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SUMMARY

Living Probabilistic Safety Assessment (PSA) is adaily safety management system and it is based
on a plant-specific PSA and supporting information system. In the living use of PSA, plant status
knowledge is used to represent actual plant safety statusin monitoring or follow-up perspective. The
PSA model must be able to express the risk at a given time and plant configuration. To increase the
availability of the basic PSA for the operational safety management, the model as well asthe whole
PSA programme should be devel oped to amore dynamic tool. The process, to update the PSA model
to represent the current or planned configuration and to use the model to evaluate and direct the
changes in the configuration, is called living PSA programme.

The main purposes to develop and increase the usefulness of living PSA are:

L ong term safety planning: To continue the risk assessment process started with the basic PSA by
extending and improving the basic models and data to provide a general risk evaluation tool for
analyzing the safety effects of changes in plant design and procedures.

Risk planning of operational activities: To support the operational management by providing
means for searching optimal operational, maintenance and testing strategies from the safety point
of view. The results provide support for risk decision making in the short term or in a planning
mode. The operational limits and conditions given by Technical Specifications can be analyzed by
evaluating the risk effects of alternative requirements in order to balance the requirements with
respect to operational flexibility and plant economy. The effect of test interval and possibl e
staggering of redundant tests can be evaluated from the risk point of view by a dynamic and time-
dependent plant model.

Risk analysis of operating experience: To provide ageneral risk evaluation tool for analyzing the
safety effects of incidents and plant status changes. The analyses are used to:

- identify possible high risk situations,

- rank the occurred events from safety point of view, and

- get feedback from operational events for the identification of risk contributors.

The development of routines and procedures for living PSA includes transfer of PSA-related infor-
mation within the organizations. Living PSA application will always require specialists to operate
and maintain the model. However, a better operational interface will allow a more efficient use and
a broader spectrum of users to carry out the applications. To implement aliving PSA programme
requires that plant personnel are heavily involved and appreciate the benefits of working according
to this procedure. The plant organization will in the end decide for themselves to what extent these
methods shall be used in the safety management of the NPP.

Based on the work and the demonstrations carried out it is recommended that a living PSA
programme is implemented on a plant specific basis. The implementation can preferably be divided
in two steps.
1) Prepare procedures, models, and data to carry out basic risk monitoring applications.

- Evaluation of test arrangements (test intervals, test staggering and test methods):

Following this application also configuration control and short term risk planning
will be possible on the same basis.
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- Evaluation of allowed outage times and action requirements in failure situations:
Following this application also maintenance planning will be possible.

- Analysis of operational experience by risk follow-up, generation of severity
ranking and probabilistic safety indicators.

2) Prepare criteria and procedures for risk decision making, i.e. exemptions from limiting
conditions for operation stated in Technical Specifications

The early as well as fast identification of discrepancies and deficiencies in plant design and
operation is considered essential for safety. The design aspects on plant safety are handled to alarge
extent by the basic PSA. Asaresult of aliving PSA, the safety aspects on operational, maintenance
or testing practices can be evaluated, and modified, and the flexibility in operation may be increased.
A feasible risk monitoring system, gradually tailored and implemented for plant specific use by its
user organizations, is aimed to support the risk management activities of the utilities, aswell as the
inspection activities of the authorities.

This report describes the methods, models and applications required to continue the process towards
aliving use of PSA.
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SAMMANFATTNING

Levande probabilistisk (sannolikhetsbaserad) sikerhetsanalys (PSA) & ett system for daglig
hantering av sikerhetsfragor baserat pa en anldggningsspecifik PSA  och tillhdrande
informationssystem. Vid en levande anvandning av PSA utnyttjas den |6pande informationen om
sdkerhetssystemens driftklarhet for att kontinuerligt vérdera eller fdlja upp risken. PSA-modellen
maste kunna vérdera risken vid en given tidpunkt och konfiguration, d.v.s. driftklarhet av
sakerhetrel aterade komponenter. For att mojliggora detta maste den ursprungliga PSA-modellen och
aven hela PSA-programmet utvecklas till ett mer dynamiskt verktyg. Denna process att |6pande
uppdatera PSA-modellen for att representera den nuvarande eller en planerad konfiguration samt att
anvanda modellen till att véardera och styra konfigurationen kallas for ett levande PSA-program.

Det huvudsakliga skélen till att utveckla och 6ka anvandbarheten av levande PSA &r for:

Langsiktig riskplanering: Att fortsdtta den riskvardering och sakerhetsanalys som startades med
den ursprungliga PSAN, genom att uttka och forbéattra dess modeller samt data, for att tillhandahdlla
ett verktyg for analys av sékerhetseffekten vid férandringar i konstruktion eller procedurer.

Riskplanering for drift- och underhallsaktiviteter: Att stodja drift- och underhdllsplaneringen
genom skapa forutsittningar att soka optimala drift-, underhdlls- och teststrategier ur sakerhets-
synpunkt. Resultaten skall ge stdd vid bedut i olika driftsituationer eller som ett planeringsverktyg.
De driftbegransningar och villkor som ges i skerhetstekniska foreskrifter (STF) kan analyseras, och
sakerhetseffekten av olika krav kan véarderas. Avsikten kan ocksa vara att balansera dessa for att
kunna hgja flexibiliteten vid drift och forb&ttra driftekonomin. Effekten av olika testinterval och olika
teststrategier kan riskvarderas genom att modellen & mer dynamisk och tidsberoende.

Riskanalys av drifterfarenheter: Att stodja erfarenhetsaterféringen med ett riskvarderingsverktyg

for analys av sakerhetseffekten fran handelser och forandringar i driftklarhetsstatus for komponenter

i anldggningen. Analysen anvandstill:

- Identifiering av driftsituationer med hog risk,

- rangordning av intréffade handelser ur sdkerhetsynpunkt och

- ge erfarenhetsterforing fran intréffade handelser for identifiering av dominerade bidrag till
hardskaderisken.

Utveckling av rutiner och procedurer for levande PSA inkluderar 6verforing av PSA-relaterad
information inom organisationen. Levande PSA-tilldmpningar kommer altid att kréava specialister for
att anvanda och underhdlla modellen. Ett forbéttrat anvandargranssnitt kommer att medfora en mer
effektiv anvandning och ett utokat antal anvandare. Att infora ett levande PSA-program kraver att
anlaggningspersonal  for drift och underhdll ser vérdet i att arbeta enligt denna procedur.
Anl&ggningsorganisationen maste sjalv beduta i vilken utstréckning dessa metoder skall utnyttjas i
sékerhetsarbetet vid verket.

Baserat pa det utvecklingsarbete och de praktiska demonstrationer som har utforts rekommenderas
att ett levande PSA program inférs anlaggningsspecifikt. Driftséttningen utfors lampligast i tva steg.

1) Skapa procedurer, modeller och data samt utféra grundldggande risk vérderingar.
- Utvérdering av testarrangemang (testinterval, teststrategier och testmetoder). Med
samma underlag kan sedan aen styrning av komponenters driftklarhet och

|6pande riskplanering utforas.
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- Utvardering av driftbegransningar och tillétna hindertider vid felsituationer. Med
samma underlag kan sedan &ven underhdllsplanering ur risksynpunkt utforas.

- Anays av drifterfarenheter genom riskuppféljning, generering av alvarlighets
rangordning efter bidraget till hérdskadefrekvensen och sannolikhetsbaserade
sékerhetsindikatorer.

2) Skapa sannolikhetsbaserade kriterier och procedurer for bedutsstod, t.ex. for
sékerhetsvérdering av handelser, STF andringar eller dispenser.

En tidig eler snabb identifiering av fel ler brister i anlaggningens konstruktion, drift eller underhl
a vasentligt for sikerhetsarbetet. Sakerhetsaspekterna pa konstruktion & i stor utstréckning
hanterade i den ursprungliga PSAN. Ett viktigt resultat fran levande PSA &r att sakerhetsaspekter pa
drift, underhall och testarrangemang kan utvéarderas och forbéttras samt att flexibiliteten i driften kan
begrundas. Ett  andamalsenligt  riskvarderingssystem, anpassat och  drifttaget av
anléggningsorganisationen har som mal att stédja det dagliga sakerhetsarbetet pa verket, samt aven
stodja myndighetens tillsyn.

Denna rapport beskriver metoder, modeller och tilldmpningar som behovs for att fortsétta arbetet
mot en levande anvandning av PSA.
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YHTEENVETO

Elava todenndkoisyyspohjainen turvallisuusanalyysi (PSA) tarkoittaa riskianalyysin kayttoa
péivittdisissa ydinvoimalaitoksen turvallisuuden hallintaan liittyvissa kysymyksissi. Se perustuu
laitosta kuvaavan riskimalliin ja tietojarjestelmaan, jolla riskimallia késitelldan. PSA:n elavéssa
k&ytossa mallia kaytetaan paivittain laitoksen kayttotilassa tapahtuvien muutosten arviointiin ja
suunnitteluun. Jotta se olis mahdollista, on perus-PSA kehitettéva sellaiseks, etta mallilla pystytaéan
joustavasti arvioimaan laitoksen hetkellista riskitasoa. Elévaa PSA :ta voidaan hyddyntéa

* Riskiperusteisessa pitkan tahtaimen suunnittelussa, jolloin jatketaan perus-PSA:lla alkanutta
turvallisuusanalyysiprosessia parantamalla mallia ja taydentaméalla tietokantaa niin, etta saadaan
menetel ma laitoskonstruktioon tai ohjeisiin tehtdvien muutosten arviointiin.

» Kayttotoimenpiteiden riskiper usteisessa suunnittelussa, jolloin laitoksen kaytén ja kunnossa-
pidon strategioita voidaan optimoida riskiperustai sesti. Analyysin tulokset tukevat lyhyen tdhtéimen
suunnittelua.

» Kayttokokemusten riskiper usteisessa arvioinnissa, jolloin laitoksella sattuneiden tapahtumien
turvallisuusmerkitysta analysoidaan. Analyysien avulla voidaan

)) tunnistaa tilanteita, joihin on liittynyt merkittavia riskeja

) vertailla tapahtumia turvallisuusmerkityksen kannalta

) saada kayttokokemuksista pal autetta riskitekijéiden tunnistamiseen.

Eldvaa PSA :ta varten on kehittéva ohjeet, joiden perusteel la riskianalyysitoiminta hallitaan organi-
saatiossa. PSA -asiantuntijoita tarvitaan mallin yll&pitoon ja laskentaan. Tietokonejarjestelman on
kuitenkin vastattava myds varsinaisten hyddyntdjien tarpeita, koska elavén PSA:n toteutuminen el
onnistu, ellei laitoshenkildkunta ole mukana toiminnassa ja ellel se nde toimintaa hyodylliseksi .
L aitosorganisaatio paéttaa aina itse, missa lagjuudessa eldva PSA otetaan kayttéon turvallisuuden
hallinnassa.

Pohjoismaisessa NK §/SIK -1-tutkimusprojektissa tehtyjen tutkimusten ja demonstraatioiden perus-
teella suositellaan, ettd eldva PSA voidaan toteuttaa kahdessa vai heessa:

1) K ehitetédan ohjeet, mallit ja tietokanta dynaamista laskentaa varten, jolloin
) maaraisaikai skoestukseen liittyvia toimintoja voidaan arvioida,
) sallittuja korjausaikoja ja vikatilanteisiin liittyvia kayttostrategioita voidaan arvioida ja
) kéyttokokemuksia voidaan arvioida.
2) K ehitetédan padtoksentekokriteerit ja ohjeet riskipaatoksentekoon.
Elavéan PSA:n tavoitteena on ennalta ehkéista vaaratilanteiden syntyminen. Kun perus-PSA:lla
voidaan arvioida laitoskonstruktioon liittyvia kysymyksig, niin eldva PSA mahdollistaa kaytto-,
kunnossapito- ja koestustoiminnan vaikutusten arvioinnin. Tama lisda joustavuutta laitoksen kay-
tossi. Samalla se tukee myos viranomaisen tarkastus- ja valvontatoimintaa.

Tama raportti kuvaa elavdd PSA:ta varten tarvittavat menetelmét, mallit ja elavan PSA:n
sovellukset.
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FOREWORDS

The development of nuclear safety evaluation has been the object of Nordic research cooperation
since 1977. The cooperation in the development of Probabilistic Safety Analysis (PSA) started
during the second program (1980 - 85) with NKA/SAK-1 "PRA Uses and Techniques, a Nordic
Perspective”. Within the third program NKA/RAS-400 "Risk Analysisand Safety Rationale” (1986 -
90), PSA methodology development was the topic for the project NKA/RAS-450 " Optimization of
Technical Specifications by Use of Probabilistic Methods' and NKA/RAS-470 "Dependencies,
Human Interaction and Uncertainties in Probabilistic Safety Assessment”.

In the current program, the Nordic research project " Safety Evaluation, NKS/SIK-1" (1990)93), the
main objective is to define and demonstrate the practical use of Living PSA and Operational Safety
Indicatorsfor safety evaluation and for identification of possible improvementsin operational safety.

The development and application work has been carried out by a Nordic working group on Living
PSA and Safety Indicators. The group consists of experts on operational safety, PSA, reliability
assessment and decision support. Representatives from utilities, regulatory authorities, research
institutes, vendors and consultants work in these groups. The working groups consist of
representatives from Swedish Nuclear Power Inspectorate (SK1), Swedish State Power Board
(Vattenfall), Finnish Centre for Radiation and Nuclear Safety (STUK), Teollisuuden Voima Oy
(TVO), Risd National Laboratories and Technical Research Centre of Finland (VTT), Avaplan Oy,
Relcon AB, IFE Halden, and Studsvik Nuclear have participated. Other Nordic nuclear power
utilities Oskarshamnsverkets Kraftgrupp (OKG), Southern Swedish Power Board (Sydkraft) and
Imatran Voima Oy (1VVO) participate in the working group meetings and in case studies.
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PROJECT REPORTING

The NKS/SIK- 1 project reporting are divided in three parts.

I NKS/SIK-1 Project summary report: Safety evaluation by living probabilistic safety
assessment and safety indicators, 50 p. (to be published during 1994)

[ Safety evaluation by living probabilistic safety assessment (this report), plus NKS/SIK-1
Reports and publications, SKI1 Technical Report 94:3 (~800 p).

[l Safety evaluation by safety indicators, ~100 p., (to be published during 1994).

This report (SKI TR 94:2) has been prepared by ateam consisting of:

Gunnar Johanson IPS AB/Sweden (Consultant
representing Swedish Nuclear
Power |nspectorate)

Jan Holmberg VTT/Technical Research Centre of
Finland

Kari Laakso VTT/Technical Research Centre of
Finland

Johan Sandstedt Relcon AB/Sweden

(Consultant representing the
Swedish utility OKG)

Ulla-Karin Wendt Vattenfall AB/Sweden
(Swedish utility)

Egil Stokke IFE Halden/Norway

Ilkka Niemela STUK - Finnish Centre for
Radiation and Nuclear Safety

Tuomas Mankamo Avaplan Oy/Finland
(Consultant)

Kurt Pérn and Kecheng Shen  Studsvik Ecosafe/Sweden

Assistant project leader and coordinator
for LPSA part. Main author and editor

Main author and editor, Decision analysis
and M ethods development
Project leader

LPSA demonstrations and methods

LPSA demonstrations and methods

LPSA system and User Interface

Demonstrations, User Interface and
methods

Demonstrations and methods

Uncertainty analysis and decision analysis

Routines and procedures of how to utilize living PSA (LPSA) are demonstrated in the case studies.
The demonstrations include applications to exemplify the different development areas. The
Oskarshamn 2 PSA has been used as a LPSA demonstration model. To enable the demonstrations
and exemplify the capabilities of the LPSA applications the model has been continuously enhanced
with respect to LPSA capabilities, completeness and conservatism. This has been possible dueto
the kind support from the plant owner OKG. The Forsmark 1/2 PSA and TVO [/ll PSA have aso
been used for demonstrations, based on support from the plan owners Vattenfall and Teollisuuden
Voima, the demonstrations have been carried out without or with limited model enhancements.
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TERMS

Allowed Outage Time. This stipulates the maximum allowed outage time (AOT) for an equipment in a safety system.
The unit must usually be placed to a safer operational state, if the operability of the faulty equipment is not reached
within its AOT.

Basic Event. A reliability analysis can be carried out down to a component failure mode or human error level where
sufficiently reliable experience data can be obtained. The occurrences included in areliability model, at the most
detailed level are called basic events. The state of evident basic events are known with certainty. Examples of
evident basic events are maintenances and repairs of the components. The state of hidden basic events cannot be
known with certainty. Tests and demand situations may timely reveal what the state has been.

Common cause failure. Common cause failures (CCF) are failure causes or mechanisms which results in multiple
failures in redundant components. CCF basic events are usually added in the PSA model to cover residual, na
explicitly identified dependences between redundant components

Initiatingevent. An initiating event or initiator is adisturbance in the normal (power) operation which cannot be balanced
without an interference of the plant protection and safety systems. Initiating events are usually divided into several
categories depending on the required plant responses. Main categories are loss of coolant accidents (LOCA) o
various leakage sizes and process transients such as aloss of the main feedwater system, and external events such
as loss of off-site power.

Instantaneous risk frequency.The instantaneous risk frequency of PSA corresponds to a PSA model with basic events
modelled according to plant status knowledge. The component or system concerned is presented in the model by
evident events (true or false) and by hidden events (time-dependent unavailability model). If the evident unavail-
ability caused by maintenance and repair is excluded, then an instantaneous baseline risk frequency is obtained.

Limiting conditions for operation. The limiting conditions (LCO) for operation are rules to be followed in order to
maintain the plant operation within the bounds of safety analysis. The L COs specify requirements on the number
of subsystems operable at different operational states and the allowed outage times for equipment. These opera-
tional rules shall assure that safety systems are either ready for use or functioning on real demands, i.e. plant tran-
sients and accidents.

Minimal cut set. A cut set isacombination basic events, e.g. component failures, leading to system failure. This cut set
is called minimal cut set, if the intended system function can be achieved by elimination of a single basic event
only.

Nominal risk frequency. The nominal risk frequency of PSA obtained by the use of nominal or time-average failure
probabilities for component and system failures as well as for operator errors and by the use of nominal initiating
event frequencies. If the evident unavailabilities caused by maintenance andrepair are excluded, then a (nominal)
baseline risk frequency is obtained. The nominal risk frequency isused in long term risk planning.

Probabilistic safety indicator . The results of arisk follow-up by PSA provides probabilistic safety indicators from the
operating experience. Examples of probabilistic safety indicators are average risk frequency during observed
period, risk doses, number of incidents exceeding a probability or frequency criterion.

Risk assessment. Risk assessment is the basic evaluation approach with arisk model. The aim of risk assessment isto
calculate the nominal risk frequency of the plant and related risk measures. The results can be used to the
identification of risk contributors and to long-term risk planning.

Risk dose. Risk doseis the afterwards cal culated core damage probability of an incident or the core damage probability
over the examined operating period.

Risk follow-up. The aim of risk follow-up isto calculate the risk doses and related risk measuresbased on the evaluation
of operating experience.

Risk measures. Risk measures are means to present the results of various applications of PSA in aform of information,
which is suitable for making conclusions. The basicrisk measures are nominal, inherent and instantaneous risk fre
quency. Generated risk measures are used in applications. The mast significant application, or rather an objective
of PSA, istherisk contributor identification in which risk importance measures are practical. Other applications
as well as generated risk measures can be seen as advanced forms of risk contributor identification and risk
importance measures, respectively.

Risk monitoring. Risk monitoring has a short-term or an on-line evaluation perspective. The aim is to calculate the
instantaneous risk frequency of current or currently planned plant configuration.

Technical Specifications. The technical specifications (TS) are safety rules, approved by the regulatory authority,
stipulating the limits and conditions for safe operation of a nuclear power unit.

SKI TR 94:2 iX



LIST OF CONTENT

SUMM A RY [
SAMMANFATTNING .. e e e iii
YHTEENVETO ... e e e e e %
FOREWORDS . . . e e e Vi
PROJECT REPORTING . ..t Vii
LIST OF ABBREVIATIONS . .. e e e viii
TERM S o iX
LIST OF CONTENT .. e e e e e e X
1 INTRODUCTION
1.1 Theusefulnessof liViNng PSA . .. ... e 1-1
1.1.1 Longtermrisk planning . ..........o e 1-2
1.1.2 Risk planning of operational activities ............... ... 1-2
1.1.3 Risk analysis of operating eXperience . ............uuiiiennnnnennn. 1-3
1.2 Objectivesof theproject .. ... .. 1-3
1.3 Outline of thereport . .. ... 1-4
1.4 Plant and systemtypesstudied . ........... . 1-4
1.5 Scope of the Living PSA development within the NKS/SIK-1 project . ............ 1-4
1.6 Referencesfor SeCtion 1 ... ... . it 1-5

2 THE STATUSOF THE NORDIC PSA ACTIVITIES

2.1 Different phasesof aPSA programme . .......... . 2-1
2.2 The Nordic PSA aCtiVItIES . .. ..o e e 2-1
2.2.1 Thestatusof PSA inSwedenand Finland .. .......... .. ... ... ... ...... 2-2
2.2.2 Applications Of PSA .. ... 2-2
2.2.3 The problem areas of further utilizationof PSA .. ....................... 2-2
2.3 International living PSA developments ... 2-3
2.3.1 Nuclear EIECtriC eXperienCes . . . .. .ottt e 2-4
2.3, 2 USA 2-4
2.3.3 FranCe . ... 2-6
2.34 GEIMANY . .ottt 2-6
2.3.5 JADAN .. 2-6
2.3.6 Other COUNTIIES . ...t e e 2-6
2.3.7 International COOPEration . .. ... ... .ot 2-6
24 ReferencesfortheseCtion 2 . ... .. i 2-7

3 ALIVING PSA PROGRAMME

3.1 A concept for Living PSA insafety management ................ ...t 3-1
3.2 Threedifferent approachestousealivingPSA ........ ... ... .. ... ... .. ... 3-2
3.2.1 RISK @SSESSIMENT . . . ottt ettt e e 3-2
3.2.2 RIiSKMONITOMNG . . .ottt et e e e e e e 3-3
323 RISKTOHOW-UD . . oo 3-3
3.3 Requirement and capabilities for safety management applications ............... 3-3
3.3.1 Model requirementsand capabilities . ............. .. . i 3-4
3.3.2 System requirements and capabilities ............ ... ... . i 3-4
3.4 Applying LPSA insafety management . .. ...t 3-5
34.1 Longtermrisk planning . ...t 3-5
3.4.2 Risk planning of operational activities .............. ... .. ... 3-7
3.4.3 Risk analysis Of operating eXperienCe . ..., 3-8

SKI TR 94:2 X



3.4.4 Regulatory and inspection activities . ..............c.ouiiiiiiiinen.. 3-10
3.5 Referencesfor SeCtioN 3 .. ... i 3-10

4 LIVING PSA MODEL

4.1 Definition of risk freqUENCIES . . .. ..ot 4-1
4.1.1 Nominal risk freqUenCy . . ...... ..o 4-2
4.1.2 Instantaneous risk freqUeNCy . .. ...t 4-2
4.1.3 Inherent risk freqUeNCY . . ...t 4-3

4.2 LPSA MOdel fEaIUrES . .. ..ot 4-4
4.2.1 Plant Status representation . .. .. ...ttt 4-4
4.2.2 INItIatinNg BVENES . . ..ot 4-7
4.2.3 Systemand component models . ........ .. 4-8
4.2.4 Common causefallures ... ... ... 4-12
4.2.5 HUMEN BITONS . . . oottt e e e e e e e e e e e e e e e e e 4-13

4.3 Dala . . .ot 4-14
4.3.1 Failluredata . ......... ... 4-14
4.3.2 Operational dafa .. ... ...t 4-15

4.4 UNCEIAINTIES . . .ottt et e e e e 4-15
4.4.1 Parametricuncertainty inliving PSA ... ... .. . 4-16
4.4.2 Uncertainty propagation ... ... ...ttt 4-16
4.4.3 Integrated uncertainty analysSiS . ......... .. 4-16

4.5 LIMITalioNS . . ..ottt 4-17
4.5.1 INCOMPIEIENESS . . .\ttt e e 4-17
4.5.2 CONSEIVALISIM . . .ottt e et e e e e 4-17
4.5.3 Common causefaillures (CCF) . ... .. i 4-18
4.5.4 Testing and test effectiveness . ... 4-18
4.5.5 Practical time CconstraintS . . .. ... ..ot e 4-18
4.5.6 Simplified approach for time-dependent evaluations .................... 4-18

4.6 Referencesfor SeCtion 4 . ... i 4-19

5 ALIVING PSA SYSTEM

5.1 INtrOQUCTION . . . oo e e e e e e 5-1
5.1.1 Objectiveswiththesystem ........... . .. . i 5-1
5.1.2 BaSiCreqUIremMentS . .. .. ..ottt e 5-2

5.2 Featuresof aliving PSA t00l .. ... ... 5-3
5.2.1 Present systemsfor applying livingPSA .. ... ... .. . . 5-4
5.2.2 FUNCLIONAl OVEIVIBW . . ..o e e 5-6
523 Informationand Data . . .. ...ttt 5-7
5.2.4 Principlesfor aliving PSA userinterface .......... .. ... .. ... 5-8

5.3 System inpUl/OULPUL . . . . ..ot 5-11
5.3.1 Longtermupdating of PSA model ......... ... .. ... 5-11
5.3.2 APPliCaLION .. ..o 5-12
5.3.3 Quantitative output and presentation ... ...t 5-13
5.3.4 Qualitative output and informationretrieval ................ ... ... ..... 5-13
5.3.5 Resourcesfor management of thesystem ............ .. ... .. .. ... ..... 5-14

5.4 Broadeningtheuseof alivingPSA system ........ ... ... . i, 5-15
5.4.1 On-lineoperational aCtivities . ......... ...t 5-15
5.4.2 Integration with other informationsystems . .......... .. ... .. ... ... 5-16
5.4.3 Expert systemtechniques ... ... ... 5-16
5.4.4 Living PSA asatraningtool .............. ... i 5-17

55 Referencesfor seCtion5 ... ... . 5-17

SKI TR 94:2 Xi



6 SAFETY EVALUATION BY LIVING PSA

6.1 INtrOQUCTION . . . o ot e e e e e e e e e 6-1
6.2 NOrdic Case StUAIES . . .. .ot 6-2
6.2.1 Living PSA demonstrationsfor Oskarshamn?2 .......................... 6-2
6.2.2 Risk follow-up of Forsmark Lunit .............. . ... 6-3
6.2.3 Pilot study onrisk follow-upby PSA . ... ... ... . . . 6-5
6.2.4 Plant shutdown risk in failure situations of asafety system ................ 6-7
6.2.5 Pressurerelief transient .. ... .. 6-7
6.2.6 Anaysisof anexternal pipebreak . ....... ... .. ... 6-8
6.2.7 A time-dependent model for a pairwise symmetric system of four diesel
JENEIAIOIS . . ..ottt e 6-8
6.3 Longtermplanning . . ... ...t 6-9
6.3.1 Safety goal evaluation ... ....... ... 6-9
6.3.2 Risk contributor identification ... ........ .. ... .. .. . i 6-10
6.3.3 Comparison of design and procedurechanges . .. .......... ... ... ...... 6-11
6.3.4 Optimization of limiting conditions for operations ...................... 6-11
6.3.5 Operator traiNiNg . ... ...ttt e 6-13
6.3.6 Accident management . . ...t 6-13
6.4 Planning of operational activities . .............. i 6-14
6.4.1 Planning of preventive maintenance . ...............ouiiiininennan... 6-14
6.4.2 Planning of correctivemaintenance . ... ...t nan... 6-14
6.4.3 Testplanning . ... ...t 6-16
6.4.4 INCident Management . . . ... ..ottt e 6-19
6.4.5 Exemptions from the Technical Specifications ......................... 6-19
6.5 Analysisof operational eXperience . ... 6-19
6.5.1 Off-linemonitoring ... ... e 6-19
6.5.2 RIiSKTOIOW-UP . . ..o 6-20
6.5.3 Incident analysSiS .. ...t 6-23
6.5.4 Accident sequence precursor Studies . ... 6-23
6.5.5 AgEINg ANalYSIS . . . oo 6-23
6.6 Otherlevel 1 PSA aCtiVItieS ... ... e 6-24
6.7 DECISION ANAlYSIS . ..ottt 6-24
6.7.1 Typesof deCiSIONCriteria . ... ...t 6-24
6.7.2 Benchmark study . .......... . 6-26
6.7.3 Decision analysiSprocedure . .. ...t 6-27
6.7.4 Practical needsfor decisionanalysis . ...t 6-28
6.7.5 CONCIUSIONS . . ..ottt e e e 6-29
6.8 Referencesfor SeCtion 6 . ... it 6-29

7 CONCLUSIONS

7.1 Preconditionsand remarks .. ....... ... 7-1
7.2 A LIiVINg PSA programme . .. ...ttt e e 7-1
7.3 Demonstrations of living PSA/Casestudies . ............. ... 7-3
7.4 Recommendations for development of safety management ..................... 7-6
7.5 Future developments and broadening theuse of livingPSA . .................... 7-7
7.6 CONSENSUS . . .ottt e et e e e e e e e e e e e e 7-8
NKS/SIK-1 REPORTSAND PUBLICATIONSON LPSA DEVELOPMENT ........ 7-9

SKI TR 94:2 Xii



1 INTRODUCTION

The NKS/SIK-1 project is performed within the joint Nordic research program NKS/SIK: Reactor
Safety. It is part of the Nordic NKS nuclear safety research program for the period 1990-93. The
project isrealized in co-operation with Nordic nuclear power utilities, authorities, research institutes
and consultants.

