-based limits are very similar in both technologies and provide the
same assurance against operations with unduly high risks caused by unfortunate combinations of
safety system outages. ‘
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5.2.3 Developments in regulatory interfaces

The UK developments of status monitors took place against a background of mutual
agreement by utility and regulator on the appropriate uses and status of PSA. For many years PSA
has been accepted in the UK as an essential tool for analyzing accidents and their risks. It has also
been agreed that PSA is not routinely accepted as an excuse for omission of good engineering
practices and essential ‘deterministic’ safety. This mutual understanding has enabled status monitors
to be developed with an agreed balance between their deterministic and probabilistic features.

In the absence of such a background defining the regulatory role of PSA, initial
developments of status monitor concepts may fit more easily into the regulatory framework if they
are based on an ‘Allowed States’ approach similar to that used at Tomess. All regulatory regimes
have a basis to agree in advance the states of plant safety systems which would be allowed
indefinitely, restricted in time (‘AOT") or prohibited, and tables of Allowed States developed and
agreed on this basis could be used for status monitoring in all regulatory regimes.

The basis for defining Allowed States could vary from an explicit PSA basis to an entirely
deterministic basis. Where a PSA is used, wholly or partially, agreements may be needed on the
appropriate limits for transient and cumulative risks. Such limits may already be used as a basis for
Allowed Qutage Times.

The implementation of status monitors in an agreed regulatory framework may require
some work by both utility and regulator to agree a basis for the status monitor. It is likely that an
‘Allowed States’ approach would be possible within all regulatory frameworks, while a PSA-based
approach may be acceptable in some.

The resources required to develop an agreed technical and regulatory basis for the use of
status monitors may be considerable, and may well exceed the resources required for the purely
technical software developments.
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6 CONCLUSIONS

The practicality of on-line risk-based monitoring of safety systems’ availability status has
been demonstrated by over 5 years of experience at each of four nuclear power reactors in the UK.
Within this experience many thousands of status changes have been monitored and evaluated.

Status monitors have obvious safety advantages, in that they effectively prevent the
existence, for any significant time, of high risk safety system outage combinations. This cannot be
achieved with traditional rules applied to each safety system individually.

In a regime of increasing Technical Specification complexity, status monitors can provide
rapid and accurate advice on responses to unplanned system outages. A rapid and accurate
response is otherwise difficult when many Technical Specifications must be consulted.

Although the safety advantages are the major benefit, developments of status monitor
capabilities can assist operability, mainly by predicting and avoiding outage combinations which
would be sensitive to further unplanned failures forcing a shutdown. This is the main production
benefit, not, as is sometimes mistakenly presumed, the provision of PSA-based ‘excuses’ to
continue production in violation of deterministic safety requirements.

The two primary examples, although based on the same underlying PSA models, illustrate
two quite different practical approaches to implementation of a status monitor:

1) Direct use of a PSA model, re-calculated in response to each change of status, with
results leading to three different action categories - normal, urgent and immediate.

2) Use of a comprehensive list of ‘Allowed States’, agreed in advance by the
regulator, leading to two different allowed categories - normal and urgent, with all
other states ‘disallowed’ and requiring immediate remedial action.

The first approach requires an agreement between operator and regulator giving PSA a
very significant role in day to day operational control. The second approach, although based mainly
on PSA in the UK, can be used for any balance between PSA-based and deterministic safety
requirements.

Application of status monitors to LWRs will require only modest developments of software
‘peripherals’ for many existing PSA computer codes.

The technical basis for determining allowed states or allowed risk levels for LWRs will
require a careful consideration of the role of containment systems and their relationship to core
protection systems, as the proven AGR examples do not have to address this problem and do not
provide a precedent solution.
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APPENDIX A

RESULTS OF A SURVEY OF RISK-BASED SAFETY SYSTEM MANAGEMENT

This Appendix contains the results of Phases 1 and 2 of the project, in
which information was collected and surveyed on many different options for risk-
based configuration control.

The text is based on that of the Interim Report of Task 14, presented to
CSNI PWGS in October 1993. However, where descriptive material, particularly
on the ESSM and ESOP systems, has now been included in the main report, it has
been removed from this Appendix. The section on recommendations for future
work has also been removed as this has been superseded by the main report.
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Al INTRODUCTION
The information collection phase of Task 14 produced the following documents:

- Report from Task 11 of CSNI PWGS, "PSA application to technical specifications™;

- UK papers describing the Heysham 2 ESSM and the Tomess ESOP;

- Papers from Sweden/Finland describing relevant work there, consisting mainly of risk-
based analysis of subsystems of the TVO and Forsmark plants;

- IAEA TECDOC-599, which contains relevant papers from various countries presented
during a Technical Committee Meeting in Vienna in June 1990;

- Draft of part of a USNRC Regulatory Review Group document "Risk technology
Application";

- Informal literature review for applications outside UK, USA, Germany and
Sweden/Finland.