The key idea of this project is that plant state should be monitored and evaluated, and undesired
events or accidents will be prevented more efficiently by a combined application of:

- Living probabilistic safety assessment (PSA), and
- Operational safety indicators.

This concept, Figure 1-1, would supplement the use of safety technical specifications by providing
improved means for continuous monitoring of therisk level, and for early identification of degrading
developments in safety performance of an operating nuclear power plant.

NORDIC RESEARCH PROJECT
NKS/SIK-1

"SAFETY EVALUATION BY USE OF LIVING PSA AND SAFETY INDICATORS'

DECISION MAKING ON SAFETY ISSUES

1 1 1

OPERATIONAL SAFETY INDICATORS

1 1

LIVING PSA

1

PLANT SPECIFIC TECHNICAL AND OPERATIONAL INFORMATION

A Concept of Safety Management Supported by Living PSA and
Operational Safety Indicators.

Figure 1-2: Conceptual idea of the use of Operational Safety Indicators and Living PSA.

1.1 Theusefulness of living PSA

The essential objective with the development of aliving PSA concept is to bring the use of the plant
specific PSA model out to the daily safety work to alow experience feedback of the operational risk
and to increase the risk awareness of the intended users. The early and fast identification of
discrepancies and deficiencies in plant operation or design is considered essential for safety.
Nowadays the design aspects on plant safety are handled to alarge extent by the basic PSA. As a
result of aliving PSA the safety aspects on operational, maintenance or testing practices can be
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evaluated and modified and the flexibility in operational safety rules may be increased.

The living PSA concept involves a description of how the original PSA model can be continuously
updated according to the actual status of the safety related systems of the plant. It isadaily safety
management system, Figure 1-1, and it is based on a plant-specific PSA and supporting information
system.

Plant status

LPSA model information.
L PSA system:
L PSA tool.
Application: LONG TERM RISK PLANNING OF OPERA- RISK ANALYSISOF
SAFETY PLANNING. TIONAL ACTIVITIES. OPERATING EXPERIENCE.
Approach Risk assessment. Risk monitoring. Risk follow-up.

Figure: 1-2. The use of living PSA.

1.1.1 Longterm safety planning

To continue the risk assessment process started with the basic PSA by extending
and improving the basic models and data to provide a general risk evaluation tool
for analyzing the safety effects of changes in plant design and procedures.

For the safety and the design management, the primary purpose of risk assessment is to identify the
main risk contributors so that safety improving measures can be identified and prioritized. When the
changesin designs or procedures have influence on the safety status, living PSA can provide support
for the comparison of the alternatives.

1.1.2 Risk planning of operational activities

To support the operational management by providing means for searching optimal
operational, maintenance and testing strategies from the safety point of view.

The purpose of risk monitoring is to evaluate the instantaneous core damage frequency or the proba-
bility of reactor core damage during a short time interval given the information about the
configuration of the safety-related systems. The results provide support for operational risk decision
making in the short term or in a planning mode. M aintenance actions can be prioritized or planned
so that the most safety critical systems are repaired or maintained in the first hand and other are post-
poned.

The operational limits and conditions given by Technical Specifications are analyzed by evaluating
the risk effects of aternative requirements. The purpose is to balance the requirements with respect
to operational flexibility and plant economy. The high risk situations permitted by Technical Specifi-
cations can be identified and replaced by such modes that give minimum risk, and also more flexibl e
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requirements can bejustified to replace too stringent ones. Individual requirements can be optimized
by e.g. evaluating optimal allowed outage times from risk point of view.

Tests should be planned so that considered failures are detected but introduction of additional failure
modes are avoided. The effect of test interval and possible staggering of redundant tests can be
evaluated from the risk point of view by time-dependent component failure models.

1.1.3 Risk analysisof operating experience

To provide a general risk evaluation tool for analyzing the safety effects of
incidents and plant status changes.

Analyses of operational experience are used to identify possible high risk situations, to rank the
occurred events from safety point of view, and to get feedback from operational events for the iden-
tification of risk contributors. Exceptional failure combinations, dependencies between failures,
repair actions, maintenance or operation modes can be identified. Safety significant events are
identified from alarge amount of operational data such as licensee event reports (LER), reactor trip
reports and component failure reports. The severity is evaluated by calculating the conditional
probability of an accident given the event. The safety-significant events are analyzed as deeply as
necessary in order to identify the root causes of the events and to evaluate their severity. Ageing
analyses are carried out with the aim to identify ageing effects in the safety function, system or
component structures.

1.2 Objectives of the project

The main objective of the NKS/SIK-1project [1-1] isto define and demonstrate the practical use of:

- Living probabilistic safety assessment, and
- Operational safety indicators,

for safety evaluation and management and for identification of effective improvements in
operational safety. Relating to living PSA the objective is to develop and define the living PSA
concept for risk evaluation of:

- temporarily changed operating situations, i.e. failure, maintenance and disturbance
situations, and
- permanent changes caused by modifications of designs or procedures.

The project also covers the study of problems related to risk decision making and a formulation of
a suitable framework for use of PSA in safety related decision making.

A feasible risk evaluation and monitoring system, to be parallelly and gradually tailored and
implemented for plant-specific use by its user organizations, is aimed to support the risk
management activities of the utilities, as well as the inspection activities of the authorities.

Practical case studies are performed for specific nuclear power plantsin order to:

- support and demonstrate the above developments

identify related method and model development needs and other problem areas, and
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provide support for safety studies, safety development and safety-related decisionsto be
made by utilities and authorities.

1.3 Outline of thereport

The outcome and experiences of the project related to living PSA are summarized and concluded
in this technical report. The chaptersin this report are divided and written for different categories
of readers, asfollows:

- The introduction and status of PSA activities, Chapter 1 and 2, are written for all types of
readers and are intended to present an overview of the project and the preconditions for the
project when it was started in 1990.

- A living PSA programme, Chapter 3, is written for plant management and is intended to
present in general the work and the work format when applying LPSA in safety
management.

- A living PSA model, Chapter 4, iswritten for PSA experts and it presentsin detail methods
and model features required to carry out the LPSA safety evaluations.

- A living PSA system, Chapter 5, is written for PSA code and system developers and it
describes in detail work formats and requirements on codes and procedures.

- Safety evaluation by living PSA, Chapter 6, is written for LPSA users. The different
applications are discussed in detail and are exemplified by results from the demonstration
studies carried out within the project.

- Conclusions, Chapter 7, summarizes the experience gained from this project.

1.4 Plant and system types studied

The safety management applications described in this report are intended to be applied for nuclear
power plants. The main hazard state considered in the application studies has been core damage, thi s
can of course be altered for other states dependent on the safety issue of interest.

Safety functions and systemsin Nuclear Power Plants are divided into redundant, and in many cases
physically separated, subsystems. A safety function is provided by a system or can asin many cases
be carried out by more than one system as a diversified safety function. To design, operate and
maintain these functions in an optimal way from a safety point of view isone primary task in safety
management and it is in this context the use of living PSA is demonstrated in this report.

1.5 Scope of the Living PSA development within the NKS/SIK -1 project

The steps involved in the development of basic PSA into living PSA and dynamic use of the results
isillustrated in Figure 1-3. This project is concentrated on the first step to carry out main living PSA
applications and to interpret both static and dynamic results and risk measures. The second and third
step indicated in the figure are introduced to present a perspective on the future potential and
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development of arisk control/advice system in comparison to the work performed in this project.
For the latter steps only limited feasibility studies are performed at this stage.

Step 0 Step 1 Step 2 Step 3
Static risk verifi- Risk planning and follow-up Risk control using Risk advice
cation using dynamic risk measures on line information (risk optimization/
minimization)
Basic PSA's (1990) Main development areain . L . o
NKS/SIK-1 Limited studies within Limited feasibility
NKS/SIK-1 studies within
NKS/SIK-1
Development areas: . LPSA tools, modeldand e On-Line LPSA mo- * Expert system
risk measures ) del updating
» Plant status representation » Decision support
» Test & maintenance * Risk controllability
lanning
» Evaluation of LCO
* Risk decision making
* Uncertainties
» Operating experience
analysis

Figure 1-3: Development Steps for Living PSA

1.6 Referencesfor section 1
SIK-1reports

[1-1] LaaksoK., Johanson,G., Bjore, S., Virolainen, R. & Gunsell, L.. Safety Evaluation by
Use of Living PSA and Safety Indicators, Work Plan 1990-1993. NKS/SIK-1(90)8.
August 1990.
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2 THE STATUSOF LIVING PSA

This chapter describes the status of the Nordic PSA activities based on the results of questionnary
[2-1]. In addition, international developmentsin the field of living PSA systems and applications are
presented [2-2], [2-3], [2-4].

2.1 Different phases of a PSA programme

By probabilistic safety assessment (PSA) nuclear power plants are assessed with respect to the
likelihood of accidents. PSA provides a structured and logical procedure for identification of
credible accident sequences and for assessment of their corresponding likelihood. PSA thus helps
to identify weak spotsin design and operation and in ranking dominant contributors to reactor core
damage in a specific plant.

The overall status of probabilistic safety assessment (PSA) and the experiences of performing and
utilizing PSA-studies are quite similar among all the utilitiesin Sweden and Finland. Three phases
can be roughly distinguished in the PSA activities: basic PSA, extended PSA and living PSA
(LPSA) [2-5]. The scope of the basic level 1 studiesis currently being extended to cover other
operational states than the power operation. The utilities are performing the level 2 analyses
concentrating in post-accident phenomena in the reactor containment [2-1]. The third phase, the
living use of PSA, is practical in parallel with both the first and the second phase. A natural step is
to continue towards a living use of the present level 1 models of the plants. Figure 2-1 showsthe
phases of the PSA programme.

LIVING PSA

USE IN DAILY SAFETY WORK, OPERA-
TION, MAINTENANCE AND DESIGN

EXTENDED PSA

EXTERNAL EVENTS, OTHER OP-
ERATIONAL STATES, LEVEL 2

BASIC PSA

INTERNAL EVENTS,
POWER OPERATION

Figure 2-1. Different phases of a PSA programme [2-5].

2.2 TheNordic PSA activities

In order to collect different experiences and views to be used in the planning and execution of the
main project a questionnaire concerning safety evaluation was sent to personnel at the Nordic
utilities, safety authorities, research institutes and consultants. This section is partly based on the
answers and comments concerning PSA and living PSA applications collected in the spring of 1990
from the Swedish and Finnish utilities and authorities within the survey [2-1]. Since then, a clear
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step towards living PSA has been taken.
2.2.1 The status of PSA in Sweden and Finland

The Finnish and Swedish nuclear power companies have completed the first phase of wide range
plant-specific PSA studies. These so called level 1 analyses have been directed on studying the
internal initiating events and accident sequences leading to severe reactor core damages. The PSA-
models created, reliability data gathered and the experiences gained from the analysis will be the
basis for the living PSA concept. Studies concerning external events are under way.

On an average 4)10 persons are directly working with PSA activities at each power company. At
Vattenfall, Sydkraft and 1V O these persons are located in the central part of the organization not
directly connected to plant operations. At OKG and TV O, the main responsibility is carried by the
Reliability Section at the plant.

The status of living PSA is dependent on to what extent PSAs are used. The demands on the present
PSAswill increase in consequence with a more advanced use. Also routines and procedures of how
to utilize PSA in different situations are necessary to develop. It must be possible and easier to use
PSA as an active support in the decision process with acceptable response times. The goal must be
to incorporate PSA as a natural part in the decision process. The present status and use of some of
the latest PSAs is quite close to a living PSA. However, by now the applications have been per -
formed with the basic PSA and they have been laborious realizations. The models need to be
supplemented as well as the computer codes must be improved in order to reach the status of living
PSA.

2.2.2 Applicationsof PSA

PSA isbeing used in severa areas for nuclear power plant safety support. Particularly safety review
and prioritization of safety increasing measures. PSA results have supported reevaluation of plant
safety and given clear indications and priorities for safety improvements. Other |ess used areas of
application are e.g. changes in equipment surveillance test intervals (STI) and allowable outage
times (AQOT), and the rules for preventive maintenance in Technical Specifications (TS) for safety
related equipment.

The awareness of the PSA activitiesis high in plant management and safety departments. Operation,
maintenance and design departments have alow awareness of PSA-related activities. Personsin-
volved with the PSA activities are familiar with the method. Other people have been occasionally
informed about the PSA. PSA issues and reliability engineering methods are included in the internal
training of personnel, especially in the training of shift engineers and operating staff.

2.2.3 Theproblem areas of further utilization of PSA

The maintenance of the PSA-model isin practice alarge computer programming project. In order
to go from the present situation to aliving use of PSA-models, the organization will have to solve
alot of problems concerning the computer environment, codes, applicability of the PSA models and
data, maintenance organization etc.

There are completeness problems related to the applications of the present PSA-models and data.

The impact of conservative assumptions should be thoroughly analyzed. Modelling of human
interaction and common cause failure (CCF) leaves much to be desired, and it is necessarily to
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introduce time-dependent component models for a consistent description of temporal developments.
Thereis also need for improvements in the present computer codes for evaluation of PSA models.
The codes must become more user-friendly and dynamic, and the response times must be shortened
to fulfill for the more demanding requirement posed by aliving PSA.

Advocating the use living PSA in decision making should not be done without reference to its
limitations, notably the uncertainties are an integral part of any probabilistic assessment. Neither
should it be assumed that the concept "risk" has a wel l-defined meaning to different people or staff
groups. Uncertainty analyses (statistical uncertainties) have not been performed for all PSA studies,
and there is considerable variation in the application of different types of sensitivity analyses. There
are plans for amore intensive utilisation of methods such as Monte Carlo simulation and improved
sensitivity analyses to better treat uncertainties and verify conclusions. As of today, the control of
conservatism and the impact of a variety of conservative assumptions is not satisfactory. And the
treatment of the completeness problem, including the quality of time-dependent and CCF-models
must be improved.

It is generally accepted that the present PSA studies provide valuable insight and they have become
an essential part of plant safety work. But the growing awareness of the value of PSA should not be
allowed to overshadow the fact that its results have to be applied within a strictly defined context.
In particular, one should exercise care when using absolute numbers, there is reason to believe that
relative values are more appropriate and that PSA results should be used in a comparative manner.
This does not preclude the utilisation of reference levels, but it should be borne in mind that there
are large uncertainties associated with very small (~107) probabilities.

The question of how large the risk reduction has to be to warrant a reconstruction or reconfiguration
can only be answered through a more detailed analysis where all factors are accounted, including
cost-effectiveness of the proposed measures. To establish the best possible decision support there
isastrong need for improvement both in models and in the post-processing of PSA results.

Cost-benefit analyses will probably be a part of the decision making process in the future, but today
the means for a consistent and efficient assessment of costs related to the proposed corrective
measure is not available. Cost cannot be alowed to play adecisive role in questions of safety, if an
improvement is identified. Advanced decision support methods are useful if they can simplify or
structure the decision process such that decision maker arrives at areliable conclusion in with less
time and effort wasted. But the decision support system must operate in an transparent manner,
where the basis for advice and the background information is always made available to the user.

2.3 International living PSA developments

The number of present applications of living PSA is limited, and practical experience concerning
the use of PSA as an operational tool has not yet accumulated to the point where a general
framework for design and structure has been established. The applications have common
denominators in their efforts to quantify risk levels according to projected or assumed plant status,
but in actual usage the aims may be quite different. The emphasisis on the research effortsin which
the applicability of the PSA technigueistested in areduced scale. The most advanced development s
which aim at using of PSA as a risk monitor, i.e. as an online advisory system supporting the
operator in safety-related decision making, comes from United Kingdom, France, USA and Japan.
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2.3.1 Nuclear Electric experiences

Nuclear Electric in UK hasimplemented the ESSM (Essential Systems Status Monitor ) system to
monitor and predict risk level in the 12 essential post trip cooling systems. The PSA-based system
isin use at the two advanced gas cooled reactors (AGR) Heysham 2 and Torness, based on a quite
detailed model of failure modes of the post trip cooling systems. The system isin daily use for
checking the status of the post trip cooling systems and has proved useful for planning maintenance
and testing. ESSM results are checked against technical specification to ensure that safety limitsare
not violated, within these bounds the system identifies allowed outage states and suggests
combinations which give the lowest risk [2-6].

The operational state of Heysham 2 is divided into three unavailability categories. The categories
can be defined by probabilistic criteria according to how much the component or system
unavailabilities increase the point frequency of the post trip cooling failure, as shown in Table 2.1.
Therisk increase factor is defined as the ratio of the instantaneous risk frequency and the nominal
baseline risk frequency (see Table 4.1).

Table 2.1. Unavailability categories and operating limits with respect to risk increase factors at
Heysham 2.

maintenance category  operating limit risk increase factor
normal no limit )10
urgent 36 hours limit 10)100
infringement conditions  immediate remedial actions 100)

The ESSM system is easy to use and control room operators require only a short period of
familiarisation to be able to use the system. Menus guide the user in input and output selection, with
results mainly presented in form of tables or historical trend curves. In the status assessment mode
the input can be automatic from the plant status monitoring, but in the planning mode the operators
would in any case have to supply a certain amount of manual input. The ESSM system is one of the
few existing systemsin actual use as an on-line tool, the short computing times (3)4 minutes) have
no doubt been a decisive factor in this respect.

2.3.2 USA

At several US plants, TS modifications have been accomplished, mostly based on the Electric Power
Research Institute (EPRI) sponsored development work and using SOCRATES program [2-7] .
Usually, alarge number of TS modifications are combined in a package, including changes of both
STlsand AOTs. The desired changes for operational flexibility are either motivated by the small risk
impact of the individual changes, or by a trade-off between the changes. For the trade-off, the
changes decreasing risk have usually been concerned with shortening of test intervals, and thisis
then used for obtaining longer AOTSs.

The most recent EPRI sponsored project [ 2-8] defines and evaluates more closely the following three
approaches:

) negligible risk increase,
) risk tradeoff,
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) TS action alternatives.

The third approach devel ops alternate actions to follow that will allow plant operation to continue
by compensatory measures directed at reducing the risk increase. Typical compensatory actions may
include assuring redundant operation paths, starting up standby trains into running reserve or
aligning unit-to-unit cross-ties.

Another recent bigger venture was concerned with TS modifications for the South Texas Project
plant [2-9]. The two plant units belong to the new PWR generation with three electrically indepen-
dent and physically separate safety trains. However, the current TS are generally based on the
standard Westinghouse TS which were developed for two-train designs. The proposed changes
primarily consist of extending

) AOTsfor single train failure from 3 daysto 10 days
) STlsfrom monthly to quarterly testing

In addition to trade-off among part of the modifications, the proposed AOT and STI extensions were
defended by considering an impact of 10% or less in the average core damage frequency acceptable
(applied to each single AOT change digjointly). The proposal has been under consideration and
review at the USNRC for about two years, and provides useful insights about the risk-based TS
modification process.

At the regulatory side, the TS improvement program was established by the USNRC in 1984 to
completely rewrite and streamline the TS aswell as to make line item improvements to existing TS.
To support this effort, a comprehensive examination was performed of all surveillance requirements
to identify those that should be improved [2-10]. The study resulted in numerous detailed
recommendations, and generally concluded that while testing is essential to verify equipment and
system operability, safety can be improved, equipment degradation decreased, and unnecessary
personnel burden relaxed by selectively reducing the amount of testing at power. The combination
of reliability concepts and preventive maintenance in areliability centered maintenance program,
together with focused testing based on the reliability characteristics of the system or component
would be an effective method.

USNRC sponsored research includes following recent studies of special interest:

) Evaluation of STIsincluding adverse risk impacts of test-caused trips and equipment wear -
out [2-11].

) Development and application of degradation modeling to define maintenance practices
[2-12].

) Technical Specification action statements requiring shutdown: risk comparison approach

with application to the RHR/SSW systems of aBWR [2-13].

Thefirst and second study expand the conventional methods for STI and PM evaluation. The third
study is similar in approach to TVO/RHRS study [2-14], as being directed to consider LCO
shutdown risk for a consistent assignment of AOTs and action statements.

Most nuclear power plantsin the USA arerequired to have level 1 PSA completed in the near future,
meaning that an important prerequisite for living PSA will exist. In most cases the impetus to
perform a PSA has come from licensing authorities, but a few power companies have established
their own PSA programme independent of regulatory requirements.
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2.3.3 France

In France level 1 studies for their 900 and 1300 MWe series reactors are completed. An interesting
feature istheir fairly detailed treatment of other than full power operating conditions [2-15]. A risk
criterion limiting the integrated risk over AOT below 1 E-7 (single occurrence risk), was established
aready about ten years ago. Thislimit corresponds to arelative criterion of about 1)10 % acceptable
for afailure situation with respect to the annual core damage probability, when considered against
the background that the usual average CDF is about or below 1 E-5 1/a, in power operation state.
Recently, the plant shutdown risk is also taken into consideration for defining AOTs [2-16].

2.3.4 Germany

Technischer Uberwachungs-Verein (TUV) Norddeutschland has developed AOT guidelines, which
combine deterministic approach with reliability considerations at the safety function level [2-17].
The plant level balance is aimed to be achieved by tuning the AOTs among systems according to
the demand frequency of different safety functions.

2.3.5 Japan

In Japan the current development of the living PSA system LIPSAS has as objectives to generate
a framework for updating of PSA models, risk level monitoring and operator support in accident
management situations[2-18]. Defining an optimum AOT, by using different criteria, and taking into
account plant shutdown risk if the AOT is exceeded, was examined with application to RHR system
at an LMFBR plant [2-19]. Compare with the further discussion of the AOT criteria in Section 6.2.4
and of the computer code in Section 5.4.1.

2.3.6 Other countries

In addition to the Nordic countries and the examples given above, there are several other countries
where projects bordering on aliving PSA concept arein progress. Ontario Hydro in Canada operates
20 CANDU reactors, for each station there is aliving PSA programme based on level 3 PSA. The
development of the new CANDU 6 Mark 1 is supported by PSA evaluations of design changes
[2-20]. In Italy [2-21], Spain [2-22] and Switzerland [2-23], the regulatory bodies and utilities are
enganged in living PSA activities.

2.3.7 International cooperation

The International Atomic Energy Agency (IAEA) Technical Committee Meeting on "Use of PSA
to evaluate technical specifications' in 1990 recommended that a report be prepared detailing
relevant methods and providing case studies on the topics [2-24]. The prepared document addresses
the rationale for optimizing TS, discusses optimization methods and approaches, summarizes recent
applications of the methodology and fully describes two distinctive case studies [2-25]. Theworking
draft of the document was reviewed in another Technical Committee Meeting on "Advancesin
Reliability Analysis and PSA" in 1992, when also several recent applications were presented and
discussed (proceedings will be published by the IAEA).

The OECD CSNI/Principal Working Group no. 5 initiated in 1992 a special task on "Risk-Based

Management of Safety System Reliability" with a scope ranging from the developments of real time
risk monitor and on-line configuration control system to PSA-based improvements of traditional TS
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and configuration management. The task is aimed at a"state-of the art” report in 1994 including:

o/ \/ o/ \/

status and achievements by the leading examples,

estimates of investments required to implement various schemes given a suitable PSA to
start with,

potential benefits and uses of the schemes,

conclusions on overall effectiveness of the different schemes for PSA-based risk manage-
ment of safety system reliability.

The task has been started with areview of recent developments and applications.
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3 ALIVING PSA PROGRAMME

This chapter describes in brief terms the definition of a concept for applying living PSA for safety
management. The process of how to achieve a consistent use of living PSA applications is described
in detail in the following chapters 4, 5 and 6. This chapter is intentionally written with an overlap
to the following chapters (4, 5 and 6) to allow the reader a complete overview of how to apply the
L PSA programme.

The Nordic status and experience of PSA [3-1] have been examined. The risk monitoring and
follow-up have been tested using, Forsmark 1/2 PSA [3-2], Oskarshamn 2 PSA [3-3], [3-4], [3-5]
& [3-6], and TVO I/l PSA [3-7]. Within this project a specification for aliving PSA system has
been generated [3-8]. More safe and economical operational strategies have been studied for test and
preventive maintenance arrangements as well as in the case of failuresin safety systems|[3-3].

3.1 A concept for_Living PSA in safety management

The first step of atypical PSA programme is the performance of alevel 1 study concentrating on
internal events and accident sequences leading to core damage, called basic PSA. The basic PSA
model is static, and it is made for the evaluation of the time-average core damage probability of the
plant. To increase the availability of the basic PSA for the operational safety management, the model
aswell asthe whole PSA programme should be developed to a more dynamic tool. The process, to
update the PSA model to represent the current or planned configuration and to use the model to
evaluate and direct the changes in the configuration, is called living PSA programme [3-9].

Thefirst version of a plant-specific, basic PSA is usually not adequate to all those possibilities we
can see for PSA. For instance, the basic PSA model and data does not quite support flexible
evaluations of the plant safety level, few PSA computer codes are user-friendly and fast enough, and
there are seldom procedures as well as understanding to use and maintain PSA in the daily safety
management. A living PSA isa PSA which has been integrated into the operational safety manage-
ment.

An important part of the living PSA concept is how the evaluation results are interpreted for the
decision making of safety related issues. In this context, we have to define risk measures used to
present the results of the applications. The fundamental aspect of a living PSA result is that it
expresses the core damage risk given a certain time and plant status. This structure changes in
different operational modes as well as the basic event probabilities vary according to the knowledge
of the component statuses. A living PSA model should be able to follow the changes.

The living PSA concept involves a description of how the original PSA model can be used in amore
dynamic sense, continuously updated according to the actual status of the safety related systems of
the plant. The main purposes to develop a living PSA are to provide a risk evaluation tool for
analyzing the safety effects of changesin plant design, procedures and Technical Specifications, and
to support the maintenance planning and operational management by providing atool for searching
optimal operational strategies, maintenance and testing from the safety point of view.

A living PSA programme will, following this concept, become a daily safety management system
based on a plant-specific PSA and supporting information system, Figure 3-1.
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L PSA model Plant statusinfor-
mation.
Initiating events Plant configuration
Accident sequences Operational events
System analyses Maintenance plans
Human interaction Test schemes
Reliability data Test results
Common cause
failures
L PSA system: L PSA tool.

PSA code

Operational interface

Evaluation procedures

Application:  LONG TERM RISK PLANNING OF OPERA- RISK ANALYSISOF
SAFETY PLANNING. TIONAL ACTIVITIES. OPERATIONAL EXPERIENCE.
Approach Risk assessment. Risk monitoring. Risk follow-up.
Result Identification of risk Configuration management Analysis of operating experience
contributors Test planning Operational risk experience
Comparison of M aintenance planning feedback
alternative design and Operational decision making
procedures
Risk measure  Nominal risk Instantaneous risk Retrospective risk
Inherent risk Probabilistic safety indicators

Figure: 3-1. The living PSA concept.

3.2 Threedifferent approachesto use a living PSA

The living PSA applications can be divided into the three application approach categories: 1 - risk
assessment, 2 - risk monitoring, and 3 - risk follow-up.

3.2.1 Risk assessment

The risk assessment application is close to the idea of the basic PSA, i.e. the evaluation of the
average risk caused by the operation of the plant. The primary purpose of the risk assessment is to
verify the average risk level of the plant and to identify the major risk contributors. The results of
the assessment are applicable for the long term planning in order to improve the identified
weaknesses of the plant.

Long term plannings include static evaluations and comparisons of risk effects of changesin the
plant design, maintenance or test arrangements, procedures and Technical Specifications. The aim
of these studies is to optimize the plant operation, maintenance and design with respect to the risk
minimization and operational flexibility. Living PSA can also provide a controlled way of trading
excessive safety margin for the operational or maintenance flexibility in specific cases.
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The present applications of the Nordic PSA studies are good examples of the risk assessment
application area. Experiences have been gained from awide range of safety management activities
in Finland [3-10],[3-11], Sweden [3-12], and in the research field [3-13].

3.2.2 Risk monitoring

The idea of the risk monitoring applications is to calculate the instantaneous risk experienced during
the operation of the plant. Differing from the risk assessment, in which an average plant
configuration isapplied, the risk monitoring appliesthe plant configuration observed at that moment.

The risk monitoring applications can be performed in an on-line, off-line or planning mode. The on-
line risk monitoring is carried out by the operators of the plant who have the up-to-date information
of the plant status. The off-line risk monitoring is performed based on operational experiences. In
the planning mode, hypothetical configurations are evaluated beforehand in order to identify safety
jeopardizing configurations.

The risk monitoring applications would mean that the operating or maintenance planning personnel
uses living PSA as an advisory tool to supplement the Technical Specifications by evaluating the
near or sudden changesin the plant operation and maintenance. Thisis carried out by controlling the
risk level of operational alternatives and decisions, and by identifying means to control high
variations of the risk. The results of the monitoring are applicable for the short term planning in
order to select the operational or maintenance strategies in a given or planned situation.

So far, only few examples exist of risk monitoring applied as an on-line system. The most advanced
system is perhaps the Essential Systems Status Monitor developed by Nuclear Electric for the
Heysham 2 plant where the operators of the plant control the risk level by updating the PSA
according to the events at the plant [3-14]. In Sweden and Finland, the goal for the near future isto
be able to apply PSA for short term planning.

3.2.3 Risk follow-up

The idea of the risk follow-up applications is to calculate the retrospective risk i.e. the evaluation
of the risk experienced during operation of the plant. The purpose of the risk follow-up isto evaluate
the severity of the incidents from the safety point of view. Another aim isto search for suitable and
effective improvements in the present technical and organizational performance of the plant. The
analysis of the operating experiences also supports the verification as well as the completion of the
PSA models and data.

The risk follow-up has been the main application area in the SIK-1 project. The risk follow-up is
considered the first step in the development of the living PSA system because the living PSA model
requirements are similar to the risk monitoring applications.

3.3 Reguirement and capabilities for safety management applications

A living PSA system is an information structure based on the plant-specific PSA model and the
computerized tool needed to manage the LPSA activities. The PSA model of the plant is constituted
of basic events. Examples of basic events are component or system failures, and operator errors. The
risk model represents which combinations of the basic events can lead to the accident.

Theliving PSA system constitutes the link between the PSA model, the plant status information and
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living PSA application results. Further, the extensive information contained in a plant specific PSA
model must be made accessible to all potential users involved in safety management. Thisisthe
primary objective in developing a living PSA system to manage the models and to provide an
operational interface for living PSA and the evaluation procedures involved in the living PSA
applications.

Within this project a specification for aliving PSA system is generated. This includes specifications
of further development of the codes used and also feasibility studies of integrating the PSA model
into the plant information system [3-8]. An even more important question is the PSA staff
organization and manpower effort to carry out the necessary tasks, this section will concentrate on
the latter.

3.3.1 Model requirements and capabilities

Uses of LPSA for different applications requires that it has features necessary for each specific
application. Reviews undertaken, i.e. IAEA/IPERS, show that the PSA s being completed not always
can be effectively used in many of the intended applications [3-15]. This brings up the question of
requirements, IAEA [3-16], with respect to scope, degree of detail in the modeling, capabilities to
perform the necessary calculation, quality and type of data used, and acceptable assumptionsin the
treatment of central PSA or LPSA topics.

Both this report and the IAEA Report serve multiple purposes that to alarge extent are identical:

- It identifies the immediate application areas of PSA.

- It provides guidance to PSA developers who can either develop or extend their PSA for the
intended uses.

- It will assure greater consistency both in the scope and content of the PSA and in their uses.

- It will promote PSA applications in enhancing safety in nuclear power plants.

In addition this report describes the approach, methodology, model requirement and data
requirement necessary to meet and to carry out the applications. Demonstration studies performed

within NKS/SIK -1 have provided applicational experience and are used to identify areas where the
basic PSAs must be improved. This experience are documented in the following chapters and will

not be discussed here.

3.3.2 System requirements and capabilities

An LPSA programme requires a system to operate and maintain the LPSA model. This system
includes procedures for input/output, procedures for model maintenance, the PSA code and the
operational interface.

An LPSA programme will require resources to operate and maintai n the model. In the organization
there must be one or two persons that are responsible for the base model. Procedures for protecting
the base model are needed, as well as procedures to make sure that everyone is using the correct
model. The long term management of a plant model involves alarge number of decisi ons regarding
various aspects on the model and the model capabilities.

Resources spent on the initial issue of a plant-specific PSA are approximately 5)10 manyears and

0.5)1 manyear per year for updating the PSA thereafter. This has been estimated as a reasonabl e
effort based on the experience with the existing PSAs [3-1]. An important part is also the scope
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extensions (external events, other operational states, level 2 etc) that require additional manpower
effort of approximately 1)3 manyears per extension. The manpower resources for this effort is
strongly dependent on the level of ambition and plant generation, e.g. a modern plant is much less
sensitive to external events and also easy to analyze due to consistent separation in the design.

On an average 4)10 persons are directly working with PSA activities at each Nordic power company
to establish and maintain the basic PSAs. The LPSA activities, to monitor and follow-up the risk,
will require a staff of this size on along term basis. LPSA application analysis performed with a
living PSA system covers alarge scale of tasks from reading documentation to analysis of status
changes or modificationsin operational procedures of the plant. The LPSA activities require aclose
relationship to plant operation and maintenance compared to the basic PSA applications that to a
much larger extent are directed towards plant safety management, designers and authorities.

3.4 Applving LPSA in safety management

The living PSA applications can be divided into specific areas which better reflect the usage of the
results. Table 3-1 shows the application areas and the users. In addition to these users, the reliability
engineers and code developers are always needed to mai ntain the system. Living PSA has also the
function as a communication tool between the authorities and the utilities [3-17]. In Finland, the
utilities and authorities do not share only the same PSA models but also the computer code which
enables safety evaluations from the same basis [3-18].

3.4.1 Longterm risk planning
1. Safety goal evaluation.

In safety goal evaluation (plant risk assessment) the results are used in an absolute manner. The
nominal core damage frequency is compared with a national or international criterion (the utility
may have criteria of its own). The criterion is considered more a target because results of PSA are
sensitive to the approach used in the risk assessment. Especially, the level of completeness of PSA
affects the result alot.

2. Identification of the risk contributors.

For the safety and design management, the primary purpose of risk assessment isto identify the main
risk contributors so that safety improving measures can be identified and prioritized. The results are
used in a relative manner. The risk importance measures of the basic events, e.g. fractional
contributions, are the first hand results in the identification of the risk contributors [3-19], [3-20].

3. Comparison of alternative designs and procedures.
When the changes in designs or procedures have influence on the safety status, L PSA can provide
support for the comparison of the alternatives. The uncertainties and economical aspects should also

be taken into consideration. The responsibility of these applications are carried by the plant design
or the safety management, depending on the plant life cycle phase.
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Table 3-1: Application areas of living PSA and their users

Users
Safety Operational Maintenance Designers  Authorities

Application EAY managament management planning
L ong term safety planning.
Safety goal evaluation,
Plant risk assessment. ra X X X
(I?étsllé rg:.ontributor identifi- ra X X X
Comparisons of design
and procedure changes. ra X X X X
Optimization of limiting
conditions for operation. ralrm X X X
Operator training ra X
Accident management ra X X X X
Risk planning of operational
activities.
Planning of preventive
maintenance ralrm X
Planning of corrective
maintenance rm X
Surveillance tests
planning. rm X X
Incident management rm X X X
Exemptions from
Technical Specificatons. rm X X X
Risk analysis of operational
experience.
Off-line risk monitoring.
Probabilistic indicator rm X
analysis.
Risk follow-up.
Retrospective risk rf X X X
analysis and indicators
Incident analysis rf X X X
Generic precursor studies  rf X X X
Ageing analysis rf X X X

1) Evaluation approach: ra= risk assessment, rm = risk monitoring, rf = risk follow-up
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4. Optimization of limiting conditions fo operation.

The operational limits and conditions given by Technical Specifications are analyzed by evaluating
the risk effects of alternative requirements. Planning of test strategiesis also related to this activity.
The purpose isto balance the requirements with respect to operational flexibility and plant economy.
The high risk situations permitted by Technical Specifications are identified and replaced by such
modes that give minimum risk, as well as the too stringent requirements are substituted by more
flexible ones.

5. Operator training.

The results of the identification of the risk contributors can be utilized in planning which accident
sequences should be emphasized in the operator training. Vice versa, the operator training can be
used to verify the realism of the human interaction models in the considered accident sequences.

6. Accident management planning.

Accident management planning is more related to level-2 and level-3 PSA applications. Generally,
the identified risk contributors, dominant accident sequences, recovery and success paths, as well
as end states can support the planning of the accident management program.

3.4.2 Risk planning of operational activities
1. Planning of preventive maintenance.

The maintenance office evaluates the risk effects of the preventive maintenance program. The
isolation of systems or components important for safety temporarily increases the risk level. The
duration of the maintenance work and the combination of isolated or unavailable systems are
controlled. Risk increase factor, safety margins and safety margin degradations indicate the effects
of scheduled maintenance actions [3-21]. The benefits of performing additional tests can be
considered, too.

2. Planning of corrective maintenance.

In contrast to down time caused by preventive maintenance, the down time caused by corrective
mai ntenance takes place randomly. Based on operating experi ence, the frequency of the events can
be predicted and, subsequently, the lifetime contribution can be controlled by adjusting the allowed
outage time. The lifetime contribution is controlled similarly as with preventive maintenance.

3. Planning of surveillance tests and their schemes.

The risk monitoring produces an instantaneous risk frequency curve which follows the changesin
the plant configuration. Due to time-dependent probability of hidden failures of standby safety sys-
tems the risk curve has a saw-teeth shape. The surveillance test of a standby component or system
either drops or increases the instantaneous risk frequency, because certain hidden failures can be
detected in the tests. An evident unavailability, such as preventive maintenance of the system, on
the other hand, increases immediately the risk frequency. The operational management can this way
analyze the risks and benefits of the test strategies, Figure 3-2, [3-3]. The tests should be planned
so that considered failures are detected but introduction of additional failure modes are avoided,
[3-22]. The effect of test interval and possible staggering of redundant tests can be evaluated from
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the reliability point of view by time-dependent component failure models [3-6] .

EVALUATION OF TEST INTERVAL OSKARSHAMN 2

DAY

Figure 3-2: Risk variation due to an actual test scheme in Oskarshamn 2 NPP.

4. I ncident management.

The purpose of on-line risk monitoring is to evaluate the instantaneous risk frequency or the proba-
bility of core damage during a short time interval given the information about the plant
configuration. The incident management deals with failure situations at the plant where prompt
decisions are needed. The severity is controlled by on-line monitoring. The results provide support
for operational risk decision making in short term. The maintenance actions can be prioritized so that
the most critical systems are repaired or maintained first, or some specific maintenance isolation are
postponed. Success path importance, e.g. risk decrease factors, can be used to rank the actions. A
test importance type of measure can be used to decide whether some action is worth performing.
Safety margins and degradations describe also the severity of the situation. Test information
importance can be used to decide whether the test provides relevant information from the safety
point of view. The evaluations are related to considerations of exemption from Tech. Spec. and
mai ntenance planning.

5. Exemptions from Technical Specifications.

An exemption from the Technical Specifications has usually an influence on the plant safety. The
risk quantity caused by the exemption is compared with risks of other operational alternatives. The
application is similar to the configuration control and optimization of allowed outage times.

3.4.3 Risk analysis of operating experience

1. Probabilistic indicator analysis and retrospective risk follow-up.

The result of risk follow-up applications is a historical risk frequency curve from which we can
generate probabilistic safety indicators. The main indicators are

) instantaneous frequency peaks of the curve,
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) the core damage probabilities over the peaks, and
) the average frequency during the observation period.

The results can be used to identify possible high risk situations to rank the occurred events from
safety point of view, Table 3-2, and thus to get feedback both for the identification of risk
contributors and for the verification of PSA-models [3-4].

The results are aso input for more advanced risk follow-up applications, to calculate the
retrospective risk. In addition to operational experiences analyzed in the off-line risk monitoring,
the retrospective risk follow-up considers the hidden events as accurately as possibly given the
available information. Exceptional failure combinations, dependencies between failures, repair
actions, maintenance or operation modes can be identified.

Table 3-2: Risk follow-up at Oskarshamn 2 - 1987, the Core Damage Probability and risk
contribution for each component failure and initiating event that occurred during 1987.

Component failure/Initiating event Date Risk dose', P, Contribution (% of P,)
Transient with loss of feed water system. 870713 3.2E-6 65

Gas turbine 649G13 unavailable. 870904 - 870925 9.1E-7 18
Transformer 649T13 unavailable. 870925 - 870930 2.2E-7 4

Transient with loss of power conversion system. 870224 15E-7 3

Transient with all safety systems available. 870731 7.1E-8 1

Transient with all safety systems available. 871009 6.8E-8 1

Diesel generator 661DG212 unavailable. 871208 (16h) 6.7E-8 1

Transient with all safety systems available. 870715 6.0E-8 1

Transient with all safety systems available. 871227 5.4E-8 1

Diesel generator 661DG212 unavailable. 870121 (10h) 4.9E-8 1

Unsalted water pump 733P23 unavailable. 871130 - 871203 4.8E-8 1

Diesel generator 661DG212 unavailable. 870204 (3h) 1.6E-8 <1

Bus bar 641SG6 unavailable. 870319 (6h) 9.0E-9 <1

Rotating converter 666G222 unavailable. 870714 (16h) 8.1E-9 <1

Service water pump 713P1 unavailable. 871009 (8h) 3.9E-9 <1

Total risk dose due to unavailabilities in safety 8701-8712 1.5E-6 31% (of Py)
systems, Py,

Total risk dose due to initiating events, P; 8701-8712 3.4E-6 69% (of P,)
Total risk dose, P, 8701-8712 4.9E-6 100% (120% of P,)
Nominal risk dose, P, (PSA estimate) 1 average year 4.1E-6

1) Seechapter 6.5 for definition.

2. Incident analysis.

The safety-significant events are analyzed as deeply as necessary in order to identify the root causes
of the events and to evaluate their severity. The function of LPSA isthe severity evaluation, in this
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context.
3. Generic precursor studies (Event evaluation).

The accident sequence precursor (ASP) studies performed in USA and Germany are examples of
extensive operating experience analysis using an event evaluation approach [3-23],[3-24]. Thereare
two type of plant events that can be regarded as precursors.

) initiating events possibly followed by failuresin the safety systems, and
) unavailabilities in the safety systems.

The event evaluations identify significant events from a large amount of operational data such as
licensee event reports (LER) and component failure reports. The severity is evaluated by calculating
the conditional probability of an accident given the plant event. The accident sequence precursor
(ASP) studies provide two type of results:

) generic precursor frequencies, and
) safety margins during individual plant events.
4. Ageing analysis.

Ageing analysis aims at identifying ageing effects in the system or component structures or
functions. From the reliability point of view, indications on forthcoming incidents and changesin
failure frequencies are monitored so that the planned plant lifetime can be reached, and if possible
extended. The ageing components can be ranked according to their criticality for the plant safety and
availability which enables the planning of the maintenance and surveillance programs to take into
account the ageing effects. The probabilistic safety indicators are used as measures. The measure
can be e.g. an ageing parameter in a component failure rate model [3-25] which can be affected by
changing the maintenance program [3-26].

3.4.4 Regulatory and inspection activities

Regulatory and inspection activities relate to all of the above mentioned applications of PSA. The
applications connected to requirements in the Technical Specifications are of course important to
review and approve. In the case of exemptions from TS, specific case studies can use the same
approach to provide basis to support decision making. Inspection guidance can be obtained by using
basic results from the risk assessment such as dominant risk contributors.
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4 LIVING PSA MODEL

This chapter presents the features needed to make a PSA model feasible for various applications.
The model should be flexible enough to be able to represent changes in the conditions of safety
systems of the plant [4-1]. A living PSA model must treat time dependences in a much more
complete way than a conventional PSA model [4-2], [4-3]. Completeness and realism of the model
and data are very important, much more so than in basic PSA [4-4]. A problem area in this
development of aliving PSA model is the common cause failure (CCF) model [4-5], [4-6].

In the context of living PSA with its frequent, time-dependent risk monitoring and risk follow-up
studies, there may be too little time to carry out evaluations with the whole model, i nstead of which
simplified or shortened calculations are made. For instance, the performing a conventional Monte
Carlo uncertainty analysis would be too time-consuming. In case of integrated uncertainty analysis,
much of the uncertainty analysis can be prepared through precal culations of necessary, total basic
event probabilities [4-7].

4.1 Definition of risk frequencies

The definitions are presented here in the case where the risk is expressed in terms of risk frequency,
i.e., frequency of accident, or probability of accident per unit of time. Risk frequency is denoted by
f. Usually, the risk frequency is expressed in units 1/year as a mean frequency over a given time
period. Therisk frequency can be interpreted also as expected number of accidents over agiventime
period per time period.

The content of "accident” is specific for the application. In level 1 PSA of anuclear power plant, a
reactor core damage event is the accident considered. Respectively, the risk frequency is called core
damage frequency.

Generally, therisk frequency can obtain any positive value. A zero risk frequency isinterpreted as
an impossibility of the occurrence of the accident. In practice, the core damage frequency is
1-10°)1-10* per reactor-year. System and component failure frequencies tend to be significantly
higher.

The basic risk measures express the plant risk frequency given certain conditions of safety systems.
The basic risk measures discussed are

. nominal risk frequency,
. instantaneous risk frequency, and
. inherent risk frequency.

The basic risk measures are the results of the main living PSA approaches (see chapter 3), namely

. risk assessment,
. risk monitoring, and
. risk follow-up.
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The nominal risk frequency isnormally used in risk assessment, and the instantaneous risk frequency
isused in risk monitoring as well asin risk follow-up. For each approach, an inherent risk frequency
can be defined so that results can be presented in a relative manner. Table 4-1 summarizes the
definitions of the measures. According to the need, we can define application specific measures
which are called generated risk measures. Respectively, the features of the main living PSA
approaches are summarized in Table 4-2.

Table 4-1. Basic risk measures.

Risk measure Notation  Description

Nominal risk f, Therisk frequency obtained by the use of nhominal or time-average failure probabili-

frequency ties for component and system failures as well as for operator errors and by the use
of nominal initiating event frequencies. If the evident unavailability caused by
maintenance and repair is excluded, then a (nominal) baseline risk frequency is

obtained.
Instantaneous  f(t) Therisk frequency of the current conditions of the safety systems. The component
risk frequency or system concerned is presented in the model by evident events (operating g=0,

failed g=1) and by hidden events (q(t) = unavailability model). If the evident
unavailability caused by maintenance and repair is excluded, then an instantaneous
baseline risk frequency is obtained.

Inherent risk fo Therisk frequency of the conditions where no component is unavailable due to

frequency maintenance or repair events, and all standby components have been recently tested
without any failure indications. Inherent risk frequency represents thelowest
theoretically achievable risk frequency with current design.

4.1.1 Nominal risk frequency

The nominal risk frequency f, is the top result of abasic PSA. It is obtained using nominal values
for the basic event probabilities. Component unavailabilities are estimated from operating experience
or from generic data sources. Tests and corrective as well as preventive maintenance actions are per -
formed according to the rules in Technical Specifications. The nominal risk frequency is meant to
be an approximation of the average risk frequency of the plant

1
foxf,. = = fon(t)dt. (4-1)

where T is for instance one operating year.

If the evident unavailability caused by maintenance and repair is excluded, then a (nominal) baseline
risk frequency is obtained [4-8].

4.1.2 Instantaneousrisk frequency
From the living PSA point of view, the instantaneous risk frequency is the basic risk measure. It is
a function of time and conditions of the safety systems f(x(t)). We normally denote it just as a

variable of time f(t) and call it instantaneous risk frequency, but sometimes also as a variable of the
condition f(x) depending on which aspect is emphasized.
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Table 4-2. The model features of the living PSA approaches.

Model feature  Risk assessment Risk monitoring Risk follow-up
Results Nominal risk frequency Instantaneousrisk frequency  Retrospective risk frequency,
indicators
Potential useof  Long term planning Short term planning Analysis of operating experience
generated results  Risk contributor identifica-  Operational risk decision mak- Risk contributor identification
tion ing Risk experience feedback
Criteria Nominal based Peak based Average based
Risk contributors Allowed duration for given Number of events significant for
configuration safety
Conditions* Average, power operation  Monitored or postulated, power Historical power operation, may
operation include initiators
Initiating events  Nominal frequencies Nominal frequencies Nominal frequencies for full-
power periods, P=1 for occurred
initiators?
Basic events Nominal unavailabilities Asmonitored As monitored or
retrospective
Evident Oorl 0 or 1, possibility of recovering
events
Hidden g+itorq?® g+At or gy, for successful 4
events
1 or conditional prob. for unsuc-
cessful ®
Human errors Asbasic events As basic events, recovery possi-
bilities

1 Only power operation PSA model available

2 Occurred initiators calculated in probability dimension

% gq+At-model is used for time-dependent component unavailability model
4 Standby component functions in test or demand

® Standby component failsin test or demand

In the evaluation of the instantaneous risk frequency, basic events are modelled according to
knowledge about the conditions of the safety systems. In practical terms, the component or system
concerned is presented in the model by evident events (operating g=0, failed g=1) or by hidden
events (q(t)=unavailability model). If the evident unavailability caused by maintenance and repair
is excluded, then an instantaneous baseline risk frequency is obtained

The evaluation of the instantaneous risk frequency as a function of time is a demanding task, and
it requires an accurate reliability model and an efficient computer code. For instance, FRANTIC
code has been devel oped for system level time-dependent analyses[4-9]. In living PSA, similar anal-
yses are performed at the nuclear power plant level by a time-dependent PSA model, and actual
event data. The overall contribution of test and maintenance strategies cannot be examined without
plant level analyses which might bring out other risk contributors than the nominal risk assessments
[4-10].

4.1.3 Inherent risk frequency
Inherent risk frequency f, is used in the result presentation and decision making. It is obtained from

the nominal risk frequency by setting the evident maintenance and repair eventsto O, and hidden
component events to as if just repaired or replaced. Otherwise nominal probabilities are used. A
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standard operational alignment of the systems, or if there exist alternative alignments, the alignment
most frequently used corresponds to the inherent conditions.

The inherent frequency represents the lowest theoretically achievable risk frequency, which is
hypothetical because standby components can never be tested simultaneously. There will alway s
remain failure modes which cannot be "tested" or "repaired” away, such as operator errors, so that
inherent risk frequency is not zero.

Inherent conditions can be defined at any model level from the plant, safety function and system
level down to specific component models. The advantage of the inherent frequency with respect to
the nominal frequency isthat the evident, and to some extent temporary, unavailability contribution
caused by maintenance and repair actions is removed from the result. Therefore it has a closer
relationship to the definition of the instantaneous risk frequency than the nominal frequency has.

It should be noted that the inherent risk frequency is a predicted risk level which can be reached by
testing the components and restoring the unavailable equipments. In the risk follow-up perspective,
where the situation is examined retrospectively, we have more information about the component
operabilities. In principle, alower risk level can be reached due to finding out that certain hidden
failure modes could not have existed.

4.2 LPSA model features

4.2.1 Representation of the plant safety status

The plant safety status depends on the conditions of the systems and components of the plant. Some
systems and components are in operation, some are in standby mode, some are repaired, some are
maintained etc. The model should reflect our knowledge about which condition each system and
component isin, and how this affects the plant risk level.

From the plant safety status point of view, we distinguish between various types of basic events. The
main division is between the initiating events and basic events. The PSA model can be considered
afault tree model with the top event "core damage”. The top event is caused by an initiating event
AND subsequent failure of the safety systems i.e. the plant response. If there are more than one
initiating event class, the top event is an OR-gate which branches to the initiating event classes.
Figure 4-1 outlines the top structure of a"PSA fault tree".

The dimension of the initiating event is frequency (1/time unit), and the dimensions of the safety
system failures are probabilities per demand. Thus the top event has a frequency dimension which
we call risk frequency. As areliability function, it can be expressed

f(H) = ) API®M-11, (4-2)

where /;:s are the initiating event frequencies and P{ ®,(t)=1} isthe probability of the plant response
failure given the initiating event i at timet.

The safety function failure probability is calculated by areliability model constituted of basic events
such as component failures and unavailabilitiesaswell ashuman errors[4-11]. The model represents
which combinations of the basic events can lead to the accident. It should be noted that the basi ¢
event probability is a conditional probability: the probability that the basic event is true given the
initiating event.