- Letter from Northeast Utilities on recent PSA-based Tech Spec or AOT variations.

The articles in these documents fall into three groups:

1 Descriptions of applications to NPPs

2 Descriptions of theoretical studies which had not (at the time of writing) resulted in
operational changes to plant

3 Reviews of such applications and studies.

Of these, the first group has the most immediate relevance to the Task 14 objectives, and
sections 2-4 of this paper summarise the information from items in this group. The theoretical
studies in the second group are not described, since (a) there are many of them, and (b) a good idea
of the subject matter can usually be obtained from the abstracts or summaries of the papers
themselves. The reviews in the third group are themselves summaries of other articles, and do not
require further summary.

Applications have been subdivided into those which are plant-wide (such as the Status
Monitor at Heysham), and those which are system-wide (such as the changes to diesel testing
schedules at Forsmark 1/2). The latter have been further divided into those which involve a plant-
wide assessment of risk, usually based on core-melt frequency, and those where the risk assessment
involves only part of the plant and is based on some measure of unavailability.

The application summaries include the following information where it has been possible to
abstract it from the source documents:

- description of problem

- theoretical approach used to tackle the problem
- parameter optimised (eg core melt frequency)

- description of PSA

- consequential changes to plant

- reported success of changes

Other information is included where it is judged to aid appreciation of the application.
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A2  PLANT-WIDE APPLICATIONS
A2.1 Heysham 2 Essential Systems Status Monitor (ESSM)

A description and discussion of this system appear in the main report.
A2.2 Torness Essential Systems Outage Program (ESOP)

A description and discussion of this system appear in the main report.
A2.3 NURISK

NURISK [Ref A6] is a code developed in the USA to calculate the instantaneous core
damage frequency (CDF) of a large BWR. A US utility has begun to use the code to assist with
operations and maintenance control.

The code is based on a Boolean core damage equation derived from the plant's Level-1
PSA. The code maintains a database of information on the current plant state, and following a
change of state modifies the equation accordingly, removes non-minimal cutsets and calculates the
new CDF.

The core damage equation used was derived as follows. The PSA was modified to include
all possible maintenance activities on the plant with probabilities set to 1. The cutsets from this PSA
were combined with those from the unmodified PSA, and the combined set reduced using a
truncation value. The resulting cutsets covered normal and maintenance operations, and the setting
of maintenance probabilities to unity ensured that significant maintenance cutsets were not
discarded in the truncation process.

The policy of the station using the code is to calculate each component's contribution to the
cumulative risk of core damage (ie time-integral of CDF) on the basis of the original PSA's
assumptions about maintenance, and to restrict the contributions in practice to this amount
Component outages are also constrained by an absolute limit on instantaneous CDF. It appears that
the code is used

a) Offline, to calculate the total permissible outage time for each component, and

b) Online, to check the CDF whenever a component is taken out of service or fails.

Statistics for the 6 months after the system was introduced (May 1988) show component
outages using about half of their allocation of time (Fig.A1). It is not clear how much the use of
NURISK has influenced this.
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Figure Al: Examples of CDF and System Unavailabilities using NURISK
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A3 LOCAL APPLICATIONS WITH PLANT-WIDE RISK ASSESSMENT
A3.1 TVO (Finland)

A study in Finland [Refs.A4,A7] considered the question of whether or not a plant should
be shut down immediately when multiple failures are detected in the decay removal system. It
concluded that if three or four trains failed it was preferable to continue operation, and as a result of
the study the appropriate AOTs for the TVO 1/2 BWRs were modified. The existing AOTs for one
or two out of four trains failed (30 days and 3 days respectively) were considered reasonable.

The measure of risk used was the expected frequency of events involving loss of the
residual heat removal function. Policy was mainly to minimise the long-term average and lifetime
risk, but instantaneous risk was also considered. The study took advantage of an existing PSA, but
realistic time-dependent modelling of risk from shutdown involved going beyond the PSA.