SKI TR 94:2 4-4



CORE DAMAGE

OR

Figure 4-1. Top structure of PSA in a fault tree format.

From the observer point of view, basic event states can be divided to evident and hidden (latent)
events. Evident events are such that the observer knows with certainty whether the event is true or

not. Other events remain hidden.

In the basic PSA, this division does not appear so clearly because nominal unavailability may
include both type of events. The distinction is important for aliving PSA model. All observations
such as maintenance or repair should be easily updated in the model to reflect the changed plant
configuration. The modification of the static component and system models to dynamic ones is
perhaps the main effort to be carried out in the development of basic PSA for living use. Table 4-3

EVENT TREE 1 EVENT TREE 2
AND AND
SAFETY SYSTEMS
'NE'\T/'E’?\ITT”\l'G FAILURE AFTER
INIT. EVENT 1
frequency probability
dimension dimension

categorizes the usual basic event types for evident and hidden ones.

Let X(t) be the binary variable denoting the state of the component at the time moment t as follows

X(t) = {

0, component is functioning,
1, component is failed.

The probability of the basic event being true is denoted by

q®) = P{X(®=1}.

In the evaluation of the nominal risk frequency, we use the average unavailability

time of being unavailable

qave

SKI TR 94:2

observation time




Table 4-3. Classification of the basic events to evident and hidden events.

Basic event type Observability
Component® unavailable due to maintenance Evident
Component unavailable due to repair Evident
Standby component failure Hidden
Demand time failure Hidden
Test and maintenance error (human error type 1)? Hidden
Human error in accident response (type 3)5)2 Hidden

! component is interpreted in this table as a system or equipment, too
2 see chapter 4.2.5 for human error type classification

In the evaluation of the instantaneous risk frequency, we use for the evident events the observed
value

q(t) = 0, or q(t) = 1. (4-6)

In the evaluation of the inherent risk frequency, X(t) is usually O for the evident events yielding
q(t)=0.

Failures of standby components and human errors are typical hidden events. We do not know their
status beforehand. In many cases, however, tests provide some information which improves the
probability estimation of q(t). The hidden events can be divided into time-dependent and time-
independent failure modes.The time-independent (non-detectable) events, such as operator action
errors after an initiator, have a constant failure probability in all evaluations

qt) = q. (4-7)

The time-dependent events can be modelled in several ways. The common " g+At"-model will be
introduced in chapter 4.2.3. In the evaluation of the nominal risk, the limiting average unavailability
Is used

t tr
.1 1
= lim= s)ds = = s)ds, 4-8
Qave tthqo tr{q() (4-8)

where t, is (known) time between two renewal points of the unavailability model, such as a
surveillance test or maintenance performed as in the planned test and maintenance strategy.

In instantaneous risk frequency evaluations, value of g(t) depends on the time-dependent model and
available information. According to our definition, the inherent risk represents the lowest
theoretically achievable risk frequency which isfulfilled for time-dependent events just immediately
after the renewal point (t=0) such as test, repair, restoring. The inherent basic event unavailability
is denoted by q(0).
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4.2.2 Initiating events

An initiating event is a fault, failure or other occurrence leading to a need for subcriticality and
removal of decay heat by the plant safety systems. The initiating events are modelled with an
occurrence frequency (1/a or 1/h). The parameters describing the average frequency are usually
regarded as constants; ageing or trend models may be used also [4-12].

Considered time periods can be divided into power operation periods and shutdown periods. For risk
assessment and monitoring approaches, the power configuration is the initial state for the
evaluations. From the risk follow-up point of view, initiators may be included in the observation
period. Table 4-4 summarizes the value of initiating event frequencies in the applications.

Table 4-4. Use of the initiating event frequenciesin living PSA approaches.

Evaluation period Risk assessment  Risk monitoring  Risk follow-up
Power operation period  nominal nominal nominal
Initiators ' ' 1, for the initiator 2

0, for the other ones?

! not applicable
2 probability dimension

If we are calculating the risk frequency of the plant in a power operation state, the nominal values
are applied to the initiating event frequencies. In the risk assessment and monitoring approaches,
there should not be any interpretational problems, but risk follow-up deserves some explanation. In
principle, we could think that we have knowledge about the occurrence of the initiating events but
this perspective would always yield a historical risk frequency f(t)=0 unless a core damage actually
have occurred. The generated results are, in this perspective, trivial. If follow-up is limited to the
safety system events, meaningful measures can be obtained because the results can be represented
as probabilities of plant response failure given an initiating event i at that moment, P{ ®,(t)=1} (see
equation (4-2)).

In the risk follow-up, the instantaneous risk frequency cannot be assessed for an initiator. We can,
however, calculate a conditional core damage probability given the initiator, i.e., P{®,(t)=1 |
"observed safety function performance"}. For the occurred initiating event, the probability of the
initiating event is set to 1 and the probabilities of other initiators are 0. One problem is that to what
extent the information about successful and unsuccessful safety function responsesis used. Again,
in principle, a successful plant response would imply P{®,(t)=1 | "no core damage"}=0. However,
if the successful system operations are ignored so that nominal probabilities are used for the
probability of successful operation, the probability of plant response failure is greater than 0. Failed
or unavailable functions and components are, on the other hand, modelled as failed with certainty.
This approach can be called "failure memory only".
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4.2.3 System and component models

From risk monitoring and follow-up point of view, the most interesting basic event model is related
to failures of periodically tested or maintained standby components. The model should account for
that some failures cannot be detected in tests although they would later cause an unwanted failure
at areal demand. A general model, covering all combinations of time-dependent and time-indepen-
dent failure modes, detectabilities with respect to both modes, etc. is difficult to create, and even
more difficult to apply. As a candidate model for the living PSA purposes, the model presented in
reference [4-13] and used in the Nordic reliability data book [4-14] is chosen with minor modifica-
tions. Figure 4-2 illustrates a corresponding fault tree. It should be noted that the basic eventsin this
model are not independent but rather exclusive events.

The basic standby component model, "qg+ At"-model, is applied to the calculation of the time-
dependent component unavailability

q(t) = gy+A(t-TL)+A;TM, (4-9)

where q, is the time-independent component failure probability, A, the standby failure rate, TL the
last test moment, A4 the operation time failure rate, and TM the average demand time. More
generally, TL represents any last time point when afailed state could have been detected. In addition
to a surveillance test, it can be end of maintenance or repair, demand situation, etc. These time
points are renewal pointsin the reliability history of the stand-by component.

The equation yields the basic event probability for risk monitoring applications. If a failure is
detected or the component is maintained, the basic event must be replaced by an evident basic event
with an unavailability of 1.

STANDBY COMPONENT
UNAVAILABLE

OR
hiddenly evidently un-
unavailable available
OR OR
time-indepen- time-depen- demand time preventive repair
dent failure dent failure failure maintenance
do AgTH2 AeTM TPM/TPMI (A THTRITI

Figure 4-2. A standby component unavailability model.
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In risk assessment, the average value is used. The average unavailability must, however, include the
evident periods, i.e. the repair and maintenance periods, so that
1 TR TPM
Oave * % +§)"3'TI * (qO +)\'S'TI )? +A’d'TI\/I * TPMI (4-10)

where Tl isthe test interval, TR isthe average repair time, TPM the average (scheduled) preventive
maintenance time, and TPMI the average preventive maintenance interval [4-14]. The possibility
to restore the component while in repair or in maintenance is not credited in this equation. The
unavailability during testing isignored, too, or it can be included explicitly if necessary.

In risk follow-up, we have to distinguish between successful and unsuccessful components. A
successful component is a component that has been proved to be in a state where it can perform its
intended function. The state has been detected in a recent renewal point such as atest. A test can,
however, be incomplete to detect all failure modes, so that the component may fail in atrue demand.
If the component failsin atest or demand, it is called an unsuccessful component. An unsuccessful
component has become latently unavailable at some time during the preceding test interval.

Successful components

Successful components can be treated in two ways:
1) the standby component unavailability model (equation (4-9)) is used, or
2) non-detectable unavailability of the component is used.

The first approach is called the risk follow-up with failure memory only, because it does not take
credit for successful events. This approach is used to evaluate conditional core damage probabilities
of occurred initiators. The second approach is called the risk follow-up with total memory. Non-
detectable unavailability of the component depends on the test effectiveness.

The failure data presented in the Nordic reliability data book [4-14] are based on failure experience
from surveillance testing. Thisimplies that only the component baseline risk contributor without test
effectiveness considerations is available in data. A simplified assumption is made that the test
conditions are equal to the demand requirements ) the test is perfect.

If the test effectiveness is included, the time-dependent component unavailability model must be
changed. More parameters are needed. The additional parameters can be expressed by introducing
different probabilities for "failure on demand" (q,) and "failure on demand but not on test" (q,).
Another way to model the test effectiveness is to multiply the failure probability by a test
effectiveness parameter (n).

In connection to arenewal point, the component may remain failed so that test does not detect the

failed state but the component would fail when demanded again. The probability for this failureis
Joo OF (1-1)Qq,, Where 1) isthe test effectiveness
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In connection to a renewal point, the component may remain failed so that both test and demand
detect the failed state. The probability for thisfailureis g,-qy Or nq,. Thustotal failure probability
for the baseline contribution is q,. In this definition, the gy,-term is presented as time-independent.

In principle, the test effectiveness considerations should be extended to the time-dependent failure
contribution, asin the following equation
qt) = P{X(t)=1|TL}
= P{non-detectable failure in last renewa point} +

P{non-detectable failure before last test} +
P{remains failed in last test} + P{failure before t}

) o 4-12)
O *1-€ "™ 10y G+ 1-€ T (
q0+)usoTL +)Ls(t -TL)
Oy +Ag(t-m,TL),

Q

Q

where n, is the test-effectiveness of the time-dependent part, and the last restoration of the
component took place at t=0. Similarly, we define that A, includes both failure rate of test detectable
failures and non-detectable failures. If n,=1, i.e., the test detects all time-dependent failures.

The approximation isvalid if gy, Agt, 0, and At are small so that the probability of union of events
can be expressed as sum of the probabilities of the events. Figure 4-3 shows the saw-teeth increasing
unavailability function when the condition is examined only by surveillance tests, but not by true
demands.

q(®)

E (A=A TI

K TI OK OK K
\\tests//

Figure 4-3. The instantaneous component unavailability by risk monitoring.
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Unsuccessful components

The unsuccessful component is known to have failed at some time between the two detection
moments. There are several approaches to represent when the failure actually occurred. The two
perhaps simplest waysto do it are:

1) A latent unavailability, g(t)=1 since the latest successful test.
2) A linear probability for the failure to occur at any time in the interval from the latest suc-
cessful test to the detection of the failure
~AJt-TL)
1-(1-q)e =
alt) - 0) -ACTI
1-(1-gye (4-13)
Qo A(t-TL)
S gyt AT

The first approach is the most conservative way to assess the component unavailability. The second
approach is an attempt to make the model less conservative by applying the conditional probability
expression for the failure time. The treatment of standby basic events in the main living PSA
approachesis summarized in Table 4-5.

Table 4-5. Summary of the treatment of standby component basic events.

Risk assessment Risk monitoring Risk follow-up
Successful ave=Co + 0.5ATI + q(t)=go+1-exp{ -A(t- a) with failure memory only
equipment (QtATDTRITI + A, TM + TL)}+A,TM q(t)=qo+1-exp{ -A(t-TL)} +A,TM,
TPM/TPMI
b) with total memory
a(t)=doo
Unsuccessful  As successful, Hidden event until detection Hidden event until detection
equipment no credit for restoring given  q(t)=g,+1-exp{-At-
TL)}+A,TM a) latent unavailability
q(t)=1, or

Evident event during correc-
tive actions: g(t)=1 b) linear unavailability
a(t)=(cotA(t-TL))/(Ao+A<TI)

Evident event during corrective actions:;
q(t)=1

Restoring possibilities

Restoring possibilities

4.2.4 Common cause failures

The modelling of underlying, non-identified dependence mechanisms between redundant safety
system trainsis usually done by common cause failure (CCF) models. In basic PSA, CCFs represent
events which make several safety systems simultaneously unavailable [4-15]. Time-dependence
introduced with living PSA sets new requirements on CCF models. Stand-by system unavailabilities
are dependent on test arrangements. The problem is how to avoid conservatism and to allow non-
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symmetric test arrangements aswell as how to treat events with one redundancy evidently or latentl y
unavailable.

A time-dependent CCF model, analogous to the single failure time-dependent model, can be created
by accounting the dependence on the test time points, as possible points, where latent faults can be
detected and removed, or new faults can be introduced. In a shock model of CCFs [4-5], following
assumptions are made:

1. Latent faults can occur at a random time point while components are in a standby mode.

2. If several components are affected by the same latent failure mechanism while on standby,
the components enter failure state at the same time point.

3. Faults introduced by testing or other component activation, fail the component shortly after
being restored into standby. This failure state can arise systematically through the whol e
group at time points determined by tests or other activations.

4. Faults are detected in the next test with likelihood 1, and subsequently perfectly repaired.

The assumptions lead to a linear time-dependent model for shared cause events

P{C, ,(t)=1) = q(')"”+)us'f'”(t—TLAlmAk), (4-14)

where A,...A, isaspecific subgroup of k out of n componentsand TL,, . iSthelast point when some
of the components have been tested. The component group failure parameters, g,", A", can be then
developed by parametric models such as SHACAM (shared cause model) [4-16].

When failures are detected or components are otherwise unavailable, the CCF probabiliti es must be
recalculated by conditioning the shared cause events with respect to the detected situation. I n
practice, it is, however, reasonable to apply specific time-dependent CCF-models only in systems
of interest and otherwise apply time-average unavailabilities as in the diesel-generator study [4-5].

In the living PSA model for OKG 2 [4-4], amodified version of the Multiple Greek Letter (MGL)
model [4-17] has been used. This modification is called "the minimum-value variation" [4-6], and
it works in the following way. Each CCF group involves two or more components. Of al the
components in a particular CCF group, the one with the lowest independent failure probability is
used as abasis for calculation of the probability for the respective CCF event (see example Figure
4-4). An exception to thisrule is the situation where a failure exists, or may have existed (in risk
follow-up) among the components involved in the CCF group. If thisisthe case, it is the probability
of the existing failure that is the basis for the CCF probability. For example, if one component i s
known to be failed (probability = 1) the probability of a second component failureis [ until the state
of those other components have been verified.

Further analysisis needed before any recommendations related to this problem can be given. A wish

would be that the used model would be based on observed common cause failures and that it would
account variations in system success criteria, testing rules and test intervals.
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Figure 4-4 Behaviour of the minimum-value variation in CCF modelling.

425 Human errors

Human errors are included in the plant model to represent various type of human interactions during
the course of events. The human interaction can be categorised into five different types relating to
component unavailabilities and initiating events [4-18]:

1. Before an initiating event, plant personnel can affect the system or component unavail -
ability.

2. Human actions leading to an initiating event.

3. Errors of omission; after an initiating event, plant personnel fails to initiate the required
action.

4, Errors of commission; after an initiating event, plant personnel fails to follow procedures.

5. Recovery actions; after an initiating event, plant personnel, by improvising, recovers the
situation.

Type 1 interactions are evident, such as tests and maintenances, but they may cause hidden failures.
The components are restored in an unavailable state. The hidden failures can be usually detected in
following interactions. Type 2 interactions should be included in the initiating event frequencies.
Type 3, 4 and 5 interactions are part of accident sequences. Therefore they are hidden.

4.3 Data
4.3.1 Failuredata
Failure datainclude various basic event parameters. A basic requirement is that the data should be

plant-specific, and one part of the living PSA concept is that failure datais regularly updated and
verified. Table 4-6 shows the sources of failure data.
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Table 4-6. Sources of basic event parameters.

Operating Generic data Deter ministic Operating procedures Expert

Parameter experience bases analyses (Tech. Spec.) judgement
per demand failure probabilities X X

failure rates X X

repair times X X

CCF-parameters X X X
demand times X X X

test intervals X

maintenance intervals X

test effectiveness parameters X X
uncertainty parameters X X X

To increase the credibility of the results of living PSA, the estimation of the failure data should be
validated. This often requires rather extensive and deep data analyses such as performed for diesel-
generators [4-19] and motor operated valves [4-20], [4-3]. The analyses clarifies the problems
affecting validity, such as [4-3]:

1) Problemsiin testing:
test conditions are different from real demands, test may cover only part of the component,
test covers only part of the possible failures, not al failures are removed, new failures may
be introduced.

2) Problemsin failure reporting:
coverage of reporting, correctness of reports, information reported.

3) Problems in preparation of quantitative failure data:
definition of component boundaries, grouping of components, number of demands,
statistical treatment.

4) Problems in reliability modelling:
ageing and test ineffectiveness may have been disregarded, assumption on degree of time-
dependence, estimation of time-independent part.

4.3.2 Operational data

Operational data are needed both in risk monitoring and follow-up approaches. In risk monitoring,
operational data include information about states of the components and systems. Based on the
operational data, evident basic events can be set to false or true. Depending on the realization of the
living PSA system, the models are updated by responsible persons according to the procedures. In
an on-line system, the operators of the plant keep the models up-to-date all the time. If the use of
PSA isless frequent, the information is gathered every time when a PSA evaluation has to be made.
The main pieces of information needed are:

. operational mode of the plant (power operation, hot standby, cold standby, etc.),
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. operational mode of the main systems (operation, standby, amount of trainsin operation,

isolated),

. operational mode of individual components (running, standby, open, closed, in mainte-
nance, repair or test),

. records of last surveillance tests.

In risk follow-up approach, the operational data can be gathered from several sources depending on
the reporting practices of the plant, such as:

licensee event reports,
monthly reports,

daily reports,

test lists,

failure reports

Scram reports.

4.4 Uncertainties

Just asin the case of risk assessment, there are different kinds of uncertainties to take into account
in the context of living PSA. To begin with the most difficult one, we are always uncertain about the
degree of completeness or coverage of the phenomena to be modelled. Another source of
uncertainty, also difficult to cope with, is the degree of relevance or validity of the model used.
Thirdly, the kind of uncertainty we will concentrate on in this section is the so called parametric
uncertainty, an uncertainty concerning the values of the multitude of parameters that are used in the
comprehensive PSA-models.

Successively, along with the development of the PSA-work in general the uncertainty of both
completeness and modelling will reduce. But how to get measures of these uncertainties, of the
former at least, is even hard to imagine. The conventional method by which the modelling
uncertainty hitherto has been handled, is sensitivity analysis. By choosing alternative models just
for the phenomena we are most uncertain about, we get arange of values for the key input variable
(decision variable). Recently, a Bayesian reasoning has been suggested also for the treatment of
modelling uncertainty [4-21], where the various model alternatives are assigned a priori probabilities
which are then updated with regard to the fitness of the models.

4.4.1 Parametric uncertainty in living PSA
Therisk assessment can be divided, as explained in section 4.2.1, into two essentially different parts:

1) the assessment of the initiating events and
2) the assessment of the safety system failure probabilities.

The dimension of the first part is frequency or intensity (1/time unit), while the dimension of the
system failures are probabilities per demand. The basic event probabilities of the fault tree models
are estimated on the basis of various component unavailability models. The parameters of these
models are used as carriers of the information from available operating experience. Our knowledge
or uncertainty about these parameters is called parametric uncertainty. How this uncertainty is
utilized in the estimation of the safety system failure probability and the risk frequency isthe central
object of the parametric uncertainty analysis.
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The most common approach in this uncertainty analysisis "uncertainty propagation”, e.g., by the
use of Monte Carlo simulation. Another view on parametric uncertainty is taken in the recently
suggested "integrated uncertainty analysis' [4-7].

4.4.2 Uncertainty propagation

In a conventional, point value PSA the basic event probabilities g; are conditiona probabilities of
the type g=P{E|A;}, where the parameter(s) A, is assumed to be known. Then the analysis also
resultsin aconditional risk frequency f|A, conditioned by known values of all basic event parameters
A involved.

Further, in conventional uncertainty analysis each basic event parameter A, is treated as a stochastic
variable, which is propagated through the plant model to provide an uncertainty distribution for the
risk frequency, the top level parameter. The usual way for this propagation is Monte Carlo
simulation, which means that the risk frequency f|A is calculated repeatedly for sampled A-values.
Experiences gained of thistype of analysis show that the mean value of such atop level distributi on
isnormally afactor of 3 to 4 higher than the point value of f|A [4-22].

4.4.3 Integrated uncertainty analysis

In the recently proposed approach of integrated uncertainty analysis (IUA) [4-7], one avoids the use
of uncertainty of probabilities. According to the Bayesian methodol ogy, the purpose of fictive model
parametersis to be used for the estimation of the probabilities of observable events. Thus, e.g., the
total (unconditional) component failure probability g; is calculated according to the law of total
probability

qj = qu | )‘j ’ p()‘J) d)bj ) (4'15)

where gj|A; denotes the component unavailability model with known parameter(s) and p(4;) stands
for the uncertainty concerning the parameter(s) A;. Thereby, the parametric uncertainties are utilized
on the level they belong to, namely the calculation of the basic event probabilities.

The integrated uncertainty analysis is a consistent approach. It deviates from the conventional
approach only in that the conditional probabilities gj|A; are substituted by the total probabilities like
that of the previous equation. When these total probabilities are calculated, all detailsthat are known
in the specific situation can be accounted in the unavailability model. For example, in risk
monitoring and risk follow-up, the times elapsed since the latest tests are quantities of great interest.

By integrated uncertainty analysis, all knowledge about model parameters (not only some point
values) is directly used resulting in a unique safety function failure probability. Thereby, we need
not worry about the discrepancy between the results of point value analysis and uncertainty analysis.
Integrated uncertainty analysis resultsin arisk frequency distribution that is directly applicable in
decision analysis. Specific problem areas, like the modelling of CCF-uncertainty and state-of -
knowledge dependences, are easier to handle, because multi-dimensional distributions are integrated
on the basic event level.

In the context of living PSA with its frequent, time-dependent risk monitoring and risk follow-up
studies, the carry-out of conventional Monte Carlo uncertainty analysis would be too time-
consuming. In case of integrated uncertainty analysis, much of the uncertainty analysis can be
prepared through precal culations of necessary, total basic event probabilities.
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4.5 Limitations

Even though an extensive work has been made to improve the fault tree and event tree modelsto
make them more complete and to remove conservatism, there are still many remaining deficiencies
and uncertainties.

4.5.1 Incompleteness

The incompleteness problem arises because a manageable model cannot encompass all conceivable
events and sequences, i.e. the entire risk is not covered by the model. Incompletenesses may not
only result in an erroneous absolute risk level, it may also result in wrong relative importance for
individual failures. This may in turn lead to wrong decisions based on the living PSA application
results. It is therefore important to remove as much as possible of al incompletenesses.

One very important incompl eteness can be that the PSA model includes only a sub-set of all possible
initiating events. A number of incompleteness issues arises also around component failure modes:
Some failure modes are missing, possible dependencies are not modelled, the test effectivenessis
not 100 % as assumed, etc.

4.5.2 Conservatism

In many cases, PSA models are made with conservatisms built into the model and data. The reason
isusually to simplify the model while at the same time making estimates on the conservative side.
The success criteria used for the different safety functions in the event trees are in many cases
conservative. In some cases, credit is not taken for safety functions or support functions. Another
exampleisthat recoveries are not taken into account properly. Thisis acceptable in situations wher e
the main purpose of the calculations is to verify a certain absolute risk level. In many living PSA
applications, however, the conservatisms may lead to wrong relative importance and wrong
decisions, and thereby in the end leading to non-conservative actions.

4.5.3 Common cause failures (CCF)

Time-dependent system unavailabilities and common cause failures are not fully modelled in
conventional PSAs. The stand-by system unavailabilities are dependent on test arrangements. The
problem isto avoid conservatism and to allow non-symmetric test arrangements as well as how to
treat events with one or more redundancy evidently unavailable. A time-dependent CCF model ,
analogical to the single failure time-dependent model, can be created by taking into account the
dependency on the test time points, as possible points, where latent faults can be detected and
removed, or new faults can be introduced. Further analysis is needed before any recommendations
related to this problem can be given.

4.5.4 Testing and test effectiveness

The failure data presented in the Nordic reliability data book are based on failure experience
generated from testing. This implies that only the component risk contributor without test
effectiveness considerationsis availablein the data. In practice, asimplified assumption is made that
the test conditions are equal to the demand requirements ) the test is perfect. If the test effectiveness
Is taken into account, the time-dependent component unavailability model must be changed; more
parameters are needed. Thereis also alack of data regarding test effectiveness.
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4.5.5 Practical time constraints

In the context of living PSA with its frequent, time-dependent risk monitoring and risk follow-up
studies, there may be too little time to carry out evaluations with the whole model, i nstead of which
simplified or shortened calculations are made. One way to reduce the calculation time isto use a
precal culated minimal cut set list, and only update basic event probabilities. Naturally, the changes
among evident events may cause the result to be strongly biased. The time limit is also one
motivation for the use of integrated uncertainty analysis, because the time-consuming Monte Carlo
simulation is avoided. See chapter 5 for constraints of the evaluation tools.

4.5.6 Simplified approach for time-dependent evaluations

Many computer programs used in PSA analysis apply only nominal unavailabilitiesto basic events.
What is required for the practical implementation is a routine that reads an event file and finds out
the time points where computations are needed. At each time point, new probabilities are calculated
for the cut set components, just before and after the moments. As aresult, arisk log with time points
and corresponding risk frequencies is obtained.

In risk monitoring, nominal values are used for hidden events. T he contribution of the maintenance
and repair action caused unavailabilities should be removed. For evident unavailability periods, g=1
is used. The time-dependence comes into view in the risk follow-up. When afailure of a standby
component is detected, alatent unavailability q(t)=1 since the last test is used. In the failure memory
only approach, successful periods are evaluated as in risk monitoring, namely using nominal
unavailabilities. In the total memory approach, q,, value is applied instead. Table 4-7 lists the
equations for "exact" and simplified approaches.

Table 4-7. Unavailability equations for "exact" and simplified risk follow-up approaches.

Test result
Approach Successful Unsuccessful
Off-line monitoring QoA (t-TL)+A,TM QoA (t-TL)+A,TM
simplified g, d,
With total memory OootAqTM (QutAJt-TLH(TI-t+TL)A TM]D/(qg+ATI)
simplified gy+A,TM 1

With failure memory only  go+A(t-TL)+A,TM (QotAJt-TLH(TI-t+TL)ATM]/(qy+ATI)
simplified g, 1
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5 ALIVING PSA SYSTEM

5.1 Introduction

Theliving PSA system described in thisreport is based on experience collected from different coun-
tries and studies of various systems described in the literature [5-1],[5-2]. The principles for the
design of aliving PSA operational interface is the outcome of development work carried out within
the NKS/SIK-1 project, [5-3].

5.1.1 Objectiveswith the system

Theliving PSA concept has its focus on the realism of the analysis applied to current situations at
the plant. Basically the question is how the PSA model can be updated to reflect a changing plant
and adapted to the needs of continuous safety assessment. To establish a living PSA model is a
practical possibility today. Judging from existing applications, it is more a question of resources than
development of technical solutions. However, the practical implementation requires development
of the existing PSA codes to minimize calculation times and to perform cutset based reevaluations.

With an access to an updatable model providing arealistic representation of plant safety status one
has in principle available an in-depth safety analysisin a computerized form. This fact opens the
possibility for a much broader utilization of PSA in safety related decisions. This can be achieved
by constructing a living PSA system, encompassing the model and underlying analyses, making
them more accessible for utilization in plant design and procedure evaluation, operational planning
and experience feedback. The kernel of the living PSA system is the model, but in addition a
software environment is created with the following aims in mind:

- Support the user in extracting all relevant information from living PSA.
- Integrate living PSA with existing plant information systems.
- Relate living PSA results to deterministic criteria.

Such wider scopes of application must however be introduced only after careful consideration of all
aspects to ensure that living PSA results are correctly understood and used. This requires athorough
evaluation of areaswhereliving PSA can contribute to enhanced safety and efficient operations, with
particular emphasis on how living PSA results should be introduced to staff with limited knowledge
of PSA. The risk measures which are the results of the evaluations, e.g. the core damage frequency,
are outputs of the system [5-4].

Part of the purpose of the SIK-1 project is to outline a living PSA interface specification which
would support the related code developments in the Nordic countries [5-5],[5-6]. A principal
requirement on a PSA software tool is to allow flexible means to manage the model, data and
information needed for the evaluation of the PSA and safety management. The basic calculation
function isto generate minimal cut sets and to calculate the accident frequency. In addition to this,
anumber of other requirements can be raised to improve the use of the PSA results and insights.

An important aspect isthe calculation time to alow reevaluation of the models given certain specific

conditions. The software system must support flexible specification of components, trains or
systems, i.e. out of service or reconfigured, in order to update the plant risk status information.
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5.1.2 Basicrequirements

A living PSA system must be logical, easy to use, efficient, capable to handle a detailed model. By
definition, a living PSA isintended to be used on a day-to-day basis. Due to this there are some
underlying requirementsin all living PSA systems that stem from the basic living PSA requirement.
The PSA model must at be kept up-to-date. This means that it must be possible to update the PSA
model and resultsin a simple manner.

Logicality: The living PSA tool and model must form a consistent, compact and logical set of
information from top to bottom (relational, hierarchical structure). From this structure the user
should be able to find the desired place in alogical way. All connections between entities must be
clear (e.g. the user must be able to find out where a certain data set is used). This property must
remain even after large number of updates. There should be enough background information for the
user to understand the logic of the model and the program. There should be as small nhumber of
repeated entities as possible. A reference mechanism ensures that a change in one place is imported
to all relevant places.

Ease of use: A living PSA tool is user-friendly and convenient to use, so as not to waste time with
the program and its limitations, but to direct the efforts to the PSA model itself. There must be
flexible functions to find out and edit information in the model. The model editor should have
extensive error-checking and recovery functions. The program should have enough supporting
functions or connections, to other programs (e.g. it should be possible to start a text editor or a
spreadsheet program from the living PSA program).

It must be convenient and fast to make back-up copies of the model. At any time the PSA should be
immediately executable, so that the execution and results are independent of the user (unless the user
wishes to do something 'special’). An important feature is that the program itself is able to keep
accounts of changes that have not yet been recomputed. The program should possible take care of
updating information depending on other information (e.g. updating results when data have been
changed). It could e.g. issue awarning that the results are out-of-date.

Efficiency: The recalculation must be quick enough for adaily living PSA work. It may be desirable
to have two sets of truncation values, one for quick computations and the other for more exact
computations. The program should be able to produce the desired results without manual
intervention once started (immediately executable PSA).

In order to guide the user to use the model and program efficiently, the tool should provide the user
with hierarchical information on calculated results. E.g. at the highest level the user should see the
core damage frequency and the most important initiating events and/or sequences. The next level
should present the most important sequences and basic events. The tool should guide the user
through the model, starting from a general overview, to the most important details.

M odel requirements: Basic requirements on the PSA model are scope, completeness and realism.
In general the SIK-1 project deals with level-1 PSA which also indicates the scope according to e.g.
IAEA PSA Guidelines[5-7]. Other demands on the scope of PSA raise requirements on complete-
ness and realism which are in many cases central for the validity of the PSA application. The
nominal risk model cannot be used for the short-term risk monitoring and risk control applications,
and an investigation of the need for the development of a time-dependent model for the
instantaneous risk or core damage frequency calculations has been deemed necessary. In the living
PSA model, components which are known to be unavailable or available are set to failed or
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working with the probability of unity. The model should not contain any events used in the nominal
risk model to average unavailability contributions, e.g. from test and repair, but time-dependent
component unavailability models should be used [5-8]. A significant deficiency of the time-
dependent models is the treatment of the common cause failures. Common cause failures are a
problem area already for the basic PSA [5-9], but the time-dependence aspect brings out a new, not
yet studied, problem.

Datarequirements: It is natural to apply plant specific failure and event data when available. Besides
failures and events, many other types of data exist for which generic data cannot be accepted, such
astest and maintenance procedures and related plant configurations. Time-dependent models require
specific failure data analyses so that time-independent and time-dependent failure mechanisms can
beidentified. The Nordic reliability data book, T-book, provides a smplified model that can be used
as abasis for time-dependent modelling [5-10].

5.2 Features of aliving PSA tool

Living PSA tools are computer codes for managing the models, data and information needed in the
nuclear power plant's safety management and evaluation by means of PSA. Special features of
Living PSA toolsarethe user friendly interface, fast computation routines and the capacity of storing
and manipulating large amount of various kind of information. These features are needed so that
PSA would become an every-day safety management tool in nuclear power plants. In this section
adescription of an ideal living PSA tool is provided. The presented features have been picked out
from existing tools which are briefly described in a survey carried out to provide an international
overview [5-1].

The concept of aliving PSA requires aflexible plant model that can be updated in parallel with plant
modifications or reconfigurations. It has been assumed that in the future there could be demands that
the full scale plant model must be updated in very short time intervals. The user group will expand
and will in the future not be restricted to PSA specialists only.

Communication with Link to living PSA
other decision aids. operational event
data base.
Knowledge based Existing tool for PSA Input generation.
system for living
PSA.
Data base editor
Training tool. Fault Tree editor Event tree editor Display editors.
Import/export LPSA PLANT Parameter data base
Instructor system. MODEL or link to
Result manager and Hypertext - Post processing and Link to external data
displays  information retrieval Cut set handling SOUrCes.
and display
Communication to
utility/plant. Output selection. Graphic package.
USER INTERFACE.

Figure 5-1: Living PSA operational interface.

SKI TR 94:2 5-3



The structure of aliving PSA system designed according to the principlesisillustrated in Figure 5-1.
At the center of the system isthe living PSA plant model with the existing communication facilities,
embedded in an environment created for easier access and extended communication with other
information sources.

5.2.1 Present systemsfor applying living PSA

The number of present application of living PSA islimited, and practical experience concerning use
of PSA as an operational tool has not yet accumulated to the point where a general framework for
design and structure has been established. The applications do have common denominators in their
efforts to quantify risk levels according to projected or existing plant status, but in actual usage the
aims may be quite different. The emphasisis on the research efforts in which the applicability of the
PSA techniqueistested in areduced scale. The most advanced developments aimed at using PSA
asarisk monitor, i.e. as an on-line advisory system supporting the operator in safety-related decision
making, comes from United Kingdom, Germany, USA and Japan, see also chapter 2.3.

Nuclear Electric in UK hasimplemented the ESSM (Essential Systems Status Monitor ) system to
monitor and predict risk level in the 12 essential post trip cooling systems. The PSA-based system
IS in operation since 1988 at the two advanced gas cooled reactors (AGR) at Heysham 2 and a
similar system isin operation at Torness [5-11]. The system isin daily use for checking the status
of the post trip cooling systems and has proved to be very useful for planning maintenance and
testing, Figure 5-2 . ESSM results are checked against techni cal specifications to ensure that safety

: Consaole (level 2
sli(c‘gllgy | D computer room)
ESSM
pre-processor @ interactive
module module
Coded plant
datatiles § ¢
Fault trees v Curne’pt
Failure data sta/tys lles
Configuration
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event data . .
Formatted plant N\ .
data files Y \ i\
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(unit 7) (unit 8) oHice

Security Level 2

Figure 5-2 ESSM computer system.
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limits are not violated. Within these bounds the system identifies allowed outage states and suggests
combinations which give the lowest risk.

The German SAIS (Safety Analysis and Information System) applies PSA logical model s as part of
a more comprehensive plant information and analysis system. The development of the system i s
undertaken by TUV-Norddeutschland in cooperation with the Technical University of Berlin and
sponsored by the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety
[5-12]. The SAIS system incorporates living PSA features and adds a wider scope of application in
a plant-wide information and safety analysis system. This concept could be representative of the
future information system where the PSA model is part of a comprehensive safety assessment
system. The design of the user interface in SAIS takes into account that PSA offers valuable insight
in plant safety which should be made available to plant staff in general.

The STARS (Software Tool for Analysis of Reliability and Safety) project aims at developing an
integrated set of software tools that can be used for plant safety and reliability analysis. Partnersin
the joint venture are JRC (Ispra, Italy), Rise (Denmark), VTT (Finland) and TECSA SpA (Levate,
Italy) and various industrial companies affiliated to the project [5-13]. Primarily STARS isintended
for safety and reliability studies, but it has potential for use as an on-line decision support system
for safety management, maintenance planning and optimization.

LIPSAS (Living PSA System) has been devel oped by Power Reactor and Nuclear Fuel Devel opment
in Japan based on the PSA for the liquid metal fast breeder reactor at Monju [5-14] . The intention
IS to use LIPSAS for development of operating procedures, including emergency operating
procedures, and as a decision support system in operational safety management, Figure 5-3.
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Figure 5-3 Example of result presentation in LIPSAS user interface.
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5.2.2 Functional overview

One principal aim with the software isthat it shall contain acomplete set of tools for conducting and
maintaining a level 1 PSA for a nuclear power plant. Special attention is sometimes paid to
requirements for so called "living PSA" activities, e.g. accessible data base, quick re-calculations
and easily made updates of models and data. In the following section the basic functions are
summarized.

The plant model manager isthe core of the tool. It takes care of the editing and analysis function of
the plant model (fault trees & event trees). The capacity of the plant model manager is the most
restricting parameter of the living PSA tool. The plant model manager can be described in five parts:

1) construction,

2) evaluation,

3) post processing,

4) result management,

5) plant model service function

Plant model construction: The model construction consists of tabular and graphical editors for fault
trees and event trees. A hypertext plant and model documentation system is a preferable function.
Qualitative analysis functions such as failure mode effect and criticality analysis (FMEA) coupled
to the fault tree analysis function, functions for identification and generation of hazardous events and
event sequences as well as for the identification of common cause failures should be available, too.
Assessment of consequences of identified hazards and vulnerability analysisis an optional function.

Failure data analysis function and failure data assignment are needed for the evaluation and
management of basic event parameters. Initiating event data analysis function is helpful in
classification and evaluation of occurred initiators.

Plant model evaluation: This part of the model manager shall carry out the qualitative and
quantitative minimal cut set (MCS) analysis. The cut sets are determined and the top event
unavailability or frequency is calculated. A living PSA tool should support time dependent analysis.
A standard part of the evaluation is the calculation of various importance measures for individuals
or groups of model data or eventsi.e. importance analysis. The sensitivity analysisis the next step
from the importance analysis in which the sensitivity of the model with respect to boundary
conditions or assumptionsin plant model, plant data or plant event response is verified.

The risk increase factors produced from the nominal risk assessment are limited to represent the
nominal plant state and may not be reliable for low probability events due to truncation effects.
Consequently, a living PSA tool must enhance risk quantifications for given train or system
unavailability situations, eventually with situation specific realignment of the remaining operational
path. This means that after eventual model modification in the logic and data a comprehensive
minimal cut-set search, reminimization and a comprehensive reevaluation are needed.

The parametric uncertainty analysis provides means for investigation of effect of the parametric
uncertainties in the top results. Various methods (Monte-Carlo, Latin Hypercube or Integrated
methods) can be applied. This function requires that so called uncertainty parameters have been
assessed for the basic event parameters.

Plant model post processing and evaluations. This function includes cut set editor for extending and
analyzing results, e.g. recovery analysis. An attribute analysis enables to temporarily modify plant
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modelsin order to adapt to specific analysis needs, e.g. analysis of fire and flooding, by assigning
attributes to gates and basic events.

The user interface should support flexible specification of components that are out of service.
Updated plant risk status can be generated based on this new information. Also the specification of
plant alignment and operational strategies, e.g. extratests, and generation of updated plant risk status
information based on this new information should be included. A high level of interactivity can be
realized by advanced user interfaces based on window techniques and using CAD approaches.
Future technology may provide expert system facilities for the emulation of the reasoning process
and heuristic of safety and reliability analysis allowing the construction of more detailed and
reproducible models with less effort.

A life cycle cost (LCC) analysis function and cause consequence analysis function are optional
features.

Plant model result management: This function takes care of storage and documentation of analysis
results and analysis specifications. Minimal cut set, point estimate and uncertainty distribution can
be stored in the data base for each analyzed top event or sequence. All analysis specifications e.g.
the type of analysis and analysis set up parameters, the cut off values etc. are useful information, too.
It isimportant that the information retrieval from the PSA data base is efficient. A user shall quickly
and easily be able to locate and combine information of interest, and to present this information on
the screen or on printed/plotted reports.

Plant model service function: Various service functions are needed for the management of projects
and jobs. Typical service functions are word processing, spreadsheet, database and setup programs.
They can be provided by other codes, but the integration of the service function to the code package
increases the applicability of the tool.

5.2.3 Information and Data

All event trees, fault trees, basic events, analysis results etc. for a particular project (e.g. nuclear
power plant PSA) are maintained in an integrated project data base, with flexible ways of adding
information to further enhance the documentation. This is to facilitate updating, model and data
management, traceability and quality control.

Basic Information stored in a living PSA data base: Basic information stored in aliving PSA data
base consists of the basic data used to construct and quantify the basic model, Table 5-1. A PSA
project data base includes a complete integrated model with basic datafor all parts of the model and
also datafor specific quantifications and results obtained. This basic data must be stored in order to
guarantee that any results obtained can be reproduced.

Pre-processed Information and rankings stored in a living PSA data base: With pre-processed
information and rankings stored in a living PSA data base, Table 5-2, we here refer to specific
quantifications and results obtained that a user can quickly and easily be able to locate, combine and
present.

The main results from aliving PSA system include minimal cut sets, mean and instantaneous core
damage frequencies, importance measures (see chapter 6.3.2), sensitivity analyses and uncertainty
analysis. There should be one set of results immediately available without any extra computation.
The program should be able to draw attention to the results that have changed after last recalculation.
It should also be possible to make a cross comparison between results from a 'base’ model and from
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the changed model. The documentation system should be active aso when viewing the results (e.g.
to find out what an FMEA form says about a certain failure). The program must be able to present
summary results, detailed results and a variety in between. The outputs should contain enough
information to identify the computation fully, so that thereis no possibility to mix the outputs. There
should be flexible way to produce outputs also from the information system.

5.2.4 Principlesfor aliving PSA user interface
A comprehensive and flexible plant model is the key component if PSA isto become a practical

decision support system in plant operation. The corresponding requirements to model and tool
development have been discussed in previous sections. Assuming that a model with the defined

Table 5-1. Basic information stored in a living PSA data base.

Model element Information

Accident sequence analysis Top event (consequence, sequence, function etc.) -
description and data

Event tree analysis Description and data, initiating events, functional
events and hazard states

Fault tree analysis L ogic, gate and basic event descriptions

Basic event data Definitions, boundaries and parameters

Parameter data Parameter specifications, source data specifications
or failure data analysis

Attribute specifications Group definitions (for importance and sensitivity
analysis)

House event specifications Boundary condition specifications

Operational data Test schemes, alignment etc.

Library of plant data Safety reports, System descriptions, P&1D’s,

Layouts, Component information (location, type,
failure mode, manufacturer), Technical
Specifications, etc..

qualitiesis available for afuture living PSA system the next step isto clarify its utilization in plant
management and operation. Thisisatask different from the model development as such and it has
to take into account the applicability of PSA results in different areas, the background of living PSA
system users and how to integrate living PSA with the existing plant information systems.

To make full use of the living PSA model potential without stepping over the limits of safe

application of PSA results demands that the living PSA system must be seen in context with safety
principles, operational requirements and user preferences. To achieve this the principles for living
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PSA use must have their counterparts in a practical environment designed for efficient utilization
of theliving PSA system. This environment must facilitate access to the living PSA model, establish
links to other information sources and provide a man-machine interface adaptable to different user
needs.

The living PSA operational interface should create a software and hardware structure encompassing
the living PSA model and must be designed for extracting maximum benefit from use of the model

and the underlying analyses.

Table 5-2. Pre-processed Information and rankings stored in a living PSA data base.

Processed data

Information

Nominal results.
The basic risk assessment representing an average
plant state.

Failure propagation data, dependencies

Rankings

Precal culated results and importance of dominators
and contributors. Descriptions of dominant accident
sequences. Top event results (consequence,
sequence, function, system, etc.). Sensitivity and
uncertainty analysis results.

FMEA based on fault tree logic. Component and
support system interface information.

Importance rankings such as risk reduction and risk
achievement for scenarios, functions, systems,
components, failure modes, etc. Ranking of
sensitivity and uncertainty issues.

| nstantaneous results.
Risk monitoring evaluations.

Operational data

Conditional rankings

Results generated following operational records or
results generated following postulated or planned
scenarios.

Operational data or plans for test and maintenance
activities. Operational event data for transients,
component unavailabilities, e.t.c.. Event conditional
data, information that is relevant when a component
(specified by the user) is out of service.

Ranking of the operational situations and the most
important failure scenarios. Ranking of components
according to their relative contribution the
instantaneous core damage frequency. Conditional
ranking in failure situations, i.e. ranking of the failed
equipment according to the benefit of restoring each
to service.

Retrospective results.
Risk follow-up evaluation of the retrospective risk
and probabilistic indicators

Operational data

Conditional rankings
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Results generated following operational records
taking into account the compl ete, retrospective,
knowledge of successful and unsuccessful plant
functions.

Retrospective operational event data for transients,
component unavailabilities, e.t.c.. Event conditional
data.

Retrospective ranking of the operational situations
and the most significant events. Presentation of risk
based indicators and trends.
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Any existing PSA has a user communication for manipulating the model, input definitions and for
selection of desired output. The variation in scope and range of applicability is considerable, but in
general the user communication is constructed for people with deep or fairly deep PSA knowledge.
For these users there is no urgent need for an extended operational interface as long as PSA is used
to solve traditional tasks, say core damage frequency estimates or risk importance measures for well
defined plant states.

For present PSA applications the time available for input preparation, calculation and evaluation of
resultsisin most cases long compared to the envisaged response of aliving PSA system. The total
interaction time is a decisive factor in the discussion of design principles for a living PSA
operational interface. This is the time required to access the living PSA system, prepare input,
complete the calculations and present the results in a predefined form. To be really useful in
operational situations one has to aim for a system which can produce reliable results within mi nutes
rather than hours or days.

A thorough analysis of which activity areas and staff may derive benefits from utilization of aliving
PSA system is outside the scope of thiswork, but considering the information contained in a PSA
and its supporting documentation there could be a variety of potential users. Apart from safety
authorities, that central utility staff as well as plant personnel in safety, planning, retrofitting,
maintenance and even operation may find a living PSA system useful. Thus the design of an
operational interface should take into account that users have widely different backgrounds and
qualifications, but this should not deny them access to PSA results. Consequently one should design
the interface flexible and adaptable to different user groups. The restrictions on how PSA are to be
applied must of course be decided on beforehand to exclude inappropriate use.

Based on the viewpoints presented above there emerges aframework of principles for the design of
aliving PSA operational interface:

- Operation of the system should not require data expertise or extensive knowledge in PSA
methodology.

- Preparation of input must be made easy and fast, predefined and/or automated generation
where possible.

- Selection of calculationsto be performed and result presentation must be flexible and cover
awide range of applications.

- Initiating and executing model calculations shall require very few operations when input
and output options are defined.

- Where appropriate living PSA results must be seen in context with other relevant
information and limiting conditions. The living PSA system must communicate with plant
and utility information sources/data bases.

- Wherever possible the system should be equipped with an extensive set of interactive
programs for extracting and processing information contained in the living PSA model and
documentation. In practice this means creating a software system which acts asauser orien-
ted environment built around the living PSA model.

The general principlesfor design of aliving PSA operational interface are in many aspects the same
as those applied to other computerized decision aids, but there are some which are particular to a
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living PSA system. One has to pay specia attention to the dangers connected with a 'black box'
approach where the living PSA system is conceived as an advise production machine without any
qualification as to the validity of said advise. The numerous projected applications of PSA
information and advise puts strong emphasis on the need for quality control and comparison with
advise derived through other means and from other sources.

5.3 System input/output

Collection and screening of relevant operational experience and development of systematic methods
for making observations are important aspects. The model management can be divided into two main
tasks:

- L ong-term updating of the base model
- Analysis with temporary changesin plant status or operational procedures.

Procedures for above tasks are needed for quality assurance and for coherent use of the PSA by
different persons throughout the lifetime of the PSA-system.

5.3.1 Longterm updating of PSA model

In the organization there must be one or two persons that are responsible for the basic model .
Procedures for protecting the basic model are needed, as well as procedures to make sure that
everyone is using the correct model. The long term management of a plant model involves alarge
number of decisions regarding various aspects of the model and the model capabilities. A living PSA
programme will require resources to operate and maintain the model. Procedures can of course be
established for these activities but since there is alarge spectrum of different issuesto addressin a
procedure we only list the main questions that should be included here:

- to decide when to update model and/or documentation (depends also on the regulatory
body)

- to decide which information to include

- to decide the level of detail

- to decide which methods and persons are used when transforming the plant to PSA
modelling language (FM EA, cause-consequence analysis etc.)

- to revise plant reliability data analysis

- to document assumptions/simplifications in the model

- to document deficiencies of the model and/or documentation for the model developers

- to make back-up copies

- to control access rights to the PSA system

- to keep record on the contents of the PSA model

- to give feedback for the plant personnel

- to document deficiencies of the PSA tool and to give feedback to the system devel oper.

- training of the PSA personnel

- training plant personnel to use PSA tool and/or results

5.3.2 Application
Theliving PSA activities require a close relationship to plant operation and maintenance compared

to the basic PSA applications, that to a much larger extent are directed towards plant safety
management, designers and authorities.
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The analyses performed with aliving PSA system cover alarge scale from reading documentation
to analysis of major modifications of the plant. There must be a covering record of the contents of
the PSA system so that each user knows which information is currently included. In the following,
acourse of anew application is described, Figure 5-4. A new application can be just to make alog
over aday or aperiod of operation or analysis of a postulated case for planning purposes or risk
evaluation in general.

The first phase is to determine which changes (if any) are the reason for reevaluation. The
reevaluation may be due to equipment outage or what-if questions. Depending on the situation there
may be more or less items to be changed than there were originally defined in the previous phase.
The reason for less items could be e.g. that from previous results the importance of an item is
negligible. The reason for more items could be e.g. the requirements of the Tech Specs, changed
success criteriain the situation, dependencies (e.g. fire), etc. To generate status information requires
alot of background information and is demanding for the information system.

The required information specify changes from the basic information in Table 5-1. The results of
this step should be constantly collected and documented as information that is relevant when a
component is out of service. The required changes in status information will be described as new
event status values and modifications in the fault trees and event trees. The model requirements of
the status information are translated to the modelling language of the PSA system. The status
changes are implemented into the PSA model as temporary changes.

If the program is fast enough, it may be worthwhile to make the changes one at atime starting from
the most important (if known) one and to recompute the results in between. In the case the
application in question is to log the operational experience the temporary changes can be saved and
the application can stop here, otherwise the relevant results are computed or reevaluated. It must be
verified that mission times, truncation values etc. are valid for the changed situation. The main
output of this phase is the numerical results.

The results are evaluated against the changed model. The information system is used to explain the
results. The starting situation, all changes and the reason for the changes are documented together

[ 1. Identify plant state. |
|

| 2. |dentify items to change in the model. |
|

| 3. Generate status information. |

|
4. Make temporary changes.
(Option: stop here and save daily information for
later evaluation of operating period.)

| 5. Reevaluate plant model. |
l

[ 6. Analyze & validate results. |
l

[ 7. Document evaluation. |

Figure 5-4. Stepsin a new application
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with the results. It is especially important to gather information that is relevant when a component
isout of service and to add this information to the model documentation.

In addition to the static input such as infrequently updated reliability parameters, the user must
provide temporary inputs depending on the application. For instance, in the configuration control
type of applications, the user specifies unavailable components and system configurations. In the
risk monitoring and follow-up, thisinformation is obtained from the plant operating history. On the
other hand, if the user is performing short-term planning, the information is based on planned or
hypothetical configurations [5-15].

5.3.3 Quantitative output and presentation

The quantitative output from the living PSA system is a set of risk measures to be used to support
the decision making. The basic risk measures are the nominal risk and inherent risk frequency
evaluated in the risk assessment, and the instantaneous risk evaluated in the risk monitoring and
follow-up as defined in chapter 4.2.

A crucia information when using quantitative results in decision making is their sensitivity to
assumptions in the model. If anumber (importance) is sensitive to uncertain parameters, uncertainty
distribution should be included. Such parameters could be e.g. test efficiency, CCF parameters,
success criteria, human interaction probabilities.

5.3.4 Qualitative output and information retrieval

Qualitative information is needed for the documentation of the living PSA model, and for the
explanation of the quantitative results. The first objective can be satisfied with the documentation
procedures connected to the PSA model development, whereas the latter objective can only be
fulfilled if qualitative information is an integrated part of the living PSA system. If the analyst i s
familiar with the structure of the PSA model documentation thisinformation is accessible and quick
to use. The drawbacks are slow updating and sometimes difficulties in finding certain specific
information. A living PSA system should include a documentation system that can be accessed
within the living PSA system.

Qualitative information in aliving PSA system is needed for three purposes:

1. Documentation of the living PSA model
2. Explanation of quantitative results
3. Generation of qualitative information

Points 1 and 2 can be satisfied with paper documents, whereas point 3 can be achieved only when
the qualitative information is integrated in the living PSA model.

Model documentation: Model documentation is needed for the analyst to understand the living PSA
model, its assumptions and its limitations. It is essential when changing the living PSA model,
especially when introducing failed components (Tech Specs may prohibit use or repair of other
systems due to component failure). It isimportant that the documentation preserves all information
for anew analyst to trace and reproduce the results.

- why is this data used here?

- why is this fault tree branch connected here?
- why is this function excluded from the model ?
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- what do the Tech Specs say of this failure?

Theliving PSA model editor and the documentation system should be interconnected in such a way
that user can search for information related to his current work in the editor.

Explanation of quantitative results: A living PSA system should not only generate numerical results,
it should also explain them. Largely the ability to explain results depends on the properties of the
living PSA model editor and result generator. The questions can be raised when quantitative results
are analyzed (e.g. why thisisaminimal cut set?, why does thisfailure hav e this effect?, why isthis
Importance measure as it is?). It requires certain capabilities, that is not often seen in any available
software, such as:

- trace the propagation of aminimal cut set until the top event

- find conditions preventing a set of events to propagate

- find common events in event tree branch points

- find dependencies (e.g. components fed by same cable)

- display supporting information in the outputs (basic event comments, location of
equipment, FMEA forms etc.)