The study found that instantaneous risk peaked immediately on shutdown because of the
possibility of shutdown systems not starting up and of other transients being caused by the
shutdown (Fig.A2). Thereafter the risk decreased as decay heat levels fell and shutdown systems
were started successfully. Provided the final shutdown risk was lower than that from continued
operation, there would eventually be a time after which the time-integrated risk from shutdown was
less than that from continued operation. The main criterion in deciding whether or not to shutdown
is whether the estimated (or mean) time for repair is longer or shorter than this break-even time.

The analysis also took into account the existence of preset AOTs. These increased the risk
from continued operation because they could force a plant to shutdown if repairs took too long,
after which both shutdown and operational risks would have been incurred. The increase was
minimal, however, provided the AOT was much longer than the mean repair time (from plant
experience, less than one day).

The main changes made to the TVO 1/2 AOTs were:

i) to allow 3 days for repairs after 3 or 4 trains were found failed; (previously,
immediate shutdown had been required)

i) to require the operators to decide initially, and again after one day, whether repairs
could be effected within the remainder of the AOT, and to shutdown immediately if
they could not.

The latter requirement was presumably to distinguish between "normal" failures which

could be repaired in roughly the mean repair time of 1 day, and those which might involve
prolonged outage.
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A3.2 Forsmark (Sweden)

a) Online preventative maintenance

A pilot study at Forsmark 2 BWR investigated the acceptability of preventative
maintenance (PM) during power operation on safety systems with four trains [Refs.A1,A7]. The
study found PM to be feasible and acceptable, and PM has since been carried out regularly at all
three Forsmark plants and at Oskarshamn 3.

The study investigated a proposed PM scheme involving seven safety systems® (4 x 50%
or 4 x 100%) maintained in two campaigns of four weeks each. One campaign covered five of the
systems, with one subsystem from each taken out for repair each week. The second campaign
covered the other two systems in the same way. The existing Forsmark 3 PSA was used to
recalculate the frequency of dominant core-melt sequences using the PM campaigns as boundary
conditions.

The study found that the annual average increase in core damage frequency was 6.4%. This
was considered acceptable, when the benefits of online maintenance were taken into account. The
study also considered increases in instantaneous risk.

b) Diesels

Forsmark 1 & 2 each have 4 diesels. Originally these were each given a weekly start-up
test, with a load test every fourth week and loss of bus power simulated annually during the
refuelling outage. The operators felt that testing was too frequent, and a study was carried out to
investigate the trade-off’ between frequent testing with wear and infrequent testing with longer
latency of faults. The study [Refs.A7,A8] recommended a revised testing scheme in which each
diesel is tested every two weeks, with start and load tests alternating, and testing is staggered
across the four subsystems so that in any one week each kind of test is performed on only one
diesel. The revised scheme was reviewed by the Swedish authority, and a pilot scheme introduced
at one plant. It is not known whether the full scheme was eventually adopted.

The study, which drew on the results of an earlier Nordic study, involved a detailed
investigation of diesel failure modes, using failure data from the Swedish RO database. Three
different test schemes were evaluated using the Forsmark 1/2 PSA at the level of core damage

frequency.
A33 USLWRs

A USNRC-sponsored initiative [6] applied PSA to the setting of AOTs at two unnamed
US LWRs (believed to be Surry 1 & Sequoyah 1). The limiting criterion used was ACMF x AOT <
SE-7, where CMF is core melt frequency. The figure SE-7 was based on the idea that up to 4 hours
(SE-4 years) continued operation is acceptable when the CMF has increased to 1E-3/yr from its
normal limit of 1E-4/yr. The AOT calculations were based on existing plant PSAs, but no details
are given. The AOTs calculated were found to be both above and below the AOTs in place at the
plants.

2 Containment cooling, ECCS, Auxiliary feed, Shutdown cooling, Shutdown secondary cooling, Shutdown cooling
waler, and Diesels.
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PRA-based Tech Spec changes have been progressing "one step at a time" at Northeast
Utilities [Ref. A9]. Applications for approval have been based on priorities of plant need and safety
impact, and moderated by NU's view of the likely acceptability to the regulator. NU has over many
years developed plant-specific PRAs for all its plants, and these are used to provide the
justifications for changes.

A4  LOCAL APPLICATIONS WITH PARTIAL RISK ASSESSMENT
A4.1 Darlington A (Canada)

At Darlington A the AOTs are constrained by deterministic limits (typically 1E-3/yr) on the
unavailability of key safety systems [Ref A3]. Outages are thus controlled on a system rather than
plant-wide basis, and by unavailability rather than risk. Unavailability models have been derived for
each system from the plant's PSA fault trees, and these are used to control system outages, assess
the implications of design changes, develop testing programmes and monitor long-term
performance.