- compare results from two different computations

Generation of qualitative information: Thisis partly achieved in many programs through different
listings, e.g. list of trees for each component, data listings etc. However, the user should be able to
see thisinformation in the model editor and in the output generator. The rel evant questions that can
be treated or answered within aliving PSA tool are e.g. which components are affected by afirein
this room, which cut sets could have a CCF due to component type failure mode. The plant
information included in area event analysis and dependency analysis allowsto produce room cut sets
instead of equipment cut sets using data available in the model. The information required for this
purposeis:

- gate and event comment

- component information: location, type, failure mode, manufacturer, etc.

- routines to collect and display information from the documentation system, e.g. FMEA
forms by component name

5.3.5 Resourcesfor management of the system

Resources spent on the initial issue of a plant-specific PSA are approximately 5)10 manyears and
0.5)1 manyear per year for updating the PSA thereafter. This has been estimated as a reasonabl e
effort based on the experience with the existing PSAs [5-1] . An important part is also the scope
expansions (external events, other operational states, level 2 etc.) that require additional manpower
effort of approximately 1)3 manyears per expansion. The manpower resources for this effort is
strongly dependent on the level of ambition and plant generation, e.g. a modern plant is much less
sensitive to external events and also easy to analyze due to consistent separation in the design.

On an average 4)10 persons are directly working with PSA activities at each Nordic power company

to establish and maintain the basic PSAs. The living PSA activities, to monitor and follow-up the
risk, will require a staff of this size on along term basis.
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5.4 Broadening the use of aliving PSA system

The SIK-1 project has defined and demonstrated the practical use of living PSA for safety evaluation
based on mainly off-line application of living PSA with the purpose to identify possible improve-
ments in operational safety. Subjects discussed are dealing with the practical implementation and
use of PSA to make proper safety related decisions and evaluations. In view of the capabilities of
living PSA, adiscussion about broadening the use of living PSA from NKS/SIK-1 point of view may
be appropriate.

5.4.1 On-line operational activities

The purpose of on-line risk monitoring is to evaluate the instantaneous risk frequency given the
information about the plant configuration to provide support for operational risk decision making
in the short term. This must in some cases be performed on an on-line basis to gain the maximum
benefit from the applications. Today smplified PSA models are applied in operational planning and
maintenance. It will still take some time before afull scale plant model can be used on-line, meaning
that it can give nearly continuous assessment of plant status and risk level.

Coupling of the PSA model to the plant data acquisition computer with continuous status updating
IS not an unsurmountable problem, but for the PSA model to correctly handle all different status
changes it has to be extremely flexible and complete.

The rationale behind development and implementation of an on-line PSA applications would be that
it improves the safety at the plant. Thisis difficult to prove before one has gained experience and
asyet thereisvery little to build on in that respect. The arguments for an on-line system are that the
extensive analysis precipitated in afull scale PSA can provide useful advice in short-term decisions.
The arguments against on-line living PSA arise one two levels. Safety and cost-benefit. If it cannot
be proven or made highly plausible that an on-line system will enhance safety of the plant thereis
no real incentive to develop the system. A cost benefit analysis of an on-line system has to take a
number of factors into account. If the technical problems associated with the generation of an
updatable model are solved it should not take large resources to maintain and support the model. But
asubstantial initial investment could be required, and unless this can be defended either in terms of
enhanced safety, improved operation or benefits related to licensing requirements one should not
expect the utilities to priorities the development of an on-line system.

Before using different on-line (time dependent) risk measures, an uncertainty analysis should be
donein order to compare, how large the changes in risk measures are in relation to their impact on
the nominal risk frequency uncertainty. Only then meaningful changes can be identified.

Following examples of on-line applications that can be carried out are:

Satus monitoring: The status monitoring provides support for operational risk decision making in
short term. Safety margins and degradations describe the severity of the situation. Test information
importance can be used to decide whether the test provides relevant information from the safety
point of view. The evaluations are related to considerations of exemptions from Tech. Spec. and
mai ntenance planning.

Planning of preventive maintenance: The isolation of safety important systems or components
temporarily increases therisk level. The duration of the maintenance work and the combination of
isolated or unavailable systems are controlled. Risk increase factor, safety margins and safety margi n
degradations indicate the effects of scheduled maintenance actions[5-16] [5-17]. The benefits of
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performing additional tests can be considered, too. The evaluations are similar to the AOT optimi-
zation related Tech. Spec. optimization.

It isimpossible to figure out and evaluate all possible combinations of allowed component outages
on beforehand. Therefore there is an on-line aspect tied to this type of application. The use of the
instantaneous risk frequency model and operational data from actual experiences (when no
Technical Specification violations have occurred) gives an empirical view on thisissue.

Incident management: The incident management is atypical on-line risk monitoring application and
deals with severe situations at the plant where rapid decisions are needed. The severity is controlled
by on-line monitoring. The maintenance actions can be prioritized so that the most critical systems
arerepaired or maintained first, or some specific maintenance isolation are postponed. Success path
importance, e.g. risk decrease factors, can be used to rank the actions. A test importance type of
measure can be used to decide whether some action is worth performing.

Operational risk monitoring applications, that do not require on-line application, are e.g. planning
of surveillance tests and their schemes and optimization of Technical Specifications.

5.4.2 Integration with other information systems

The advantage of more rapid updating and combination of information should be exploited, and this
is best achieved by connecting the living PSA system with other information sources and suppor t
systems. The plant status is automatically updated via the plant computers, present and planned
maintenance from a maintenance data base, communications with computerized, technical
specifications, manuals and operational procedures. This will make the living PSA system more
efficient as decision support. In this context, a living PSA is comparable to a computer based
operational support system. It is possible that there will in fact be PSA based operational support
system in the future aong the lines of ESSM in Great Britain and SAISin Germany. At present the
concept of operator support system based on afull scale PSA is not well developed although there
isanumber of proposals outlining the structure and functioning of such a system, [5-3].

5.4.3 Expert system techniques

The extensive analysis of plant configuration and transient response supporting a PSA model
represents a very large amount of engineering knowledge. The PSA model can be looked upon as
a knowledge base which is organized according to principles suited for probabilistic assessment.
Since the frequency for one, or several, undesired hazard states, e.g core damage, is the final
measure, the PSA model may be too strongly associated with only the core damage frequency (or
the hazard states in question), and there is less emphasis on the considerable amount of information
relating to plant configuration and its inherent safety structure. The hazard states, end states, in an
event tree are not all serious damage states, and at early stages in the event trees there are severa
possible paths leading to different end states. The likelihood of reaching the least serious end states
can be increased by operator actions or possible reconfigurations.

Expert systems techniques can be applied to assist the user in his analysis of the situation and the
selection of appropriate actions to bring the plant to a safe state as efficiently as possible. The event
tree identifies which system or function is essential as the next line of defence, and it isimportant
to have information on the status of the system supporting the required safety function. This can be
achieved by combining component status identification with assessment of the importance of
components.
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5.4.4 Living PSA asatraining tool

As a training tool living PSA would be useful in several aspects. It would offer a practical
introduction to PSA for plant staff that has little or very little experience with PSA, and enhance the
general level of understanding of the capabilities of PSA. Equally important, it would introduce plant
personnel to the reasoning behind probabilistic safety analysis and the methodology employed i n
safety assessment.
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6 SAFETY EVALUATION BY LIVING PSA

6.1 Introduction

The safety evaluation by living PSA can be divided into three application categories:

1) long term safety planning,
2) risk planning of operational activities and
3) risk analysis of operational experience [6-1].

In addition, regulatory activities can be distinguished, although they can be categorized into the
application areas mentioned above.

Figure 6-1 illustrates the interaction of the applications towards the final objective of living PSA
improved operational safety and availability [6-2]. The basic PSA isfirstly performed by which long
term actions can be planned. A development of a dynamic, living PSA is needed for operational
planning and analysis of operational experience. These two application areas use the same
operational data, but the in operational planning the usage is to support short term actions while in
analysis of operational experience the purpose is to get feedback to risk contributor identification.

JCOMPARISON OF | |
1DESIGNS AND
| PROCEDURES
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Goal i

= {IMPROVED

| |OPERATIONAL]
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Figure 6-1. Interaction of living PSA applications.

This chapter presents the case studies performed in the NKS/SIK-1 project. Based on the case
studies, evaluation procedures for various application areas, such as optimization of limiting
conditions of operation [6-3], are outlined. The living PSA model made for Oskarshamn 2 BWR uni t
will be used as an example model to demonstrate the evaluation of risk measures in various
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applications [6-4]. The role of decision making and decision analysis is discussed, and the
benchmark study on risk decision making is described [6-5], [6-6], [6-7].

6.2 Nordic case studies

In the Nordic NKS/SIK-1 project, parts of the living PSA concept have been experimented in various
applications by participating utilities, authorities, researchers and consultants. The risk follow-up
of the operational experience has been performed for real examplesin Swedish and Finnish nuclear
power plants. By this approach, events significant for safety, to be examined more in detail, can be
identified. Direct feedback to verify and revise the PSA is also obtained. More safe and economical
operational strategies have been studied, too, for test and preventive maintenance arrangements as
well as in the case of failures in safety systems. Occurred incidents have been analysed more
specifically by PSA. The relationship between PSA results and safety indicators has been presented
as well as the use of decision models has been experimented. Table 6-1 shows which application
areas the case studies cover.

As afirst task in the case studies, the plant-specific PSA models were modified and enhanced to
living application purposes. The treatment of common cause failure aspects was found probl ematic.
The completeness and realism of the model and data are very important, much more so than in basi ¢
PSA. Thisis due to the fact that living PSA model should cover, and be quantitatively accurate in
many different situations (e.g. when failures have occurred), and not only on average. Also,
conservatism in the model may lead to wrong and possibly non-conservative decisions.

6.2.1 Living PSA demonstrationsfor Oskarshamn 2 (RELCON/OKG)

Under contract with the Swedish Nuclear Power Inspectorate (SK1) and OKG (the utility), a plant-

specific living PSA model for the Oskarshamn 2 BWR (boiling water reactor) has been developed

using the existing level 1 PSA asabasis[6-4]. Thisliving PSA model has been used in conducting

several application studies. The model has been used in several different applications:

1) risk follow-up with the operating year 1987 as an example (see chapter 6.5.2),

2) evauation of allowed outage times (AOT) and comparison with existing limiting conditions of
operation (see chapter 6.4.2),

3) evauation of test intervals and comparison with existing Technical Specifications (see chapter
6.4.3) [6-8], and

4) demonstration of the relationship between PSA results and safety indicators [6-9]

.The extent of the living PSA model is roughly the same as for the normal PSA model. The system
level modelling is somewhat more comprehensive than in aregular PSA model. The main reason
for thisis to remove unnecessary conservatism due to model simplifications, and thereby creating
amorerealistic model also for cases where components are already out of service. Each system is
modelled by a single system fault tree. These "generic" system fault trees include "house events’,
which can be used to modify the fault tree logic for different situations. These house events are, e.g.,
used to activate variations of the system fault tree to be used for different initiating events. They are
also used to "switch in" and "switch out" components or trainsin a system to model different system
conditions, pipe alignments etc. In the plant which has been studied there are a number of systems
which areincluded in the PSA model and for which there are different possible conditions. E.g.,there
are systems with two redundant trains and normally one train isin oper ation and one is in stand-by.
The component models in the example PSA model takes into account the effect of various types of
events and actions such as tests, actual demands, failures and maintenance. The advantage with the
time-dependent modelling is that the effect of tests can be evaluated in any given situation.
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Table 6-1. Case studiesin SIK-1 project.

CASE STUDIES

OKG Forsmark shut- pressure  external diesel decis-
living 1risk TVOrisk  down relief pipe generator ion
Application area PSA" follow-up follow-up risk transient break CCF analysis

Safety goal
eval uaI?on

Risk contributor iden-  x X X
tification

Comparisons of de- X X X
sign and procedure
changes

Optimization of X X
limiting conditions

for operation

Operator training

Accident manage-
ment

Planning of (x)
preventive mainte-
nance

Planning of X X X
corrective

maintenance

Test planning X (x) X X

Incident management

Exemptions from the X

Technical Specifica-
tions

Off-line risk monitor- X X X

ing

Risk follow-up X X X

Incident analysis X X X

Accident precursor
studies

Ageing analysis

6.2.2 Risk follow-up of Forsmark 1 unit (VATTENFALL)

Vattenfall analysed events at Forsmark 1 unit during the operation period from the 1989 revision to
1990 revision outage [6-10]. The objective of the study was to identify, demonstrate and report, the
potential problems and limitations in the use of mainly existing PSA-models for risk follow-up of
occurred down times of equipment in safety systems and plant disturbances. This task included:

+ collection of fault, maintenance and event data,
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*  risk evaluation, using improved PSA,
e compilation and presentation of results.

The classification and evaluation of event descriptions, obtained from various sources, took most
of the time. In the evaluation of the instantaneous risk frequency, both "risk follow-up with total
memory" and "risk follow-up with failure memory only" approaches were used. The risk follow-up

curveisshown in Figure 6-2.
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Figure 6-2. The risk-follow-up of one operating year at Forsmark 1 unit.

As in the Oskarshamn study, the treatment of common cause failure (CCF) events was found
to maintenance and due to repair. In the used Multiple Greek Letter CCF-model the ratios between
failure probabilities of various multiplicity is expressed by parameters (Greek |etters) (see chapter
4.2.4) Therefore the probability of a CCF event depends on the single event probability. For afailed
component, the single event probability is set to 1. Consequently, the probabilities of CCF events
will increase. If the component is maintained then the CCF probabilities will not be changed.

While doing the "total memory" follow-up another problem occurred. Since there where no existing
data on test effectiveness, how should the failure probability between two successful tests be
estimated? To evaluate the differences between "total memory" and "failure memory only", a
generic value of failure probability in between successful test was set to 10% of the single failure
probability. The difference of the results from the two types of follow-up studies, "total memory"
and "failure memory only", was very small. One explanation of this could be that the Forsmark 1
PSA is dominated by CCF events. For a plant of less redundancy the result could be different.

Methodological conclusions from this study were:

*  With someimprovementsin the existing PSA-model, arisk follow-up could be used to evaluate

the risk level during a period of time.
e How to deal with the failure probability of a component between two successful test is still an

unsolved problem, until the test effectiveness is known.
*  How to deal with CCF, both when components in the group fail and when they succeed in tests

is also an unsolved problem.
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6.2.3 Pilot study on risk follow-up by PSA (VTT/Avaplan/TVO)

Technical Research Centre of Finland, Teollisuuden Voima Oy (TVO) and Avaplan Oy have
performed a pilot study on risk assessment of operating history by probabilistic safety assessment
(PSA) [6-11]. The main objective of the pilot study was to develop and test a method for the risk
follow-up by PSA modelsand data. A secondary objective was to demonstrate the usefulness of risk-
based operating history assessments. Third objective was to get feedback from operating
experiences. The PSA-based approach is a method to assess quantitatively the severity of occurred
incidents or other events. Thus the aim wasto look for applicable indicators, so called probabilistic
safety indicators, which could compactly describe and indicate possible trends and levels in the
safety performance of the plant. This objective was left on discussion level.

The analysis was limited to cover the events related to:

o safety relief valves,
*  shutdown service water and
*  shutdown secondary cooling.

The plant operational data were gathered from the January and February in 1991. The operational
state of both units (TVO | and Il) was power operation. The information sources were: failure
reports, daily reports, monthly reports, and test lists. The number of events amounted to 28 but only
19 of them affected the PSA calculations. The relevant events could be grouped into preventive
maintenance packages (diesel-packages), periodic tests of the shutdown cooling systems, safety
relief valve tests and chemical cleaning of a heat exchanger in the shutdown secondary cooling
system.

The risk curves were evaluated in two ways:

1. asoff-linerisk monitoring, and
2. asrisk follow-up with total memory (see chapter 4 for the definitions).

Therealistic modelling of CCF-failuresis the actual problem in the time-dependent risk assessment.
This exercise shows that time-dependent extensions of CCF quantifications needed for the risk
follow-up considerations are not trivial. Problems are not so much connected to CCF modelling
features but instead to sparse data reflecting the rare nature of identified CCF events, which makes
it difficult to verify time-dependent behaviour of CCF mechanisms. As an example, it could be
asked what type and degree of CCF-modes are possible when one train is unavailable due to the
maintenance. The CCF-problem was not only related to quadruple redundant systems, but also to
the treatment of high-redundant systems such as the safety relief valves. Inthe TVO PSA, the safety
relief valve function quantifications were done by using common load model for repr esenting mean
unavailabilities. Actual time-dependence was taken into account to some extent when determining
CCF parameters corresponding to mean unavailability interpretation, but mostly pessimistic
estimates were used. In this pilot study, the common load model was extended to describe the time-
dependent failure mechanism by applying thelinear g,+At-model to common load model probability
parameters with assessed proportions between time-independent and time-dependent parts [6-12].

We looked over three types of indicators. The first indicator is the variation of core damage

frequency, particularly its maximum values and the number of times it exceeded some criterialevel.
At TVO 11, the maximum core damage frequency was 7.6 E-5 1/a by risk monitoring and 5.9 E-
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5 1/a by risk follow-up. At TVO | any variation at the core damage frequency can hardly be
recognized. The second indicator is based on the integration of the core damage frequencies over
the periods with significantly increased risk level. This indicator can be used to rank the events. The
probability of core melt during the three diesel-packages was (according to risk monitoring) about
3 E-6 which is 10 % of nominal core melt probability per year. Relatively, the diesel-packages are
considerable risk contributors. The third indicator i s the average core damage frequency during the
two months. Off-line risk monitoring gives the frequencies 3.3 E-5 1/afor TVO | and 4.2 E-5 1/a
for TVO II. Risk follow-up with total memory, on the other hand, gives the frequencies 2.7 E-5 1/a
for TVO | and 3.4 E-5 for TVO Il. These numbers are very close to the nominal core damage
frequency (3.3 E-5 1/a).

The results show that the increase of the risk frequency level is small during test intervals.
According to the exercise model, the preventive maintenance package raises the risk level two and
a half times higher from the normal level. It particularly increases the contribution of small LOCA
accident sequences. It should be noted that the use of reduced PSA model (2000 most important
minimal cut sets) as a base model might lead to incorrect conclusions of the effect of the
mai ntenance outage. Some minimal cut sets, which could be important for this situation, are omitted
due to theinitial cut off from the calculation model. Anyhow, an important lesson isto pay attention
to minimal cut set lists, too, because the risk profile might change strongly due to unavailability of
safety important components. The nominal, risk monitoring and risk follow-up with total memory
frequency curves are in Figure 6-3.
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Figure 6-3. Therisk follow-up at TVO II.

The exercise considerations have reflections also to the test arrangement issue. Presently, there the
safety relief valves are tested once during the power operation period. Without the test, the nominal
risk frequency would increase about 4 % according to the data and assumptions used in this study.
However, there are many qualitative features related to development of possible CCF mechanisms,
which are not properly covered in this kind of simple model consideration, but which should be
carefully addressed before eventually deciding upon a relaxation of the safety relief valve-test
frequency.

SKI TR 94:2 6-6



The difference of the off-line risk monitoring and risk follow-up with total memory approach isin
the treatment of standby components. The off-line risk monitoring calculation is easier to implement
and easier to interpret. The risk follow-up with total memory needs further analysis on the test
effectiveness but it provides more information in utilization of operating experience and verification
of PSA models and data.

The present PSAs are already feasible for the evaluation of the experienced risks due to observed
unavailabilities in safety systems. A more accurate modelling which would take into account the
possible hidden unavailabilities is difficult to perform. The foreign experiences indicate, however,
that the risk follow-up will be one of the most important application areas of living PSA. The safety
management gains benefit by improving knowledge of the severity of the events, and the PSA people
by verifying or improving the quality of the PSA models and data.

6.2.4 Plant shutdown risk in failure situations of a safety system (Avaplan/TVO)

The earlier TVO/Avaplan risk analysis performed in the NKA/RAS-450 project, for development
of AOT rules in technical specifications, is reported and documented in a comprehensive way
including [6-13]:

« Evaluation at plant level as a complement to the earlier study at safety function level, and,
extended reporting and documentation of modelling and quantification aspects.

The technical report was prepared and discussed within spring 1991 within SIK-1, and it contributed
as an |AEA pilot study on risk based development of technical specifications.

6.2.5 Pressurerelief transient (Avaplan/TVO)

The detection of a Common Cause Failure (CCF) in the electromagnetic pilot valves in the safety
relief system at the TV O plant in 1985, provides an interesting case study object, as the detection
of the latent CCF mechanism was connected to an actual demand transient [6-14]. In the case study,
the emphasisisin CCF modeling and quantification of high redundancy systems, conditional with
respect to the knowledge about the status of the components, specially in situations where a part of
the redundant components are affected.

The developed approach utilizes a new concept of CCF scenario in order to describe the origin,
development, detection and removal of a CCF mechanism. It extends in a significant manner the
earlier shock-type CCF assumptions towards modelling the CCF mechanism as a timedependent
failure-renewal process. The impact vector is used to describe the degree in which the redundant
components are affected by the CCF mechanism, being defined as:

n
\ltogether | components are failed at time t}, with Z vj(t) =
-0

/j(t) =0, for j>0, if all components are intact, (6-1)

/(1) =0, for k#], if precisely j components are failed and ott

The conventional impact vector approach is extended to include the time variable in order to
describe the CCF mechanism as a time-dependent process. This new approach allows far more
realistic consideration of important CCF defenses such as component-to-component variability and
detection as well as removal paths.
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The study aided to develop amethod to place CCF incidents into a proper perspective. In fact, inthe
considered practical case, the system level impact of the CCF mechanism was strong, but not
substantial at the plant level, which confirms the safety classification of the case into IAEA'S
Incident Class 2. The developed methodology allows evaluation of remaining safety margin, aswel |
as influence of periodic test arrangement (most important preventive measure and defense against
developing CCFs) and role of countermeasures in a problem situation.

6.2.6 Analysisof an external pipebreak (VTT/TVO)

A methodology to analyse incidents by the help of PSA was developed. The methodology is a
combination of qualitative root cause analysis and a quantitative analysis of an event sequence. As
an example, the external pipe break occurred at TVO | unit during the initial operating phase was
analysed. The incident appeared to have little significance for safety. The reasons for that are that
the leakage size was rather small, it can be isolated in many ways, and the operators can balance the
situation by other means [6-15].

In the light of the experience gained, a rough quantitative analysis of incident contributors and the
interpretation of its results seems to be an appropriate way to link incident investigation with PSA.
An incident analysis requires that the information concerning the case has been recorded through
documentation or interviews within a reasonable time after the incident.

The investigation showed that it should be possible to model incidents in the probabilistic sense. A
quantitative evaluation can give afruitful view on the safety significance of the incident. However,
the results of such an analysis always have to be interpreted with care.

6.2.7 A time-dependent model for a pairwise symmetric system of four diesel generators
(Avaplan/TVO)

The primary incentive and background to the development of a timedependent CCF model for
standby components was the risk-based study for alowed outage times at the TVO I/l plant [ 6-16].
This study was concerned with failure situations of four redundant trainsin the residual heat removal
(RHR) systems. In order to consistently predict and compare the risks of operational alternativesin
afailure situation, it was essential to realistically take into account the information available for the
operator about the safety system components, specially:

1) status at the point of an operational decision, such as failed, operating or standby state,
2) prior history, such as time points of the last tests of the components, which are in standby state.

Item 2 is specially crucial for a situation where in a group of identical redundant, one part of the
components is detected failed, while the other part is in standby state and the presence of a CCF
(affecting also the components in standby) can not be excluded by the information about the earlier
test outcomes. This practical problem was elaborated further as an example case throughout the
study.

The RHR trains at the TV O /11 do not represent a fully symmetric group of four (which contrasts
with the usual assumption of homogeneity in CCF modeling), but instead they should be considered
as a pairwise symmetric group, where each pair of trains share acommon seawater channel and also
common piping in the secondary cooling circuit. Thisis also reflected to the group of four diesel-
generators (DG), because they are cooled by the RHR trains. Besides, the DGs have a pairwise
staggered test scheme. In order to properly take this asymmetry into account, a pairwise symmetric
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extension of CCF model is used, and the specialized parametrization, developed on the analogy of
conditional CCF probability, proved convenient for this purpose.

For theinclusion of time-dependence, the linear model for shared cause events was used (see chapter
4.2.4). The properties of the model are exemplified considering the situation specific unavailability
of four diesel generators, given that two are detected failed in a periodic test, and evaluating the
impact performing or not performing an additional test of the other two diesel generators.

6.3 Longterm safety planning

6.3.1 Safety goal evaluation

Plant risk assessment is basic application in which the primary result is the nominal risk frequency
f, describing the overall risk level of the plant. The designers, authorities and the plant safety
management use the result to control whether the plant design and the safety status are at an
acceptable level or whether some safety improving measures should be taken.

To obtain the risk of the operation of the plant, f,, is multiplied by the expected plant lifetime. The
total risk isthe probability of core damage during the remaining plant lifetime, t;,

I:)tot = tI'fn’ (6'2)

The result can be used both for generic and plant specific purposes. In a generic purpose, by which
we mean plant to plant comparisons or comparisons of nuclear industry risks to other risksin the
society, the result is used as an absolute number. Thisis not so popul ar because risk assessments of
different objects are seldom comparable with each other.

The evaluation of the inherent risk frequency f, is part of the plant risk assessment. The result
describes the risk level without the effect of test intervals and preventive maintenance actions. To
decrease the inherent risk frequency, the plant design should be changed.

Table 6-2 shows the basic risk measures of the example plant. The results should be then compared
with defined safety goals.

Table 6-2. Safety goal evaluation by the example PSA.

Risk measure

Nominal risk frequency  f, 41E-61/a
Inherent risk frequency fo 1.8E-6 Va
Plant lifetime t, 40 a

Total risk Py 16E-4
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6.3.2 Risk contributor identification

For the safety management, the primary purpose is to identify the main risk contributors so that
safety improving measures can be identified and prioritized. In the same manner, the authorities can
use PSA to focus the inspection resources on most important areas for safety. The results are used
in arelative manner. The importance of a basic event or a group of basic events for the final result,
e.g. the instantaneous or nominal risk frequency, can be presented by risk importance measures. The
basic setting in the importance measure evaluation i s that the considered basic event has a nominal
probability p (0 < p < 1) which contributes to the (nominal) risk frequency. If the basic event
probability is set to O or 1 another risk frequency level is obtained. The importance measures
describe the changes in arelative manner [6-17], [6-18], [6-19].

Risk increase factor A, is the factor by which the risk frequency increases when a basic event or
basic event group is failed or unavailable
_f(X=1

AX
f

(6-3)

where f(X=1) and f refer to the evaluations of risk frequency with the variated assumption the
component is failed (X=1) and it isin anominal state, respectively.

Risk decrease factor D, describes the factor by which the risk frequency decreasesif abasic event
or basic event group would not fail
D, = f .
X f(X=0)

(6-4)

Fractional contribution C, is defined to be the relative contribution of the basic event or basic event
group to the risk frequency

f-fx=0)_, 1

C
Risk increase and decrease factors are always greater than one for relevant basic events. Fractional

contribution is between 0 and 1. The significance of the basic event increases along with increasing
importance measures.

The risk importance measures described above are defined for the basic events. The fractional
contribution and risk decrease factors can be used to rank also initiating events, but the increase
factor cannot be applied to events of frequency dimension. Instead, the importance of the initiating
events can be compared with the conditional core damage probabilities given an initiating event i,
P{®,=1}. Relations are presented in Figure 6-4 [6-20].

The risk importance measures, e.g. fractional contributions, are the first hand results in the identifi-
cation of risk contributors and improvement possibilities. For an operational plant, two general
objectives of using importance measures are safety assurance and risk reduction [6-21]. The use of
various importance measures for the risk contributor identification is shown e.g. in [6-22].
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Figure 6-4. Relationship between risk importance measures and sensitivity curve [ 20].

6.3.3 Comparison of design and procedur e changes

When the changesin designs or procedures have influence on safety status, PSA can provide support
for the comparison of the aternatives. The relative change in the nominal risk frequency f,, of the
alternatives usually forms the basis for the decision making. The uncertainties and economical
aspects should be considered, too. The responsibility of these applicationsis carried by designers
or the safety management, depending on the plant life cycle phase.

6.3.4 Optimization of limiting conditions for operations

The operational limits and conditions given by the Technical Specifications are analysed by
evaluating the risk effects of alternative requirements. The purpose is to balance the requirements
with respect to operational flexibility and plant economy. The high risk situations permitted by
Technical Specifications are identified and replaced by such modes that give minimum risk, aswell
astoo stringent requirements are substituted by more flexible ones. This section discussesthe overal |
principles in the optimization of maintenance, repair and testing.

The optimization of test intervals aims at controlling the risk impact of the latent development and
occurrence of failuresin standby safety systems in the most acceptable way. The optimization of
Technical Specifications should firstly follow qualitative criteria[6-3]. The general criteriafor tests
isthat tests shall be planned so that considered failures are detected and introduction of additional
failures is avoided. Test methods shall be planned by taking into account the known component
standby failure mechanisms.

The optimization of allowed outage times aims at controlling the risk impact of failure situationsin
the most acceptable way. AOT is the maximum allowed time for a component to be inoperablein
agiven plant state. If the operability cannot be reached within AOT, the plant must be placed to a
safer state, usually in a shutdown state. Qualitative criteriafor planning of limiting conditions
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of operation are formulated in Table 6-3. The criteria can be compared to quantitative used at
Heysham 2 plant (Table 2.1).

Table 6-3. Qualitative criteria for limiting conditions of operation.

) complete loss of a safety function shall require an immediate remedial actions, e.g. a shutdown
(within 24 h)

) single or multiple failures in a safety system and 100 % capacity remaining shall require an immediate
repair within a short time frame (e.g. 1)3 days)

) single failure in a safety system and 100)200 % capacity remaining shall require a repair within a
medium time frame (e.g. one week)

)) single failure in a safety system and 200 % or more capacity remaining shall require a repair within a
long time frame (e.g. one month)

) redundant components shall be tested if a failure is detected

Quantitative, probabilistic criteria are applied in checking and in special adjustment of the rules and
in short term operational planning when unplanned or unexpected plant conditions of safety systems
take place. The quantitative criteria can be defined in arisk frequency or probability dimension and
they can be stated in an absolute or relative form. Further, we distinguish between long term
contribution and individually occurring situations.

The long term contribution of the rules can be analysed by the results of risk assessment. The
nominal risk frequency of plant is composed of three types of unavailabilities, the contributions of
which can be measured as follows in Table 6-4. Since Technical Specifications affect the two last
type of unavailabilities, an overall test procedure and preventive maintenance policy contribution
can be expressed by

TS, =129, (6-6)

This measure is sensitive to assumptions made in time-dependent component models. Thusit also
characterizes applied PSA modelling practices, and it can be used to compare various PSAs. For the
example plant, the overall test procedure and preventive maintenance policy contribution is
TS=0.56.

Table 6-4. Main overall risk contributions.

Unavailability cause Risk frequency Fractional contribution
Time-independent hidden failures f, fo/f,

Time-dependent hidden failures, detectablein surveillancetestsand ~ f,-f, * (fo-fo)/f,

demands

Evident downtime due to preventive and corrective maintenance f.-f, (f,-F)/E,

1 f, = nominal baseline risk frequency

The risk impact of an individual AOT can be controlled by setting limits for
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1) theincrease in the instantaneous risk frequency,
2) theadditional cumulative risk over the allowed outage time or expected repair time,
3) theincreasein the nominal risk frequency.

Theincrease in the instantaneous risk frequency depends on how critical the component isfor safety
functions. The cumulative risk over down time depends further on the repair time (the uncertainty
in the repair time is discussed in section 6.4.2). The increase in the nominal risk frequency depends
on the occurrence rate of the events considered. The various approaches to control the risk, and to
justify the shut down are summarized in Table 6-5.

Table 6-5. Quantitative criteria for AOT.

Risk impact Risk measure Alternative decision rulesto shut down or to evaluate AOT
I nstantaneous risk f(x) f(X) > foec
frequency f(X)-fy > Af ¢
f(X) > Aacch
Cumulativerisk over  f(X)t,* T, > P, /f(X)
the down time T, > AP, J(f(X)-fo)
T,> Py/f(x) ?
Long term risk fX)T A, 2 T, > C . J(f(X)A,)

! 7 isthe down time
2 P(x) is the shutdown risk in the configuration x
% ), is the occurrence frequency

The risk-based evaluation of AOT needs criteria for allowed risk impacts. Firstly, the level of
acceptable instantaneous risk frequency or risk increase factor should be defined. If this criterion is
met then the cumulative risk over the down time should be compared with a probability criterion or
to therisk of ashutdown. Thirdly, the fractional contribution to the long term risk should considered.
More about the risk-based approach can be found in a report being prepared by the International
Atomic Energy Agency [6-23], and in [6-24], [6-25]. The subject is further discussed in section 6.4.

6.3.5 Operator training

The results of the identification of the risk contributors can be utilized in planning which accident
sequences should be emphasized in the operator training. Vice versa, the operator training can be
used to verify the realism of human interaction models in the considered accident sequences. Also
the conditional core damage probabilities point out in which initiators the plant response including
operator actions is important [6-22].
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6.3.6 Accident management

Accident management planning is more related to the level 2 and 3 applications which are omitted
in this context. Generally, the identified risk contributors, dominant accident sequences, recovery
and success paths, as well as end states can support the planning of the accident management
program. The conditional core damage probabilities given the initiating event provide information
about the importance of the mitigating actions.

6.4 Risk planning of operational activities

Risk planning of operational activitiesis an intermediate form of risk assessment and monitoring.
Itisadaily or weekly activity performed by the operational management and maintenance office.
Operational and maintenance strategies for the near future are planned. Risk importance measures
are used for safety assurance. Test importance can be used to decide whether atest provides relevant
information from the safety point of view. The evaluations are related to considerations of
exemptions from the Technical Specifications and maintenance planning. Short term planning as
well as a few other application areas are close to the concept "risk based configuration control "
introduced in [6-26].

6.4.1 Planning of preventive maintenance

The maintenance office evaluates the risk effects of the preventive maintenance program. The
isolation of systems or components important for safety increase the risk level temporarily. The
duration of the maintenance work and the combination of isolated or unavailable systems are
controlled. The two quantities to be controlled are the lifetime contribution of a maintenance
program and temporary contribution of single outage situation as explained in section 6.3.4.

The preventive maintenance effectiveness can be, in principle, assessed by comparing the benefits
of the maintenance with the risk impacts [12, 24]. The risk contribution caused by maintenance is
the increase in the nominal risk frequency (for power state) due to unavailable components. The risk
contribution decrease due to better functioning equipment is more difficult to estimate, and it
requires detailed analyses on maintenance effectiveness. The maintenance effectivenessisrelated
to ageing of the components. A smple model of presenting the degradation, failure and maintenance
states as a Markov model has been studied in [6-25]. The maintenance effectiveness from the
component point of view is defined as the probability of detecting degradation before a failure.

6.4.2 Planning of corrective maintenance

In contrast to down times caused by preventive maintenance, the down time caused by corrective
maintenance takes place randomly. Based on operating experi ence, the frequency of the events can
be predicted and, subsequently, the lifetime contribution can be controlled by adjusting the allowed
down time for maintenance.

The lifetime contribution is controlled similarly as with preventive maintenance. Here, we consider

the problem of controlling the contribution of a single down time. Let g(t) be the repair time density
with mean t,. Then the repair is allowed, if
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[1[(EQ-f)dt] g ds < Ay (6-7)
0 O

Assuming a constant instantaneous risk frequency over the down time, we obtain the condition for
the allowed repair

(f(x)—fb)fs-g(s)ds = (f¥)-f)' 7, < A (6-8)
0

If thisis not acceptable, then the shutdown risk should be compared with the risk of staying in the
power operation state. If the relative criterion A, is substituted by the shutdown accident probability
P«{X}, acondition for the allowed repair is obtained. P.{x} should include also risks of being in a
shutdown state as well as the risks at power-up. If the following inequality holds,

f [ f f(x(t))dt]g(s)ds < Py{x}, (6-9)
0 O

or for afixed repair time t,

Tx

[fx®)et = Py, (6-10)

0

or for a constant risk frequency increase
f(x)-t, < P{x}, (6-11)

then the component can be repaired without a shutdown. By solving T, in the equations, allowed
outage times can be defined, respectively.

Allowed outage times can be considered also in afollowing way. First, a certain risk frequency level
is considered normally acceptable f,... It can be determined relative to nominal or inherent risk
frequency. The risk increase over this limit is compared with the shutdown risk. Then the allowed
outage time is evaluated as follows

P

Ty < - 6-12

S (U A (6-12)
In the example PSA application, an instantaneous risk frequency of order f,..=4*f, was considered
acceptable. Table 6-6 presents a comparison between calculated AOT and the AOT according to the
present LCOs for four different components. The AOTs according to present limiting conditions for
the operation are shorter than the calculated AOTSs, except for the gas turbine.
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Table 6-6. Comparison of risk-based and current allowed outage times.

Component failure AOT (days), PSA  AOT (days) TS

Core cooling pump 6 2
Gas turbine 8.3 30
Diesel generator 4 2
Battery-backed bus- 14 1

There may often be other operational alternatives to faster reduce the instantaneous risk than the
component repair. These alternatives should, of course, be accounted in the optimization of the
operational strategy. A comprehensive study on thistype of decision making situation has been made
for the residual heat removal system failures [6-27].

The AOT optimization task is different if the impact to the long term average risk isaimed to be
minimized by taking into account that the operating rules demand to shut down plant if the
component has not been restored in time. The objective function with respect to the AOT can be
formulated as follows

min A P{xt} = f A P{core damage[TR=t,tJg(t)dt

x S . (6-13)

= f[ff(x(s)) ~f,)ds] g(t)dt+fg(t)dt-Psd{x}.
0 O Ty

The probability AP{x,t} isthe additional contribution to the baseline probability due to chosen t,.
Modifications of this problem as well as the criteria setting have been discussed in [6-28].

Sometimes, a decision has to be made whether to allow the component be unavailable until the next
planned shutdown, provided that a cold shutdown state is required for the repair work. Let t, be
time to the shutdown, and c be an overall (not system condition dependent) probabilistic criterion
for the allowed increased contribution to the core damage probability before planned shutdown. A
time limit can be evaluated then by the equation

cf -t
T = n o . _C Ty
fX-1)-f  A-1

(6-14)

where A, is the risk increase factor, and t is the maximum allowed operation time in a given
condition of safety systems. If t>t, i.e., if c<A,-1, then the plant must be shut down earlier than
planned.
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6.4.3 Test planning

The operational management analyses risks and benefits of test strategies. Tests should be planned
so that considered failures are detected but an introduction of additional failure modes are avoided.
The effect of test interval and possible staggering of redundant tests can be evaluated from the
reliability point of view by time-dependent component failure models [6-29].

The effectiveness of a surveillance test depends on the risk contribution which is caused by the test
R. and the risk contribution detected by the test R,. The risk contribution caused by the test is, for
instance, the probability to cause a plant transient in connection to a test. It can be estimated from
the operating experience. The risk contribution of the test is the risk increase due to time-dependent
failure mechanism [6-30].

One application conducted with the example PSA wasto evaluate the test interval s that are specified
in the plant's Technical Specifications and the reconfiguration intervals according to the plant opera-
ting procedures [6-8]. The analysis of test intervals consisted of two prestudiesin which

a) relativetest intervals were examined, and
b) timing of tests was analysed.

The main purpose of the evaluations was to find test series which decrease the number of tests and
reconfigurations without affecting the average risk. The selected test series were analysed in the
third phase.

In the analysis of relative test intervals, an upper bound of risk level in normal power operation (with
no existing failures and no ongoing maintenance) is decided. Thisrisk level is selected in such away
that the average risk becomes approximately equal to the average risk when tests are performed
according to the present Technical Specifications. In the studied plant the core damage frequency
varies between 1.2*f, and 4*f, if tests and reconfigurations are performed according to Technical
Specifications. If the upper bound of core damage frequency is set to 2.7*f,, and the procedure
described above is followed, the resulting average risk becomes the same as in the case when tests
and reconfigurations are made according to Technical Specifications. The procedure that was used
in this application involves the following steps:

1. Starting in the beginning of an operating year (after refuelling), the core damage frequency is
calculated each day until it reaches the predetermined upper bound (it increases due to the time-
dependent part of the unavailability for stand-by components.

2. Atthistime-point, find the test or reconfiguration that has the highest risk reduction wort h, and
perform this test.

Steps 1 and 2 are repeated through the entire operating year. When following this procedure, the
total number of tests and reconfigurations made during an operating year is 67. This can be
compared with the 117 tests and reconfigurations that need to be made according to Technical
Specifications. The number of tests has thus decreased by 43 %, but the average risk is maintained
at the same level. It is also possible to change the procedure in different ways, such as:

*  Acceptance of anincreasing average risk over the operating year, to get more even distribution
of tests over time.

»  Fixed (not varying) test and reconfiguration intervals (in long term planning).

* One or more test- and reconfiguration intervals are fixed at a certain length regardless of
evaluation results (long term planning).
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In the analysis of timing of tests, the aim was to identify tests which degrade the effectiveness of
each others from the risk point of view. The degree of degradation effect depends on how much the
tests appear in same minimal cut sets. In order to avoid the degradation effect, such tests should be
placed as far away as possible from each others. The analysis covered possible combinations of
seven tests included in the PSA model. The degree of test independence was calculated in a
following way:

1. For each combination of test (A and B), four conditions were evaluated:
K1: Therisk level before tests,
K2: Therisk level after test A,
K3: Therisk level after test B,
K4: Therisk level after tests A and B.

2. When tests A and B are performed as first tests, the risk reductions are K1-K2 and K1-K 3,
respectively. When they are performed as second tests, the risk reductions are K3-K4 and
K2-K4, respectively.

3. Therelative effects of performing atest as a second test with respect to as afirst test is

for test A: (K3-K4)/(K1-K2),
for test B: (K2-K4)/(K1-K 3).

If the number islessthan 1, the two tests appear in same minimal cut sets, and they should not
be performed simultaneously, from the risk point of view.

A matrix shown in Table 6-7 was used to planning of effective test series.

Table 6-7. Relative remaining effect of performing a test as a second tests [ 6-8].

Second test
First test 323 327 649G13 649G23 661DG211 661DG212 314
low pressure injection system (323) ) 58 100 100 100 100 39
high pressure injection system (327) 46 ) 97 96 99 98 65
gas turbine (649G13) 99 97 ) 45 51 51 100
gas turbine (649G23) 99 95 45 ) 51 51 100
diesel generator (661DG211) 100 98 53 53 ) 23 100
diesel generator (661DG212) 100 98 53 53 23 ) 100
pressure relief system (314) 57 86 100 100 100 100 )

Table 6-8 presents the number of tests of selected test series compared with the number of tests
according to Technical Specifications for a number of different components and systems.
Alternatives 1)3 are chosen based on the analysis of test intervals. The relative test intervals are as
close as possible to the optimal test series. The number of tests of alternatives 4 and 5 are same as
in Technical Specifications but timing of testsis optimal in test series 4 and the worst possiblein
test series 5.

SKI TR 94:2 6-18



Table 6-8. Analysis of selected test series[6-8].

Analysed test series

Tech.

System Spec. 1 2 3 4 5
Depressurization system 1 12 16 24 10 10
Core cooling system 10 6 8 12 10 10
Auxiliary feedwater system 10 6 8 12 24 24
Gasturbine 1 24 6 8 12 24 24
Gasturbine 2 24 12 16 24 24 24
Diesel generator 1 24 12 16 24 24 24
Diesel generator 2 24 2 3 5 1 1

Total number of tests 117 56 75 113 117 117

fJf, 213 277 224 178 210 2.82

6.4.4 Incident management

Compared to above applications of short term risk planning, incident management deals with severe
situations at the plant where quick decisions are needed. The severity is controll ed by configuration
control measures. The maintenance actions can be prioritized so that the most critical systems are
repaired or maintained first, or some specific maintenance isolation are postponed.

A measure of the most critical errors with respect to an aggravation of the current situation is
obtained directly from the risk increase factor. If the likelihood of the event is considered, the
fractional contribution isamore descriptive measure. Success path importance should give a priority
of available success paths out of the current situation. It is obtained by risk decrease factor from the
instantaneous risk frequency.

If therisk level of the plant increases temporarily, there might arise a need to check the statuses of
the standby components by additional tests. A test of the component x can either increase the risk
to level f(t;x=1) or decrease it to level f(t;q,(0)) (x recently tested). If the test is perfect, then the
probability of detected failureis q(t-TL). Often, the possibility of a common cause failure must be
accounted, which makes the eval uations somewhat more complicated.

The importance of an additional test can thus be considered from two aspects. If the risk level is
already unacceptably high, a successful test result may justify that special safety level reducing
actions are not necessary. If a potentiality to an unacceptable risk level has increased due to the
preceding events, a detection of afailed component would support the decision on immediate safety
reducing actions. Therefore both the risk increase and decrease factor can give guidance to select
an appropriate test.
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6.4.5 Exemptionsfrom the Technical Specifications

The exemptions from the Technical Specifications have usually an influence on the plant safety .
Both the instantaneous risk frequency and probability of the core damage during the proposed
exemption period should be evaluated and controlled. The resulted quantity is compared with risks
of other operational alternatives, as well as with the nominal or inherent level. The measures are
similar to the configuration control and optimization of allowed outage times. The benchmark study
on decision analysis presented in chapter 6.6.2 discusses how to formulate decision criteriafor the
treatment of exemptions.

6.5 Risk analysis of operational experience

6.5.1 Off-linemonitoring

Off-line risk monitoring is the simplest form of risk follow-up. Configuration control is repeated
with collected event data. The result is a risk frequency curve from which we can generate
probabilistic safety indicators. The main indicators are

* instantaneous frequency peaks of the curve, the core damage probabilities over the peaks, and
* the average frequency during the observation period.

The results can be used to identify possible high risk situations, to rank the occurred events from
safety point of view, and thus to get feedback both for the identification of risk contributors and for
the verification of PSA models. One purposeis also to select events which are then examined more
detailed by other risk follow-up approaches.

The conditional risk dose of an event is the probability of core damage during the event

Paoss X} = [ Tt (6-15)
At

In the evaluation of occurred initiating events, a "failure memory only" approach has to be applied,
because in an actual demand the whole plant response is "tested". A total memory approach would
yield a probability of 0 unless an accident have happened. To avoid trivial results, accident sequence
precursor studies treat initiating events in a following way. The associated event tree is used for
screening considered event sequences. For failed branches, a probability of 1 or equal to the
likelihood of the recovery is used. For successful or unobserved branches, estimated (nominal)
probabilities are used [6-31].

The risk dose can also be expressed as an increase relative to the inherent risk frequency

AP, = f (f(x(t)) -fo)at, (6-16)

A,

or as a dose factor relative to the nominal risk during one year

I:)dose{ Xi}

C(X) = :
dose( |) fn'l a

(6-17)
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6.5.2 Risk follow-up

In addition to operational experience analysed by the off-line risk monitoring, risk follow-up
considers the hidden events as accurately as possibly given the available information. Exceptional

failure combinations, dependences between failures, repair actions, maintenance or operation modes
can be identified. Risk importance measures can be used to select which indicators, both risk-based
and conventional, are worth monitoring. Even arisk-based indicator system similar to conventional

safety indicator systems could be developed. Risk-based indicators can be defined, calculated and

monitored for various safety barriers [6-32]. Specifically, indicators are measures generated from
an observation of the behaviour of some measure during atime period, such as average, count, trend
measure etc. The average observed frequency is

!
fe = 0 Aft f(t)dt, (6-18)

where At is the length of the observation period. The average risk frequency is compared with the
nominal frequency, because in the long run, if correctly calculated and defined, these two quantities
should not deviate much from each other.

The yearly cumulative risk dose is

I:)cum - E I:)dose{ Xi} ! (6- 19)
where the summation is taken over the significant events. The risk dose is composed either:

« of unavailabilitiesin safety systems, the dose of which is denoted by Py, Or
« of initiating events, the dose of which is denoted by Py,;.

Principally, these two doses may not be summed up to an overall risk dose because they are based
on different type of conditioning of the operating history.

Indicators are needed as simple feedback numbers of a very complex system. If we have defined
probabilistic criteria for significant events the number of significant events can be counted. The
criterion can be absolute, or relative with respect to the inherent or the nominal risk frequency. It can
be expressed both in a probability form and in a frequency form. An absolute frequency based
indicator is

# X f(xi)>fgg}

I = 1 (6-20)
observation time

where # denotes the cardinality of the set of events during which the instantaneous risk exceeds the
criterion fy,. A relative indicator with respect to the inherent frequency is
# X Ao(xi)>Asig}

I, = , 6-21
Ao observation time (6-21)

which is the number of eventsincreasing the risk level more than for instance 10 times higher than
the inherent frequency. If the significance of the event is measured in the probability dimension, the
indicator is obtained from the expression
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#Ux 1 [Hx(0)d>Py,) (6-22)
= ) -
P observation time

where the integration is taken over the time of the event, such as safety system unavailability. Py,
can be related to e.g. nominal probability of core damage during one year.

The main types of follow-up results, from which trends can be observed, are:

1) A setof time points, e.g. the time history of when safety significant events have occurred.

2) A set of time points and related probabilities, e.g. the time history of risk peaks.

3) A set of time periods of unavailabilities of systems or components.

4) A set of time periods of a component or a system being in certain status, e.g. stand-by,
operation, repaired, maintained (a more detailed classification than in 3)

5) Probability curvesintime, e.g. instantaneous risk frequency history or component unavailability
history.

Thetypes2 and 5 are clearly probabilistic, but also the other ones can be such if probabilistic model s
are applied to the classification of the events. The type 5 result can be considered the basic resul t
from which other types of histories can be conducted using e.g. a criterion for safety significant
events to select the risk peaks.

In the simplest form, the trends are identified from the indicator plots. Statistical tests are used to
verify trend behaviours. The indicators are connected to decision making by defining warning limits
that alarm if the followed quantity has deteriorated too much. A study on safety system function
trends, which covers these aspects of an indicator analysis, has been carried out in USA [6-33]. In
this study, many of the indicators were based on sliding averages which is a common techniquein
the indicator analyses.

The data sources used in the example application were:

1. Licensee Event Reports (LERS)
2. Disturbance Records

3. Test Records

4. Plant Operating Procedures

Two types of analyses were made in the risk follow-up study, depending on the type of situation that
was analyzed. One type of analysis was to calculate the core damage frequency in power operation,
and the other type is to calculate the core damage probability given occurrence of a component
failure or aninitiating event. The core damage frequency is calculated by using a top event Spectrum
which analyses all core damage sequencesin all event trees. The core damage probability given that
an initiating event already has occurred is calculated by analyzing all core damage sequencesin the
event tree for thisinitiating event. The probability for thisinitiating event isfirst set to 1. The top
event definition is the same as described above, but in this caseit is specified that only one particular
event tree is to be included in the analysis. The experience feedback from the evaluation of this
period could be that the gas turbines should be always tested after completed maintenance. The
redundant gas turbine should be tested directly when a gas turbine has been found to be failed, as
well. If these rules had been followed, the risk increase would have been only 30% of the increase
that actually occurred. The results are summarized in Table 6-9.

SKI TR 94:2 6-22



Table 6-9. The risk follow-up in year 1987 with the example PSA.

Indicator

max f(t), A, A, 2.1E-51/a 5.1, 11.6
o 49E-61a

maX Pyoe * 3.2E-6

Peun P Paj 4.9E-6, 1.5 E-6, 3.4 E-6
Ip? 40la

1,2 0.085

! transient with loss of feedwater system
2Py, = 1E-7

*fg,=1E-51/a

6.5.3 Incident analysis

In the incident analysis, events significant for safety are analysed as deeply as necessary in order to
evaluate their severity and to identify root causes of the events. The function of living PSA isthe
severity evaluation, in this context. On the other hand, recommended safety improvements can be
evaluated by PSA, as done in the analysis of disturbances in Swedish boiling water units [6-34].

6.5.4 Accident sequence precursor studies
The accident sequence precursor (ASP) studies provide two types of results:

1) generic precursor frequencies, and
2) safety margins during individual precursors.

The generic precursor frequency can be used to verify the PSA models. It can be seen aso as a
competitive approach to PSA to be used for risk assessment of an operating plant. In the society
aspect, A SP-studies can be used to assess the risk of considered industry [6-31], [6-35]. The ASP-
studies applies the conditional and cumulative risk doses (see sections 6.5.1 and 6.5.2) as risk
measures.

6.5.5 Ageing analysis

Ageing analysis aims at identifying ageing effects in the system or component structures or
functions. From the reliability point of view, indications on forthcoming incidents and changes in
failure frequencies are monitored so that the planned plant lifetime can be reached, and if possible
extended. Safety indicators which have been developed, e.g., in the second part of the NKS/SIK-1
project [6-36] are generally methods to observe and analyse trends. By risk follow-up, probabilistic
safety indicators can be generated to rank ageing components according to their criticality for the
plant safety and availability. It enables the planning of the maintenance and surveillance programs
to account the ageing effects. The measure can be e.g. an ageing parameter in a component failure
rate model [6-37] which can be affected by changing the maintenance program [6-38]. Besides
ageing factors, the component failure rates are affected by risk decreasing factors such as the
replacement schemes and |earning improved maintenance.
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6.6 Other level 1 PSA activities

The applications mentioned above are more or less living type of applications which are based on
awell performed basic PSA. The first hand basic PSA covers analyses of internal initiating events
and possibly some of the most important external events. Basic PSA can be applied already to living
PSA purposes but PSA can and should be extended to other safety issues, too. Examples of auxiliary
PSA activities are analyses of external initiators as well as low-power analysisto complete the basi ¢
PSA, and design phase analyses for licensing and designing supporting purposes.

6.7 Decision analysis

The decision analysis is a co-operation between the decision maker, the decision analyst and the
experts. The decision maker is a single person or a group of persons who have to solve a decision
problem. The role of decision analyst is to familiarize the decision maker and the expert with the
decision analytic method applied and to make sure that all necessary information is available. The
experts are used to give information about the specific problems. The main phases of the decision
analytic process are

1) the structuring of the problem,
2) the construction of the preference model and
3) sensitivity studies.

During the structuring of the problem, the problem is characterized, and decision aternatives as wel |
as objectives are identified. The background material is collected and some additional analyses may
have to be performed. Uncertain factors are identified as well as dependences between the elements
of the problem. The structuring is the most valuable part of the analysis.

As aresult of the structuring, the elements of the preference model are obtained. The preference
model is used to prioritize the decision alternatives. The structuring of the model as well as the
quantification methods depend on the approach. The decision maker must understand the used
method and the relationship between the answers and results. A computer code helps the structuring
and manipulation of the preference model.