A4.2 Bohunice (Slovakia)

Fault tree methodology was used to find how the unavailability of a VVER Reactor
Protection System (RPS) varied as the test interval for the instrumentation channels was changed
[Ref AS]. It was shown that the overall unavailabiiity of the system (estimated to be 7E-5/yr) did
not change significantly until the test interval increased above 3 months. This was used to justify
increasing the test interval at Bohunice 3 from one to two months.

Fault tree methodology was also used to consider online maintenance of motor-operated
valves in the high-pressure safety injection system at Bohunice 1 VVER. The analysis calculated a
‘risk” measure, defined as the time-integrated unavailability over the proposed outage time divided
by the same quantity without maintenance over one year. On the basis of the size of this measure,
allowed outage times of 72 hours were justified.

AS  CONCLUSIONS

The survey has discussed several applications of PSA to risk-based management of safety
system configurations.

Some of the applications, most notably those at the UK AGRs, are all-embracing and
radical approaches to management of the safety system outages. Others are more localised, taking
‘one step at a time’ approaches to improving Technical Specifications, while retaining their
traditional form and content.

The survey did not find any examples in which PSA had been used for a wholesale and self-
consistent re-definition of Technical Specifications of the traditional type. While such ideas were
discussed in some reports, the discussions were about future plans, not current realities or
immediate prospects.
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APPENDIX B

A BRIEF DESCRIPTION OF ADVANCED GAS COOLED REACTORS
AND THEIR POST-TRIP COOLING SYSTEMS

The AGR is a high temperature carbon dioxide cooled and graphite moderated reactor,
which includes both core and boilers within a large concrete pressure vessel. Each station contains
two cores and the UK operates 7 stations, two in Scotland and five in England.

Table B1 provides some ‘vital statistics” of the latest versions of the reactors, at Heysham
in England and Torness in Scotland. Figs.B1 and B2 illustrate the overall reactor layout and the
main post-trip cooling systems which are the subject of the status monitoring schemes.

Post-trip cooling requires two heat transfer functions:

1) Circulation of the carbon dioxide coolant through the core and boilers. This may be
achieved by operation of gas circulators at full or shutdown (15%) speeds. In some
post-trip conditions, with the coolant at normal pressure, natural circulation is
sufficient for decay heat transfer. The minimal success criteria take a conservative
view of natural circulation and it is only taken into account when the larger main
boiler heat sinks are available.

2) Provision of water to main or decay heat boilers within 'quadrants’ where gas
circulators are working to maintain a forced flow of carbon dioxide, or in
conditions of natural circulation flow. Exhaust of the steam generated by the boilers
may be achieved by safety valves or a closed loop condenser route.

There are two diverse sets of systems, designated X and Y systems, each containing
redundant sets of similar equipment. The X systems provide forced gas circulation and feed to the
decay heat boilers. The Y systems provide feed to the main boilers, which can induce natural
circulation in the absence of forced circulation.

Each train in each of the X and Y systems, ie 8 in all, contains the following
super-components:

- grid power supply and an emergency source (diesel) of electric power

- automatic post-trip sequencing equipment

- essential electrical switchboards and distribution systems

- mechanical and electrical plant

- controls and instrumentation

The overall safety layout is based on four ‘Quadrants’, labelled A to D, within each of
which is an X and a Y set of equipment, either of which can perform a decay heat removal function.

As a general rule, one set of systems providing circulation and boiler feed in the same quadrant is
sufficient for faults with no loss of coolant pressure. Faults with a substantial loss of coolant
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pressure are presumed to require feed to main rather than decay heat boilers, as a greater boiler
heat transfer area is required. Fig B3 illustrates the minimal combinations of systems for pressurised
and depressurised faults.

The forced gas circulation systems (X) require circulator cooling. This is provided by a
seawater system (circulator auxiliaries cooling system - CACS) for each quadrant's pair of
circulators, or by a diverse air cooled system (CADCS : D=diverse). This latter system is a single
loop which is ‘headered’ to all four X-trains. It is only used for post-trip cooling and has no role in
normal operation.

The decay heat boilers are dry in normal operation, and operate only post-trip. The
associated system contains condensers, forming a closed loop cooling system. The associated
systems are ‘headered’ rather than divided into four separate parts, with four of each active
component but only one of each major passive component.