Sensitivity studies include the treatment of the problem with the model. The purposeis to study the
sensitivity of the results when inputs are variated. It can be useful to find the turnover points where
preference order given by the basic inputs is changed. Thus, the critical assessments can be
identified.

6.7.1 Typesof decision criteria

Decision making criteriaare rules or objectives followed in a decision making process. Core damage
probability is only one aspect to be considered in safety related problems. Potential consequences
must be included, too. To estimate the consequences of a core damage accident, level 2 and 3
analyses are needed. On the other hand, more immediate economical consequences are often the
primary interest of the utility; the chosen decision alternative must be cost-effective.

In this section, we restrict the discussion in the use of probabilistic criteria as decision aids. As such,
they lead to a slightly artificial use of the results so that no definite rules can be given to establish
and use probabilistic criteria. The general use is namely to compare the risk frequency with a
probabilistic safety criterion for accepting a certain plant modification or condition. However,
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probabilistic safety criteriaimplicitly include the monetary aspect, because risk is accepted due to
the economical benefits obtained in a form of power production [6-6]. The acceptability can be
based on:

»  criteriawhich focus on minimizing the risk (frequency) increase,
» criteriawhich define acceptable risk (frequency), or
» criteriawhich define a negligible risk (frequency) [6-39].

In the sense of acceptability, the risk frequency can be treated in various ways, such as

e anabsolute value,

» arelative change with respect to the reference level,

* an absolute difference from the reference level, or

e inatrade-off manner [6-40].

Ultimately, the absolute value is the correct quantity to be considered. It is also the only quantity
when the results are compared with other risk studies. However, PSA isincomplete and involves
uncertainties. Therefore, it might be misleading to compare results of one PSA with PSAs of other
plants, or to results of other risk analyses. The use of relative measures and criteria may be sufficient
for plant-specific applications.

Below, we discuss how the types of probabilistic criteria appear in various approaches. In general,
a distinction can be made between risk assessment and risk monitoring as well as risk follow-up
approach, i.e. between the nominal risk frequency and the instantaneous frequency evaluations. The
criteria can be extended to lower level so that even a hierarchy of configuration control criteriais
obtained [6-26].

In the nuclear regulation level, the nominal risk frequency is compared with a national or
international criterion (the utility may have criteria of its own). The criterion is considered more a
target because results of PSA are sensitive to the approach used in the risk assessment. Especially,
the level of completeness of PSA affects the result alot. Internationally, arisk frequency criterion
of 10° a* has often been suggested for the core damage accident and 10°° a* for the large off-site
release, e.g. in areport prepared by the International Atomic Energy Agency [6-41].

The requirement of a balanced risk profile of the plant is an example of arelative criterion. The
criteria can be extended to alower level to hold for systems, components, basic events etc. so that
we could have a hierarchy of probabilistic safety criteriafrom the offsite release level down to the
component failure level [6-42]. It should be noted that the risk balanced design requirement suffers
from the differences in the modelling practices unless PSA-technique is standardized. A violation
of the risk balance could be presumed to lead to more accurate modelling of the high risk contribu-
torsin thefirst place, and then to plant modifications.

The main methods to control instantaneous risk frequency are

e peak risk frequency control,

» allowed outage time control, and

* averagerisk frequency control.

The peak value control is not very sensible unless it is coupled with the duration of the event.

However, there exist proposals for highest acceptable frequencies the exceeding of which is not
tolerated at any circumstances. For instance, at Heysham 2 nuclear power plant the monitored
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frequency is compared with the nominal baseline value so that a frequency increase of factor 100
would cause immediate remedial action e.g. a plant shutdown. There are also similar but smaller
criteriato limit the allowed operation at a high risk level at Heysham 2 [6-43].

Another type of the peak value control is used in risk follow-up, in particular in the accident
sequence precursor studies. The number of exceeding of a certain high risk level is tracked. A
violation of this criterion leads to safety improvements at the plant. The allowed outage time control
Is based on controlling time allowed for certain risk frequency level. The average risk frequency
control isrelated to risk follow-up. Average frequency can be compared with the nominal, inherent
or baseline risk frequency. At Heysham 2, the overall safety guideline includes a principle that the
annual risk frequency should be kept lower than twice the nominal baseline risk frequency [6-43].

6.7.2 Benchmark study

A piloting benchmark study was made on a decision making case of an exemption from Technical
Specifications. In the benchmark study, Technical Research Centre of Finland (VTT) [6-5] and
Studsvik [6-6] simulated the decision making of the safety authorities by applying decision models
asan aid.

The benchmark case isfollowing. At a Swedish boiling water reactor, in the main feedwater system,
one of the inner isolation valves of the containment gave an indication of failure to close in a
periodical valve closing test. According to the Technical Specifications, either the plant must be shut
down or the power must be reduced to 65 %, while one pipe line is kept closed by the outer isolation
valve. The experience of indication failuresin other valve indications of the same type made the
power company to suspect that the failure was in the indication, and not in the operation of the check
valve. To avoid the requirement stated by Technical Specifications, the power company applied an
exemption from the rules to continue the power operation during the remaining seven weeks to the
next annual refuelling outage.

The task of the case study was to simulate the decision making situation both from the power
company and from the safety authority side. The decision analysis was made simultaneously and
independently by VTT and Studsvik. Both teams were allowed to choose the decision analysis
approach freely. The teams selected rather different methods. The approach used by VTT is an
example of how the decision analysis could be carried out when there is time to discuss the
objectives, attributes, value assessments, etc. A decision model was constructed for the prioritization
of the decision alternatives. The model construction involved three phases so that the detailness of
the model was gradually increased. First, the decision aternatives were identified, and an objectives
hierarchy was formed (see Figure 6-5). Then the analytic hierarchy process (AHP) was applied.
Finally, a multi-attribute value function was defined to rank the alternatives

The Studsvik approach is characterized by that efforts were concentrated on the safety functions,
rather than the overall core damage event. Further, the decision situation was analysed both from
the authority and the power company point of view. The power company's decision situation has
been analysed taking into account the economic risks. In both cases, a single-attribute utility function
was applied.
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Figure 6-5. The objectives hierarchy.

The preference order according to the VTT decision model was:

1. to continue the operation at full power (decision 100 %),

2. to shut down the reactor, and inspect the check valve (0 %),

3. to continue the operation at the reduced power level 65 % and to have the outer isolation valve
closed (65 %).

The three decision models gave dlightly different arguments for the preference orders. The attribute
of leakage probability had a strong influence on the order. Without the leakage considerations, there
would be little doubt on the superiority of the decision alternative 1.

The authority model of Studsvik suggests that, with reasonable probability criterion for the
operability of the check valve (R,), the authority should reject the application for continued operation
of the check valve, i.e., the whole plant or the feedwater train should be closed. The analysis of
power company's decision situation suggests the same preference as VTT above. However, it shoul d
be noted that the seemingly small difference between the expected utilities of d, and d, may be
considered insignificant.

The both teams pointed out that the significant probability of no closing indication when the valve
succeeds to close. Therefore, efforts shoul d be directed to the study of such failures to improve the
indication reliability.

6.7.3 Decision analysis procedure

A decision analysis procedure has been outlined [6-7]. The practical performance of the phases of

the analysis depends on the analysts and decision makers involved. In ateam work, adisciplineis
needed for carrying out various phases of the problem solving. The order of the phases must be
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agreed upon, regular meetings must be arranged, and a standard for the evaluation method must be
created. When the use of the decision models becomes a routine, many of the steps can be borrowed
from earlier decision analyses. The basic conditions required by the decision model, however, shoul d
be kept in mind and verified. The procedureisin Figure 6-6.

CLARIFY THE PROBLEM = no decision analysis needed

| decision analysis needed

LIST DECISION OPTIONS
|
LIST OBJECTIVES
|
MAKE AN OBJECTIVES HIERARCHY
|
DEFINE ATTRIBUTES

no uncertainties in attributes I | uncertainties in attributes

DEFINE VALUE FUNCTIONS DEFINE UTILITY FUNCTIONS

I multiple attributes I

FORMULATE MULTI-ATTRIBUTE FUNCTION

| single attribute [} | single attribute

WEIGH THE ATTRIBUTES
|
EVALUATE DECISION OPTIONS
|
PERFORM SENSITIVITY STUDIES
|
SUMMARIZE THE RESULTS
|
DISCUSS THE RESULTS

Figure 6-6. A scheme for a decision analysis.

There should be a computerized decision support system in the management of the analysis process.
Such a system can be used to document the findings made in the course of the analysis as well as
it would provide tools to work with decision models.
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6.7.4 Practical needsfor decision analysis

The large range of safety related decision situations at a nuclear power plant can be classified
according to several aspects. From the decision analysis approaches point of view, we divide them
into long-term decision situations and short-term decision situations.

Long-term decisions are typically related to changes in the plant design, in operating procedures, in
maintenance instructions and in the Technical Specifications. A decision analysis could provide a
method to manage this type of problem solving process. Various activities required for the problem
solution can be organized according to the decision analysis scheme.

The short-term problems belong to situations where time for decision making extends from one hour
to afew days. Such situations are the incident as well as accident management, and planning of daily
operational and maintenance tasks. In short-term problems, the major part of the decision analysis
has to be prepared in advance. A rule based approach could be aframework for maki ng judgements
on the decision alternatives. Concerning safety, it would mean probabilistic safety criterion, e.g.,
maximum allowed core damage frequency or increase in the core damage frequency.

6.7.5 Conclusions

The benefit of adecision analysisisthat facts and decision aternatives of the case will be identified
and they will be listed for an open discussion. There are several levels of decision models to be
chosen. Decision supporting calculations can be developed to a sophisticated model by assessing a
hierarchy of objectives, introducing value functions and, finally, using utility functions. The more
advanced model is chosen, the clearer the objectives, criteria, attributes, etc. need to be defined. The
models usually require that criteria are put in a quantitative form, and therefore some qualitative
aspects might be forgotten. A use of a sophisticated model demands also time.

In the benchmark study, some insights have been gained into the area of decision analysis.
Subjective knowledge, available information (in forms of raw or treated data, for example) and risk
aversion (personal attitude) are the cornerstones in a decision analysis process. A good decision
requires sound knowledge and experience of the object, carefully collected and rigorously analysed
data and risk-taking attitude of the individuals involved. In connection with a PSA study, it is
realized that a decision under uncertainty should not be based solely on probabilities, particularly
when the event in question is arare one and its probability of occurrence is estimated by means of
different kinds of approximations. PSA, at least level 1 PSA, can only support partly the decision
making process. The probabilities generated by a PSA should be used together with results of the
other analyses or direct engineering judgement to support a decision.

A systematic decision analysis is particularly useful if the choice of the decision is not clear. A
decision model allows e.g. to perform sensitivity studies which may guide to the preference order.
The definition of the decision making criteria could be reconsidered, if the alternatives are very
equal. The establishment of the decision making criteria is, in fact, the main part of the decision
analysis. Therest isjust technical analysis or numerical exercise.
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7 CONCLUSIONS

7.1 Preconditions and remarks

The survey carried out as an initial step of the project found that the overall status of PSA and ex-
periences of performing and utilizing PSA-studies are quite similar among all the utilities in Sweden
and Finland. The Finnish and Swedish nuclear utilities have completed the first phase of awide
range of plant-specific PSA studies, 1991. These so called level 1 analyses have been directed on
studying theinternal initiating events and accident sequences |eading to severe reactor core damages.
The scope of the basic level 1 studiesis currently being expanded to cover other operational states
than the power operation. The utilities are planning to perform the level 2 anal yses concentrating in
post-accident phenomenain the reactor containment.

A natural step isto continue towards aliving use of the present level 1 models of the plants. Persons
involved in the PSA activities at the utilities as well as at the regulatory bodies are convinced about
the usefulness of these activities. The major needs in the present realizations of PSAsto be living
ones are:

) Establish routines and procedures of how to utilize PSA,
) Enhance model completeness and reduce conservatism in assumptions, and
) Develop user friendly and fast computer codes.

The following PSA application areas got most support by the persons interviewed:

) Comparison of alternative design and procedure changes,

) M aintenance planning,

) Optimization of the Technical Specifications and control of risks of exemptions from the
Technical Specifications, and

) Surveillance tests and their schemes.

The most important methodological problem areas when carrying out PSAs are how to control the

incompleteness and conservatism in the models. A general opinion is that the status of present

models is not sufficient. The PSAs should be more complete, and the use of conservative as-

sumptions reduces the usefulness and acceptance of the results from the PSASs.

In an international perspective the number of present applications of living PSA is small, and
practical experience concerning the use of PSA as an operational tool has not yet accumulated to the
point where a general framework for design and structure has been established. The applications
have common denominatorsin their efforts to quantify risk levels according to projected or assumed
plant status, but in actual usage the aims may be quite different. The emphasisis on research efforts
in which the applicability of the PSA technique is tested in areduced scale.

7.2 A Living PSA programme

Definition, what isLiving PSA

Living PSA is a daily safety management system and it is based on a plant-specific PSA and
supporting information system. In the living use of PSA plant status knowledge is used to represent
actual plant safety status in monitoring or follow-up perspective. The PSA model must be ableto
express therisk given atime and plant configuration. To increase the availability of the basic PSA
for the operational safety management, the model as well as the whole PSA programme should be
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developed to a more dynamic tool. The process, to update the PSA model to represent the current
or planned configuration and to use the model to evaluate and direct the changes in the
configuration, is called aliving PSA programme.

Usefulness

The main purposes to develop and increase the usefulness of Living PSA are summarized in Table
7-1.

Long term safety planning: To continue the risk assessment process started with the basic PSA by
expanding and improving the basic models and data to provide a general risk evaluation tool for
analyzing the safety effects of changes in plant design and procedures.

Risk planning of operational activities: To support the operational management by providing means
for searching optimal operational, maintenance and testing strategies from the safety point of view.
The results shall provide support for risk decision making in the short term or in a planning mode.

Risk analysis of operating experience: To provide a general risk evaluation tool for analyzing the
safety effects of incidents and plant status changes. The analyses are used to identify possible high
risk situations, rank the occurred events from safety point of view and get feedback from operational
events for the identification of risk contributors.

Table 7-1: Application of living PSA.

Application: Long term safety planning. | Risk planning of Risk analysis of
operational activities. operating experience.
Approach: Risk assessment. Risk monitoring. Risk follow-up.
Result: Identification of risk Test planning. Analysis of operating
contributors. Maintenance planning. experience.
Comparison of aternative Operational decision Operational risk
design and procedures. making. experience feedback.
Verification of PSA
models.
Risk measure: Nominal risk. Instantaneous risk. Retrospective risk.
Inherent risk. Probabilistic indicators.

Application and model development

Within the NKS/SIK-1 project demonstration studies have been carried out, parts of the living PSA
concept have been tried out through various applications. Applicational experience has been
generated both to identify problem areas for model and method development and for demonstration
of the usefulness of the results.
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The main elements in the model development are:

1- to define risk measures and suggested uses of them in various living PSA applications for
the operational safety management, and
2- to describe specific model features required for living PSA applications.

Theliving PSA applications can be divided into the three application approach categories: 1 - risk
assessment, 2 - risk monitoring, and 3 - risk follow-up. To distinguish between these application
categories and define the approach and purposes for them is one important result of thiswork. The
different types of results obtained from the applications are exemplified by the case studies.

In aliving PSA model all observations such as preventive maintenance or repair of safety related
equipment should be easily updated in the model to reflect the changes in plant configuration. The
modification of the static component and system models to dynamic onesiis perhaps the main effort
to be carried out in the development of the basic PSA for living use.

7.3 Demonstrations of living PSA/Case studies

Routines and procedures of how to utilize living PSA (LPSA) are demonstrated in the case studies.
The demonstrations include applications such as planning of surveillance tests and their schemes,
maintenance planning, optimization of limiting conditions for operation and risk control of exemp-
tions from the Technical Specifications.

Results

Oskarshamn 2 LPSA.

- A surveillance test series could be planned from the risk point of view in which the same
risk level can be maintained although 43 % less tests are performed. Figure 7-1 shows the original
test scheme. By shortening the interval for risk efficient tests (and prolong others) and by optimized
timing, by staggering, an improved test scheme was generated from a probabilistic viewpoint.

- Therisk follow-up of one year (1987) lead to recommendations to always test gas turbine
after maintenance and to always test redundant gas turbine when one gas turbine has been detected
unavailable. If these rules had been followed, the risk increase during the examined year would have
been only 30% of the increase actually occurred.

- The risk based allowed outage times appeared to be many times longer than according to
present Technical Specifications except for gas turbines. In the analysis of operational alternatives
when a gas turbine failure occurs, allowed outage times could be prolonged further, afactor 3, by
testing a redundant gas turbine.

- An example application on short term, event conditional, test planning showed how the
allowed outage time of a gas turbine could be prolonged further, afactor 2, due to testing of diesels
generators according to event conditional estimates of the risk importance.

- The relationship between LPSA risk follow-up results and event based safety indicators has
been presented.

- Group importance ranking for event evaluation and for ranking of observed trends, i.e.
ageing have been defined.

Forsmark 1/2 PSA.

- The risk follow-up application performed for Forsmark 1 provided results that did not
correspond with the operators opinion of the severity of the occurred events. Through the discussions
that followed the actions and events that occurred were better understood and the risk awareness
increased. Direct feedback to verify and revise the PSA was also obtained. The ranking of the
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severity of events was facilitated and could be improved. Risk increase due to preventive
maintenance 40%, an interfacing system LOCA event gave arisk dose of nine normal operating
years.

TVO /Il PSA.

- The risk follow-up with TVO I/Il PSA showed the high importance of preventive
maintenance activities. Afterwards the maintenance strategy has been changed so that the high
pressure and low pressure injection system trains are not simultaneously unavailable.

- Inthe analysisof apressurerelief transient at TV O, the timing of the growth of the common
cause failure phenomenawas modelled by a new approach. Time dependent aspects on testing and
failure dependence was shown and changes in test procedures could be suggested accordingly.

- In the analysis of an external pipe break at TVO, a qualitative root cause analysis
demonstrated how an operating procedure error eventually causing the incident could exist and how
it could be avoided.

- In the shutdown risk analysis for TVO I/11, allowed outage times for single and multipl e
failuresin a4x100% redundant residual heat removal system were examined. The AOTsfor single
and double failures were justified. For triple or quadruple failure, a 3 day AOT was suggested
instead of cold shutdown within 24 h. The operational risk at continued operation with atriple or
quadruple failure was considerably lower than with the shutdown alternative.

EVALUATION OF TEST INTERVAL OSKARSHAMN 2

0 50 100 150 200 250 300
DAY

Figure 7-1: Risk variation due to an actual test scheme in Oskarshamn 2 NPP..

Diesel Generator study.

- Time-dependent common cause failure model s have been devel oped to compare operational
strategies when failures in a diesel generator are detected. To complete the repair before carrying
out the test of redundant component is preferred.

Oskarshamn 3.

- Decision analysis: Procedures and approach demonstrated for an exemption from Technical
Specifications. The procedure includes a combined use of probabilistic estimates, engineering
judgement and other analyses (deterministic).
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Limitationsin models and methods

Incompl eteness/conservatism: The incompleteness problem has to do with missing elements
(component failure modes, initiating events and plant functions) in the model, i.e. the entirerisk is
not covered by the model. In many cases, PSA models are made with conservatism built into the
model and data. The reason is usually to simplify the model while at the same time making estimates
on the conservative side. Conservatism is acceptable in situations where the main purpose of the
calculationsisto verify acertain absolute risk level. In many living PSA applications, however, the
conservatism may lead to wrong relative importance and wrong decisions, and thereby in the end
leading to non-conservative actions. The solution to this problem can only be found in along term
usage of the plant model. Experience from the development of the basic PSA”s demonstrate how the
models are gradually improved. The next step is to use the PSA for risk analysis of operating
experience, risk follow-up, on along term basis. This activity will provide experience regarding the
capability of the model and provide modelling feedback that will gradually reduce the impact of
these problems.

Validation of results: A qualitative validation will always be necessary due to the limitations in the
quantitative results caused by incompleteness and conservatism.

Common cause failures (CCF): Time-dependent system unavailabilities and common cause failures
are not fully modelled in conventional PSAs. The stand-by system unavailabilities are dependent on
test arrangements. The problem is to avoid conservatism and to allow non-symmetric test arran-
gements as well as how to treat events with one or more redundancy evidently unavailable. Further
experience, from data analysis, will show if the models suggested in this project are valid. It is now
assumed that common cause failure phenomena have the same time-dependency as single failures.

Testing and test effectiveness of standby components: The failure data presented in the Nordic
reliability data book are based on failure experience generated from testing. Thisimplies that only
the component risk contributor without test effectiveness considerations is available in the data. In
practice, asimplified assumption is made that the test conditions are equal to the real demand re-
quirements ) the test is perfect. Thereis no data available to enable implementation of the suggested
standby component model taking the ineffectiveness of tests into account.

Practical time constraints: In the context of living PSA with its frequent, time-dependent risk
monitoring and risk follow-up studies, there may be too little time to carry out evaluations with the
whole model, instead of which simplified or shortened calculations are made. One way to reduce
the calculation time is to use precalculated minimal cut set list, and only update basic event
probabilities. Naturally, the changes among evident events may cause the results to be strongly
biased. The time limit is also one motivation for the use of integrated uncertainty analysis, because
the time-consuming Monte Carlo simulation is avoided.

Simplified approach for time-dependent evaluations: Many computer programs used in PSA analysis
apply only nominal unavailabilities to basic events. A simplified approach for time-dependent
evaluations applied in this case has been devel oped.

Integrated uncertainty analysis. Integrated uncertainty analysisresultsin arisk frequency distribution
that isdirectly applicable in decision analysis. Specific problem areas, like the modelling of CCF-
uncertainty and state-of-knowledge dependence, are easier to handle, because multi-dimensional
distributions are integrated on the basic event level. However, the approach requires code
developments to calculate the total (unconditional) component failure probability for the basic
events.
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7.4 Recommendations for development of safety management

PSA should be better integrated with other safety management methods. Operational or design
alternatives can be compared in a more understandable way, and a more effective support can be
gained to react to gradual or sudden changes in the operational safety status of the plant.

Staffing and cost benefit of living PSA

On an average 4)10 persons are directly working with PSA activities at Nordic utilities (2-7 units)
to establish and maintain the basic PSAs. The LPSA activities, to monitor and follow-up the risk,
will require a staff of thissize on along term basis. The LPSA activities require a close relationship
to plant operation and maintenance compared to the basic PSA applications, that to a much larger
extent are directed towards plant safety management, designers and authorities.

To enable a discussion of the cost benefit of the recommendations and the LPSA activities, the
different elements in this comparison are summarized in Table 7-2. This valuation must be made by
the plant personnel together with the decision whether or not to implement these activitiesin the
daily safety management.

I mplementation and use

The development of routines and procedures for living PSA includes transfer of PSA-related infor-
mation within the organizations. Living PSA application will always require specialists to operate
and maintain the model. However, a better operational interface will allow a more efficient use and
a broader spectrum of usersto carry out the applications. To implement a living PSA programme
requires that plant personnel is heavily involved and appreciates the benefits of working according
to this procedure. The plant organization will in the end decide for themselves to what extent these
methods shall be used in the safety management of the nuclear power plant.

Table 7-2: Cost benefit of LPSA

Cost Benefit

Basic PSA: Identification of risk contributors
5-10 manyears

Expansions of PSA:
1-3 manyears per expansion (6-9 manyears, the
level of ambition differs due to plant generation)

Maintenance of plant model (PSA or LPSA): Increased flexibility in testing, maintenance and
0.5-1 manyear per year and unit limiting conditions for operation.
LPSA appl.: Increased risk awareness.

0.5-1 manyear per year and unit
Improved experience feedback

Upper estimate = 20Y manyears plus 2 "If you think safety is expensive try an accident.”
manyearslyear.
1) In Sweden: The initial investment, the basic PSA, of 10 manyears was required as a part of the first round of periodic safety

review, ASAR-80. The expansions, ~10 manyears, isrequired as a part of the second periodic safety review, ASAR-90. In
Finland: The situation is approximately the same, the work is not carried out within the framework of a periodic safety review
programme.
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Based on the work and the demonstrations carried out it is recommended that a Living PSA
programme is implemented on a plant specific basis. The implementation can be divided in two
steps:

1) Prepare procedures, models, and data to carry out

- Risk evaluation of test intervals. Following this application also configuration control and
short term risk planning will be possible on the same basis.

- Risk evaluation of allowed outage times: Following this application also maintenance
planning will be possible.

- Analysis of operating experience by risk follow-up, generation of severity ranking and
probabilistic safety indicators.

2) Prepare criteria and procedures for risk decision making, i.e. exemptions from LCOs in
Technical Specifications

Decision making and regulatory aspects

A proper use of the applications requires that decision making criteria are established. Probability
and frequency criteria are not sufficient in complex decision making situations. They might,
however, give guidance or first indication about the acceptability of the decision alternative. The
decision making procedure shall include and allow a combined use of probabilistic estimates,
deterministic analyses and engineering judgement.

The recommendation to prepare decision criteriaarein thefirst place directed towards the regulatory
side, but must be prepared and implemented in agreement with the industry. Regulatory and
inspection activities relate to all applications of PSA. The applications connected to requirements
in the Technical Specifications are important to review and approve. In the case of exemptions from
Technical Specifications, specific case studies provide basis to accept or reject the exemption.
Inspection guidance can be obtained by using basic results from the risk assessment such as
dominant risk contributors.

7.5 Future developments and broadening the use of living PSA

Operational interface

The overall structure of aliving PSA operational interface is presented. The central module can be
any PSA software. The emphasisis on the development of additional user functions and means for
linking PSA software with external data bases or plant computers. This includes integration with
other information systems. At present the concept of operator support system based on afull scale
PSA is not well developed although there is a number of proposals outlining the structure and
functioning of such a system.

Living PSA asatraining tool would offer a practical introduction to PSA for plant staff that haslittl e
or very little experience with PSA, and it would enhance the general level of understanding of the
capabilities of probabilistic safety in relation to deterministic safety.

On-line operational activities

The purpose of on-line risk monitoring is to evaluate the instantaneous risk frequency given the
information about the configuration of safety related systems to support for operational risk decision
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making in the short term. This must in some cases be performed on an on-line basis to gain the
maximum benefit from the applications. Today simplified PSA models are applied in planning of
operational and maintenance activities. It will still take some time before a full scale plant model
can be used on-line, meaning that it can give nearly continuous assessment of plant status and risk
level. In view of expert system techniques the PSA model can be | ooked upon as a knowledge base
which is organized according to principles suited for probabilistic assessment. Expert systems
techniques can be applied to assist the user in the analysis of the situation and the selection of
appropriate actions to bring the plant to a safe state as efficiently as possible.

7.6 _Consensus

The early as well as fast identification of discrepancies and deficiencies in plant design and
operation is considered essential for safety. The design aspects on plant safety are handled to alarge
extent by the basic PSA. Asaresult of aliving PSA, the safety aspects on operational, maintenance
or testing practices can be evaluated, and modified, and the flexibility in operation may be j ustified.
A feasible risk monitoring system, gradually tailored and implemented for plant specific use by its
user organizations, isaimed to support the risk management activities of the utilities, aswell as the
inspection activities of the authorities. This project describes the methods, models and applications
required to continue the process towards a living use of PSA. We recommend to implement a LPSA
programme and to start to produce dynamic applications based on off-line risk monitoring and risk
follow-up.
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