Emergency feed to the main boilers (Y system) is provided by four 10% feed pumps. This
is again a headered system, but has some orifice plate protection against loss of all feedwater to one
failed boiler. This emergency feed is only used if there are failures of the startup/standby feed and
some failures in the preferred X systems, or a reactor coolant depressurisation (P < 28 bar).

Post-trip sequencing is divided into 8 trains ({X,Y} x {A-D}). X trains are controlled by
microprocessors and Y trains by conventional relays.

Each of the 8 trains is supplied by a diesel generator in the event of a loss of grid supply.
The diesels are however shared between reactors, so that the AX generator provides power to the
AX trains on both reactors. The X and Y diesels are of different designs. All the diesels start
automatically on a reactor trip, even when there is no loss of grid supply. While the grid remains
available, the diesels are not connected to the safety loads

In some severe depressurisation faults, a pressure support system maintains the pressure at
above 2 bar to improve heat transfer. For any depressurisation fault, an air ingress prevention
system is required to operate for 72 hours. After this time air ingress will not cause dangerous fuel
or graphite oxidation.

The X/Y and A-D trains react differently to different external and internal hazards. Only the
X-trains are seismically qualified and the fire barrier between AB and CD is stronger than that
berween A/B or C/D. These distinctions play a significant part in the restrictions imposed on safety
system status by the Single Failure Criterion, as this criterion must apply to such initiating events as:

Seismic event taking out all Y systems

Fire breaching lesser fire barrier and taking out A and B quadrants
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Table B1 : Some AGR Vital Statistics

Core (there are 2 cores per station)

Size
Moderator
Fuel

Fuel elements
Control rods

Coolant

Coolant Route

Coolant
Temperatures

Circulators

Boilers

Pressure Vessel

Power

Refuelling

9.5m dia. 8.3m height

Graphite

2-3% enriched UQ; in stainless steel clad
332 channels x 8 fuel pin clusters in a stack
x 36 pins of 1m length per cluster

89 channels

Carbon dioxide, 43 bar pressure

From gas circulators, up through annulus between core and gas baffle,
down through cooling channels in graphite, up through fuel channels to
channel outlets above gas baffle, down through boilers in annulus outside
gas baffle, into gas circulators.

Boiler outlet 293°C, Graphite inlet 298°C,
Fuel channel inlet 336°C, Fuel channel outlet 635°C

8 centrifugal, variable speed 3000 rpm max.
5.3 MW, 554 kg/s flow each
Shutdown speed 15% (450 rpm)

12 per reactor, located in outer annulus outside the core but within the
pressure vessel. .

Dry steam, once through boiler/superheater, 173 bar, feed 156°C, output
540°C

Low pressure (42 bar) reheater

Concrete, post-stressed by steel tendons. Internal diameter 20.3m. External
diameter 31.8m. Internal height 21.9m, External height 39.8m. Design
pressure 46 bar.

1623 MW(th), 645 MW(e) net.

On-line, currently at partial load.
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AGR Post-Trip Heat Removal Systems

Figure B2 :
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Appendix C
A NOTE ON STATUS MONITORING AT SHUTDOWN

The use of PSA to evaluate shutdown states is relatively new compared with the use for full
power states but is now a very active area of work in many OECD countries.

Results from the first comprehensive shutdown state studies, exemplified by the French 900
MW PSA and now reinforced by further studies, indicate that:

. Some shutdown states, most notably the 'mid-loop' state of PWRs, may have higher
core melt frequencies than the full power state

. Shutdown states are very strongly affected by human actions, as the high level of
automation of safety system responses, required for full power operation, is not
normal for some shutdown states.

. Shutdown states are subject to much wider variations of plant safety system status
than full power states, as many safety system outages are planned to occur during
shutdown.

The last of these insights indicates the potential value of status monitoring, to ensure that
the many system outages, which are inevitable during shutdown, do not occur in undesirable
combinations because of a lack of co-ordinated outage planning.

The development of status monitoring for shutdown states is clearly an extensive task, if
only because there are several distinct states and several levels of core decay heat which should be
taken into account. However, the requirement for rapid response to unplanned outages may be
diminished in comparison with the full power case and there may be a greater emphasis on planning
mode applications. These may include complete reviews of shutdown maintenance plans to ensure
conformity of safety systems’ status with the minimum risk-based requirements for each phase of a
planned shutdown.

The investigation by CSNI of risk-based shutdown status monitoring is a possible future
task, which will become more plausible as shutdown state PSAs and their applications are
developed.
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